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Book Description

Micro and nanorobotics is a booming interdisciplinary field, which holds significant 
potential for healthcare and other applications. Field-Driven Micro and Nanorobots 
for Biology and Medicine is a comprehensive resource for students and researchers 
in robotics and related areas.
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Chapter 1
Fundamentals and Field-Driven Control 
of Micro-/Nanorobots

Antoine Ferreira

1.1  Introduction

When microdevices are propelled in the body fluids, especially in the blood circula-
tory system, a very large number of remote locations in the human body become 
accessible. However, since the diameters of the blood vessels in the human body 
may vary from approximately 25 mm (aorta) down to 0.006–0.010 mm (capillaries) 
with diameters of 1.0–4.0 mm in large arteries, it is obvious that propelling such 
wireless microdevices in the human cardiovascular system with existing technolo-
gies represents a great technical challenge. Because the method of propulsion 
should allow such a microdevice to navigate through the cardiovascular system, the 
use of the normal blood flow itself must be considered only as a complementary 
means of propulsion when the travel path is in the direction of the blood flow. As 
such, it is essential to develop a mean of propulsion that could also steer such a 
microdevice independently from the direction of the blood flow. Generally, micro-
robot propulsion consists of applying magnetic gradients generated by a magnetic 
resonance imaging (MRI) system to exert a displacement force on a ferromagnetic 
core embedded onto a miniature untethered device. Since MRI systems generate 
magnetic gradients and also provide the imaging modality, interfaces, and control 
within an infrastructure already accessible in clinics and hospitals, the technique is 
referred here to as magnetic resonance propulsion. Although the methods of propul-
sion using magnetic gradients are not new, the use of a MRI to propel such micro-
capsules is new. Although constrained by the characteristics of clinical MRI systems, 
this approach offers significant advantages at the system level when compared to 
other methods. As a matter of fact, MRI systems are already implanted in hospitals 
and provide imaging, tracking, computation, analysis, human interface, gradient 
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coils, cooling systems, and real-time navigational control, and several more aspects 
are tightly linked to the method of propulsion in order to realize a complete and 
effective system.

1.2  General Architecture of MRI-Guided 
Nanorobotic Systems

MRI-guided nanorobotic systems aim at diagnosing and treating diseases in cells, 
organs, or tissues. Their proper function relies on providing engineering and scien-
tific solutions in three technical challenges [1]:

 (i) Enhanced diagnostics: The clinical magnetic resonance imaging (MRI) is an 
advanced imaging system that provides 3D visualization, offering the radiolo-
gists a detailed three-dimensional view of the tissue or organ of interest. 
Nanorobotic systems are detectable by MRI without creating artifacts.

 (ii) In vivo propulsion and navigation: The MRI system is employed for propul-
sion and navigation of the nanocapsules. The propulsion of a micro- or nano-
capsule with magnetic properties in the cardiovascular system is realized 
through the induction of forces and torques by magnetic gradients and mag-
netic fields, respectively, generated by the MRI coils. The nanocapsules are 
guided in vivo to the targeted organs or are accumulated to the tumors’ capil-
lary networks. Also, the MRI forces retain the nanocapsules at the target site. 
Table  1.1 demonstrates a list of commercial clinical and preclinical MRI 
machines [2].

 (iii) Drug delivery and release: The magnetic nanocapsules are loaded with drug 
molecules. Also their surface is chemically processed (coated with polymers 
and bioconjugated with specific antibodies) so that on the one hand they are 
not detected by the immune system and on the other hand they have increased 
chances to bind to the receptors of malignant cells. When inside the cell or at 
its vicinity, the release mechanism of the drug is triggered. The architecture for 
implementing the MRI-based nanorobotic system is depicted in Fig. 1.1. Four 
main subsystems can be identified:

 – The graphical user interface module, which comprises input command 
prompt, 3D visualization, and process supervision tools.

 – The control module, which comprises (a) the high-level controller respon-
sible for the nanocapsule navigation tasks and for the generation of the cor-
responding field gradients and (b) the low-level controller (manufacturer 
MRI controller) responsible for implementing the actuation commands for 
the generation of the desired field gradients and for the image acquisi-
tion tasks.

 – The hardware module: MRI and the nanocapsules. This is the controlled 
hardware, which comprises (a) the MRI hardware and software systems and 
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(b) the nanocapsules that have been injected within the vasculature and are 
navigated by the field gradients.

 – The tracking module, which comprises the (a) MRI image generation and 
(b) the image processing software that estimates the position and accumula-
tion of the nanocapsules within the vasculature, the tissues, and organs of 
the human.

1.3  Propulsion and Navigation Limitations at Microscales

Three components are necessary for real-time controlled navigation of untethered 
nanocapsules in the human vasculature, namely, (i) propulsion, (ii) tracking, and 
(iii) closed-loop control. These untethered devices have been mainly developed 
according to three different designs: magnetic bead pulling, biomimetic flagellated 
robot, and magnetotactic bacteria. Navigation requires observation of the scene in 
order either to plan the trajectory by off-line mapping or to correct online the nano-
capsule’s pose error between the planned and the observed trajectory.

Table 1.1 List of clinical and preclinical MRI machines

MRI devices
Model Type Company Field Gradient Bore (cm) Slew rate

BioSpec 94/30 Preclinical Bruker 
Biospin

9.4 
T

200 mT/m ID 200.5 - OD 
301.5

640 T/m/s

BioSpec 94/20 Preclinical Bruker 
Biospin

9.4 
T

440 mT/m ID 116 - OD 
205

3440 
T/m/s

BioSpec 70/30 Preclinical Bruker 
Biospin

7 T 200 mT/m ID 200.5 - OD 
301.5

640 T/m/s

BioSpec 70/31 Preclinical Bruker 
Biospin

8 T 440 mT/m ID 116 - OD 
205

3440 
T/m/s

BioSpec 47/40 Preclinical Bruker 
Biospin

4.7 
T

ClinScan Preclinical Bruker 
Biospin

7 T 290 mT/m ID 200.5 - OD 
301.5

1160 
T/m/s

ClinScan S line Preclinical Bruker 
Biospin

7 T 630 mT/m ID 114 - OD 
198

6300 
T/m/s

Achiva 3.0T 
X-series

Clinical Philips 3 T 80 mT/m (dual mode)

Discovery MR750 
3.0T

Clinical GE 3 T 50 mT/m 200 T/m/s

Echelon Hitachi 3 T 30 mT/m
MAGNETOM 7T* Clinical Siemens 7 T 45 mT/m - 80 mT/m (Head) 400 

mT/m/s
MAGNETON! 
Verio 3T

Clinical Siemens 3 T 45 mT/m 200 
mT/m/s

1 Fundamentals and Field-Driven Control of Micro-/Nanorobots
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The first propulsion scheme is referred to as magnetic bead: thrust is ensured by 
pulling the magnetic bead using the magnetic force related to gradients of the exter-
nal field. This concept was first studied in the 1980s using magnets [3] or supercon-
ducting magnets [4, 5].

The last innovation in this domain has been provided by the Ecole Polytechnique 
de Montréal, Canada, where the basic idea is the use of magnetic gradients provided 
by a clinical MRI device to pull the beads [6]. Such a system combines several 
advantages: the MRI device provides both fine observation of the scene (thanks to 
the MRI imager) and actuation of the bead; besides, it makes the implementation 
easier, since MRI devices are widely implanted in hospitals. This approach is well 
developed at milli- and microscale, since low-level multiplexed controllers and 
observers have been developed [7, 8], and in vivo experiments have been trialed on 

Fig. 1.1 MRI-guided nanorobotic system architecture
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a living animal [8] (though the blood flow had been stopped using a balloon 
catheter).

The main drawback of this approach results from strong limitations on the mag-
netic gradient amplitude in available MRI devices. As magnetic forces used for 
propelling are volumetric, whereas the drag force is – at best – dependant on the 
bead’s area, the smaller the bead, the higher the required control forces with respect 
to hydrodynamic perturbations. Consequently, this approach is well-conditioned for 
beads whose radius is up to a few dozen micrometers with actual MRI devices. At 
lower scales, it is necessary either to use additional coils to supply higher gradients 
[9], or to consider other approaches. MRI system upgraded with additional gradient 
steering coils in order to increase standard MRI gradient amplitudes (100–500 mT) 
is currently investigated by the authors in [10]. Another issue is referred to as bio-
mimetic robots using flagella: a red blood cell is fixed to beating flagella [11] imitat-
ing the motion of eukaryotic bacteria, or a magnetic bead is attached to a helical 
nanocoil [12], like prokaryotic bacteria. In the first case, the flagellum is an elastic 
rod consisting of magnetic particles that a periodic transverse magnetic field causes 
to bend and pivot, inducing a backward motion. In the second case, conversely, the 
nanocoil is not subjected to any deformation: propulsion is provided by the torque 
induced by a rotating magnetic field on the bead. In a Stokes flow, swimming is thus 
obtained through a corkscrew effect in the fluid [13]: the higher the rotation fre-
quency of the magnetic field, the higher the thrust. Even if these two swimming 
methods result from different motions, they are both based on converting mechani-
cal power from the magnetic torque to produce the motion. Recent results suggest 
that, under a given size, helical propelling is better than pulling [14] at low Reynolds 
number. The comparison is still at the benefit of biomimetic robots as the distance 
to the magnetic coils increases, which is likely to occur when navigating in the 
body. However, the assumption of navigating at low Reynolds number can be vio-
lated if the rotation frequency becomes too high. Reversing direction can also get 
complicated because of the rigid rod. Furthermore, this actuation approach is lim-
ited in practice due to the difficulty of using it within an MRI device. In fact addi-
tional coils providing a rotational magnetic field in an MRI device is a delicate 
matter, since the precision of an MRI observer relies on a constant magnetic field. 
This implies the need for an additional imaging system so as to estimate the nano-
capsule’s pose; otherwise no closed-loop control will be achievable. Recently, a 
third approach has been proposed: magnetotactic bacteria. Such bacteria are actu-
ated thanks to embedded or attached ferromagnetic material. The concept had 
already been studied [15] in the field of nanofactory, though not for actuation pur-
pose. Propulsion is supplied directly by the bacteria’s flagella, and the magnetic 
field is used in order to steer the bacteria toward the targeted point [16]. This tech-
nique can also be used in addition to the classic magnetic pulling. The bacteria are 
too small to be directly visible by the MRI scanner; however the local magnetic 
perturbation caused by a swarm of bacteria can be used to locate them, provided that 
their concentration is sufficient. This raises a crucial issue: the need to control a 
cloud of robots in order to keep the system observable, which is more difficult than 
controlling a single robot, since interactions between parts of this multi-agent 
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system have to be modeled. Despite this technique being promising, since velocities 
reached by such systems are about ten times higher than velocities of biomimetic 
robots of similar dimensions, it still has to be improved. In fact, some problems are 
not solved yet [17], such as side effects of the fixation of the magnetic material on 
or in the bacteria [18], or Joule heating that reduces the bacteria’s efficiency and 
velocity.

Most of magnetic field-driven microrobots used in drug delivery microrobots are 
microcapsules composed of components that function as actuators, sensors, drug 
delivery mechanism, and drug release mechanisms (as shown in Fig. 1.2). In terms 
of robotics, the components integrated on a microrobotic capsule can be classified 
into the following: (i) actuation module such as iron oxides magnetic nanoparticles, 
which together with the MRI field gradients serve as the propulsion mechanism; (ii) 
sensor module, such as proteins and other biomolecules that respond to external 
stimuli, to release drug or to detect and bind to the receptors of malignant cells; and 
(iii) carrier module, which constitutes the main body of the microcapsule and is 
responsible for carrying (by encapsulation or surface conjugation) drug molecules, 
sensing biomolecules, and polymer decorations that are needed for biocompatibility 
and sustained circulation of the nanorobotic capsules.

At this stage, a dedicated control strategy requires a physical model based on 
analytical equations to derive state-space representation for control purposes.

Fig. 1.2 Multi-functionalized drug-loaded magnetic microrobot [1]

A. Ferreira
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1.4  Theoretical Modeling of Steering and Navigation 
of Microrobots in a Fluid

This section proposes a model taking into account the preponderant forces acting on 
a magnetic spherical microrobot, i.e., magnetic forces generated by the MRI system 
and the drag force applied by the blood flow. 

1.4.1  Modeling of Physical Forces on Magnetic Microrobots

The microrobot is a polymer-bonded aggregate of ferromagnetic particles immersed 
in blood vessels. A 2D nonlinear model of the robot will be established. This model 
encompasses the different forces that affect the robot’s motion. Assuming the 
microcapsule spherical, with a radius of some hundred micrometers r = D/2, we 
now detail the forces acting on it (as shown in Fig. 1.3a).

The translational and rotational motions of the robot are expressed by:

 

m
d i

dt

J
d

dt

i mi di ai ci vdwi eleci bi

i di ci m

V
F F W F F F F

Wi
T M T

= + + + + + +

= + + ii








  

(1.1)

where Vi and Wi are, respectively, the translational and rotational velocity of the 
robot and mi and Ji its mass and moment of inertia. Fmi, Fdi, Wai, Fci, Fvdwi, and Fei, 
respectively, denote the magnetic force produced by the MRI gradient coils (Fmi), 
blood hydrodynamic drag force (Fdi), apparent weight (Wai), the robot-to-wall con-
tact force (Fc = Fc_ni .ni + Fc_ti .tji) with normal Fc_ni.ni and tangential Fc_ti .tji contact 
components, the van der Waals force (Fvdw), and the electrostatic force (Fei). Tmi, 
Tdi, and Mci denote, respectively, the magnetic torque, hydrodynamic drag torque, 
and the robot-to-wall contact moment. In the rest of this chapter, we assume that the 
orientation of the robot does not change due to the magnetic torque which tends to 
align the magnetization of the robot along the external field. Tdi and Mci are much 
smaller order than Tmi.

 Hydrodynamics

The hydrodynamic drag force Fdi exerting on a spherical body is expressed as:

 

F
v v v v

v v
di f

f

d

f

f

AC= −
−( ) −( )

−( )














1

2

2

ρ
β

 

(1.2)
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where v-vf is the relative velocity of the microrobot with respect to the fluid, A is the 
frontal area of the core, Cd is the drag coefficient, ρf is the density of the fluid, and β 
is a dimensionless ratio related to wall effect caused by the vessel’s occlusion by the 
robot [19]:

 
β

α

α

=
+










−

1

1
0

0

0λ
λ

 
(1.3)

Fig. 1.3 Forces exerted on the magnetic capsule navigating in the vessel. (a) Vessel configuration, 
(b) free body diagram of a single microcapsule, and (c) configuration of magnetic interaction [25]
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with ratio λ = 2r/D and D denoting the vessel’s diameter (in meter). Parameters α0 
and λ0 are functions of the Reynolds number but are commonly set to 1.5 and 0.29, 
respectively. The drag coefficient, Cd, is a function of the Reynolds number. Re = 2rρ 
f |v − vf |/βη . In our study case, we assume the flow to be laminar, i.e., we neglect 
the turbulences generated in arteries by heart pumping. This assumption is not too 
restrictive if we consider a blood vessel quite far from the heart. In a low Reynolds 
number (Re < 1), the drag coefficient can be approximated by Cd = 24/Re. For higher 
Reynolds numbers, a more precise drag coefficient in laminar flow for a spherical 
core is expressed as [20]:

 
Cd = +

+
+

24 6

1
0 4

Re Re
.

 
(1.4)

Let rv denote the radius of the blood vessel the microcapsule evolves in. Previous 
expressions have assumed that the system evolves in an infinite fluid, i.e., that the 
boundaries of the blood vessel are far enough from the capsule that their influence 
has no effect. However the presence of walls has an important effect when the ratio 
λ = r/rv increases, causing the relative velocity of the microcapsule in the fluid to be 
no longer zero at equilibrium as it would be in an infinite extent of fluid. To take into 
account this wall effect, a wall correction factor f

u

uw λ( ) =
∞

 is used to modify the 

drag force, where u and u∞, respectively, denote the terminal velocity in a finite and 
in an infinite vessel. A variety of correcting factors have been proposed in the litera-
ture [21, 22], a quite simple expression is given by Munroe [23]:

 fw λ λ( ) = −( )1 1 5.

 (1.5)

 Apparent Height

In addition to the drag force, apparent weight (combined action of weight and buoy-
ancy) is acting on the microrobot:

 Wa = −( )V fρ ρ .g (1.6)

where ρ = τmρm + (1 − τm)ρpoly with ρm and ρpoly the magnetic material’s and poly-
mer’s densities, τm ratio of magnetic material, V the volume, and g the gravitational 
acceleration. The magnetic gradient required to reach the equilibrium between mag-
netic force and apparent weight, referred as levitating, is obtained by:

 
∇ =

−( )
B

M
m

m

ρ ρ
τ

.g
 

(1.7a)
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Since ρm is always close to iron’s density, if ρpoly > ρ, the minimal value for the 
magnetic gradient is obtained for τm = 1, that is, no drug embedded. Table 1.2 shows 
effects of τm and influence of the magnetic material on the gradient required to levi-
tate. Table 1.2 clearly shows that few materials can provide levitation, even for a 
non-loaded microcapsule: Carbon steel, permendur, and FeSi are the best fitted 
types of ferromagnetic material to use for microcapsule manufacturing – permen-
dur, since its high density is counterbalanced by the highest magnetization satura-
tion value reached at ambient temperature, and FeSi due to its low magnetization at 
saturation which is counterbalanced by a low density. However, the magnetic force 
with a FeSi core is about 1.33 times lower than the one with a Permendur core, for 
a same applied gradient: that is why iron/cobalt or carbon steel alloys are more 
likely to be used for propulsion purpose.

 Magnetic Force

The permanent magnet of a clinical MRI device commonly generates a strong and 
uniform magnetic field (B0 ≥ 1.5 T), so that we can assume the capsule’s magnetiza-
tion reaches the saturation magnetization. This magnetic field induces a torque 
which tends to align the magnetization of the capsule along the field.

 F m Bimi i= ∇( )·  (1.7b)

 T m Bmi i= × i (1.8)

where mi is the magnetic moment of particle i and ∇ is the gradient operator. Bi is 
the total magnetic field at particle i and is given by:

 
B B Bi i

j i

N

ji= +
≠
∑0

 
(1.9)

where B0 is the external magnetic field applied at particle i and Bji is the field at the 
ith particle due to the magnetic moment of particle j placed at position rj. N is the 
total number of particles. Then Bji is given by:

Table 1.2 Effect of apparent weight of a ferromagnetic core on the magnetic force required for 
displacement: magnetic gradient ∇B required for levitating assuming that the embedded material 
has a density ρemb  =  1300kg/m3 (density of carbon nanotube). Physical data for ferromagnetic 
materials from [24]

Ferromagnetic material τm = 1 τm = 0.9 τm = 0.5

Carbon steel 1010/1020 48.5 mT/m 48.7 mT/m 50.3 mT/m
Permendur 35.9 mT/m 36.1 mT/m 37.1 mT/m
Fe3O4 113.4 mT/m 114.1 mT/m 120.0 mT/m
FeSi 6% 44.1 mT/m 44.3 mT/m 45.7 mT/m
Alfenol 16 83.8 mT/m 84.2 mT/m 87.5 mT/m
Supermalloy 120.7 mT/m 121.2 mT/m 124.5 mT/m
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ji ji  

(1.10)

where rji is as demonstrated in Fig. 1.3c. The particles exhibit superparamagnetic 
properties, i.e., they are hysteresis-free and zero applied magnetic field they exhibit 
zero magnetization.

Taking into account that a number of magnetic nanoparticles might be embedded 
into the capsule, Eq. (1.7a and 1.7b) becomes:

 F m Bimi mp mp iN V= ∇( )·  (1.11)

where Nmp is the number of magnetic particles that are embedded into the microcap-
sule and Vmp is the volume of each magnetic particle.

 Contact Forces

Contact force models are critical for predicting the formation and the size of the 
agglomerations and also for predicting their breakup processes due to the shear 
flow. The modeling method used in this paper is the Discrete Element Modeling 
(DEM). This method exploits the viscoelastic properties of spheres and provides an 
excellent tool for moderate-size problems (up to ~104). The general modeling 
method is described in detail in [24]. What follows is a brief presentation of the 
basic modeling elements used in the nanoparticle system model (Fig. 1.4). Particles 
in a DEM problem are physically approximated as rigid bodies and the contacts 
between them, as contact points. The contact takes place if and only if the following 
condition holds:

 a ai j−( ) − − >r ri j 0 (1.12)

where ai and aj are the radii of the spheres i and j. Fcni and Fcti are represented by a 
Voigt model comprising a nonlinear spring and a linear damper (see Fig. 1.3b, c). 
Dry friction was being neglected.

Fig. 1.4 Contact interaction forces: (a) collision, (b) normal forces, and (c) tangential forces [25]
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The normal contact force is given by:

 F nic ni ni i ni ik b_
/= +( )ξ ξ3 2



 (1.13)

where the first term is the elastic force – based on the Hertz contact law for spherical 
particles – and the second is the viscous force. The variable ξi represents the elastic 
deformation of sphere i at the contact point of spheres i and j.

The tangential contact force on sphere i is given by:

 F t jiτ τ τζ ζi i i i ik b= +( )  (1.14)

where ζi is the displacement in the tangential direction that took place since the 
instant of contact. Slight modification of the aforementioned elements allows mod-
eling also the interaction between particles and the vessel walls. In this case the wall 
is considered rigid body along the tangential direction and deformable along the 
normal direction. Further details are given in [25].

 Gravitational Forces

These include the force due to gravity and the force due to buoyancy. Although of 
limited effect at the nanoscale, they might become important when micron-size 
aggregates are formulated. The gravitational force is given by:

 
F W F gi bigi i i ba= + = −( )4

3
3π ρ ρ

 
(1.15)

where ρi and ρb are the density of the particle i and of the blood, respectively.

 Van der Waals Forces

van der Waals forces act among the particles when they are not in contact. The van 
der Waals potential between spheres of equal radius a is given by:

 

V
A a

r a

a

r

r a

r
ji

ji ji

ji

ji

= −
−

+ +
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(1.16)

where A is the Hamaker constant and |rji|2 ≥ 2a + δ. The minimum distance δ to 
which the two surfaces can approach is assumed to be 4A. The force is given by:

 Fvdwij jiV= −∇  (1.17)
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The electrostatic force between the robot and the wall considered as an uncharged 
surface is given by [26]:

 

F nelij

q

r h
=

+( )

2

0

2
4πεε  

(1.18)

with q the robot’s charge, ε the dielectric density of the medium in which the inter-
action occurs, and ε0 the vacuum permittivity. [27] gives the expression of the maxi-
mum allowable charge for a spherical body of radius r:

 q C S Q r rµ π( ) = × = × ( )−4 30 1002 0 3.

 (1.19)

1.4.2  State-Space Representation

Let (x,z) denote the position of the microrobot in the blood vessel with respect to a 
given frame F(O, i,k). The state model is established from differential Eq. (1.1) 
defining the robot’s dynamic behavior, projected on i and k axes: If we consider that 
the drag force is distributed linearly between the i axis and the k axis, applying 
Newton’s third law leads to:

 

m x F F F F F

m z F F F

i di vdwij elij ci mi

i di vdwij elij

x x x x x

z z z

¨

¨

= + + + +

= + + ++ + +







 F F Wci mi aiz z z  

(1.20)

where m r r=
4

3
3π ρ  is the mass of the microrobot and indexes x and z, respectively, 

denote projections on i and k.
Let x1, x2 and x3, x4 denote, respectively, the particle’s position and velocity along 

i axis and k axis. Assuming that positions x1 and x3 can be measured thanks to the 
MRI system, let y denote the state’s measure. Using expressions of forces given by 
(1.11), (1.13), (1.14), (1.15), (1.17), (1.19), and adequate projection of local frame 
along the geometry of the vessel, system (1.20) can be written in the form:
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(1.21)
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where control inputs u1 = ∇Bx and u2 = ∇Bz are the magnetic gradients, parameter 
a = τmM/ρ, and functions fi are given by:

 

f F F F F F

f F F

din vdwijn elijn cin mni

din vdwij

x x x x x

z

2

4

.

.

( ) = + + + +

( ) = + nn elijn cin min ainz z z z z
F F F W+ + + +





  

(1.22)

The index n indicates that the forces are normalized with respect to the 
robot’s mass m.
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where h1 and h2 are the robot to the upper and lower walls distances.

1.5  Control Strategies

We review in the following sections different control strategies for microrobot tra-
jectory following in fluidic vascular vessels in MRI-based microrobotic systems:
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1.5.1  MRI-Based Backstepping Control Approach

Control law Lyapunov-stabilizing trajectories for system (C) are now presented. 
The determination of Lyapunov functions is generically a challenging issue. 
According to [30], it is preferable to use control Lyapunov functions (CLF) in a 
backstepping control approach. Since this design requires a triangular form for the 
control system, we propose the following change of variables: 

 
X

x

x
Z

x

x
u

u

u
U au=









 =









 =









 =1

3

2

4

1

2

; ; ;
 

(1.23)

As shown in the force balance, the model has many parameters highly variable 
from one person to another. An adaptive nonlinear control [30] based on a backstep-
ping approach can be developed (as shown in Fig. 1.5). The update law must ensure 
convergence of the estimated parameter to its real value, while the control inputs 
must stabilize the tracking error between the actual and reference trajectory to zero. 
To apply the adaptive control and assuming the parameter q2/ε to be unknown, we 
set the new system from (1.21) and (1.23):

 

′( )
=

= ( ) + ( ) +
=









C

X Z

Z F X Z X U

Y X





0 , ϕ θ

 

(1.24)

where φ (X) is the electrostatic force without the parameter q2/ε and θ the vector of 
unknown constant parameter and with:

 

F X Z
F F F

F F F W

di ci vdwi
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x x x

z z z

0 ,( ) =
+ +

+ + +










 

(1.25)

Using the change of variables given in (1.23), we construct the control law in 
two steps.

Fig. 1.5 MRI-based adaptive backstepping control with high-gain observer [30]
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Step 1: Let

 





X X X

Z Z Z
r

r

= −
= − −





 α  
(1.26)

denote the position and velocity error, respectively. Xr, Xr  =Zr, and Xr

¨

 are the desired 
reference trajectory, velocity, and acceleration, respectively. α is a stabilizing 
function.

A control Lyapunov function (CLF) candidate is:

 
V X XT

T

1
11

2

1

2
0= + −( ) −( ) ≥−

 
ˆ ˆθ θ θ θΓ

 
(1.27)

where θ̂  is the estimated parameter and Γ a positive-definite matrix. Calculating the 
derivative of V1 along system (1.24), we obtain:

 
� � �

�

V X ZT
T

1
1= +( ) + −( ) −α θ θ θˆ ˆΓ

 
(1.28)

Setting α = −k1 X, we obtain

 
� � � � �

�

V k X X X ZT T
T

1 1
1= − + + −( ) −ˆ ˆθ θ θΓ

 
(1.29)

The second term  X ZT  will be cancelled at the next step. One can notice from the 
previous expressions that:

 � � � � � �
�

X X X Z Z k Xr= − = + = −α 1  (1.30)

Step 2: From (1.26) and (1.30), we have:

 

� � � �
�

� �

Z F U Z k Z k X

Z

r= + + − + −( )
−

0 1 1ϕθ

α
• •

 

(1.31)

In this step, the CLF is given by:

 
V V Z ZT2 1

1

2
0= + ≥ 

 
(1.32)

The derivative of V2 along system (1.24) is expressed as:
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(1.33)
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Since we have θ = θ̂  + (θ − θ̂ ), the derivative of V2 along system (1.24) is 
expressed as:

 

� � � � � � �V k X X Z k X F U k Z ZT T
r

T

2 1 1
2

0 1
11= − + −( ) + + + + −



 + −( ) −ϕθ θ θˆ ˆ Γ ˆ̂θ ϕ

�
�−









Γ T Z

 
(1.34)

To cancel the last term in (1.34), we set θ̂ ϕ
�

�= Γ T Z  and to ensure V2 is negative 
definite, we set:

 1 1
2

0 1 2−( ) + + + + − = −k X F U k Z Z k Zr
� � � �ϕθ̂  (1.35)

To summarize, from (1.29), (1.34), and (1.35), the control law U and the update 
law for the parameter estimate θ̂  can be expressed as:
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(1.36)

Considering the magnetization M to be unknown, the control law and the update 
law θ̂



 are given by:
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(1.37)

The backstepping control laws (1.36) and (1.37) require the knowledge of the 
robot’s velocity in addition to its position, measured by the MRI system. Among the 
different observers cited in the literature, our attention was drawn to the high-gain 
observer. Unlike other observers, locally Lipschitzian state’s functions ensure the 
convergence of the observer. This one requires the system to have canonical form 
which can be obtained using the change of variables of Eq. (1.23). From the force 
expressions, one can notice that only the drag force depends on the robot’s position 
and velocity. Hence, only drag force has to be locally Lipschitzian to ensure the 
convergence of the observer given for the backstepping control law by [31]:
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(1.38)

where L is the high gain and G
g

gx =
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Hurwitz matrix Hu:
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1.5.2  MRI-Based Predictive Control Approach

Model predictive control (MPC) has become an area of significant research interest 
over the last 20 years. This interest has been powered by a stream of successful 
industrial applications. When focusing on linear (and unconstrained) discrete time 
transfer function models and quadratic cost functions, some of the best known 
approaches include the generalized predictive control (GPC) introduced by Clarke 
et al. [32] and the inner loop stabilizing stable predictive control. 

MPC refers to a class of computer control algorithms which use an explicit pro-
cess model to predict the future response of system. One way to design MPC is to 
use an extended state-space representation, which is given by:

 

X AX B u

Y CX
k k k

k k

+ = +
=






1 •

 
(1.39)

where ∆uk = uk − uk − 1 is the discrete difference operator. The predicted state vector 
at time k + i is then computed from [33]:

 
X̂ A X A Buk i k
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i
i
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− −= +∑| | 1
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(1.40)

Then, the future outputs Y(k + j| k) can be computed based on the plant for future 
times starting at time k using a recursion procedure, that is:

 

Ŷ C A X A Bu
k i k
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j

i
i j

k i j k+( )
=

− −
+ −

= ( ) +∑ 
1

1

 
(1.41)

Design criterion is defined for certain interval of predictions (several steps to 
future). It includes the part of control error, in which the model of system is covered 
(insertion of equations of prediction (1.7a and 1.7b)), and part of control actions, 
where the input energy (control actions) is weighted. This part redistributes control 
errors to individual steps of predictions and provides coupling within interval of 
predictions. Usual form of the criterion for predictive design is written as follows:
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(1.42)

The criterion is expressed in step k. N = N2-N1 is a horizon of prediction, and Nu 
is the control horizon. QY and Qu are output and input penalizations. Yk + j and uk + j-1 
are output and input (full or incremental) values. Finally, let us note how to con-
struct real control actions at incremental algorithm: after computing a vector for 
whole horizon, only first control uk is used; then to obtain the full control actions, 
the second line of Eq. (1.5) is applied. When using MPC in the state-space formula-
tion and generally at the use of whichever stat-space control, it is necessary to solve 
the question of availability of the state of the system (state vector). If it is not avail-
able and only system output from the measurement is known, then some state-space 
estimation has to be considered. Suitable, well-known solution of such estimation is 
the state-space observer based on Kalman filter (as shown in Fig. 1.6) [7, 34].

1.5.3  MRI-Based Optimal Control Approach

This section proposes to use the linear quadratic integral (LQI) controller. LQI con-
trol scheme is simple to implement and has been applied in a wide range of robotic 
applications [35, 36]. Basically, LQI computes an optimal state-feedback control 
law, like linear quadratic regulator (LQR), with an additional integral-action. Let’s 
consider the linear system (1.13), in which the “integral state” is added on the state 
feedback [37].

 
w t y t y d

t

( ) = ( ) − ( )( )∫ ∗

0

τ τ
 

(1.43a)

and the following new dynamics:

Fig. 1.6 MRI-based predictive control with Kalman observer [34]
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 w = − = −∗ ∗y y y xC  (1.43b)

where y∗ is the reference input. Thus, the LQI control design addresses the aug-
mented state χ = (x, w)T, that is, the new system:

 

� � �
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(1.44)

with the matrices:
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(1.45)

Thus, the objective is to determine an optimal control law minimizing the cost 
functional:

 
J u u u dtT T Tu R N( ) = + +{ }

∞

∫
0

2χ χ χQ
 

(1.46)

where Q, R, and N are symmetric, positive (semi-)definite weighting matrices, that 
is, the LQI design parameters. This is the LQI problem, and, considering a stabiliz-
able and detectable system, its solution yields the linear state-feedback control law:

 u T= − +( )−R BP N1
 χ (1.47)

where R BP N− +( )1


T  is the optimal gain matrix, with P the solution of the well- 
known continuous time algebraic Riccati equation (CARE):

 P A P PB N R B P N Q   A T T T+ − +( ) +( ) + =−1 0 (1.48)

1.6  Results

Simulations are performed by taking into account the limitations of a clinical MRI 
system [38]. The magnetic field of 3T is strong enough to assume that the particles 
reach their saturation magnetization. The magnetic field gradients are used to con-
trol the microrobot’s motion in the human body. As stated, these MRI devices can 
provide a maximum magnetic field gradient of 80mT.m−1. In order not to exceed the 
capacity of MRI systems, the applied control law is now corrected as:
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(1.49)
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Furthermore, the pulsative blood’s velocity is modeled by an affine combination 
of a time-varying periodic flow with a spatial parabolic shape. So as to simplify the 
analytical expression, but with no loss of generality, we only consider the first terms 
in the time-varying Fourier series of the physiological pulse. We demonstrate in the 
following some results that have been obtained using the different MRI-based con-
trol approaches developed in Sect. 1.4.

First, Figs. 1.7, 1.8, 1.9 and 1.10 show the robustness gains model uncertainties 
of the backstepping approach developed in Sect. 1.4.1 [30, 38]. As example, the 
magnetization of the NdFeB microrobot is chosen as the one of the most sensitive 
parameters of the model, as it appears in factor of the control inputs. This second 
simulation is performed assuming an error of 5% from the nominal magnetization 
value. Figure 1.7 illustrates that the closed-loop system is stable and the tracking is 
efficient. The magnetization of the microrobot is underestimated, so the commands 
will be higher during this transient phase. This phase is critical since the control 
inputs reach the actuator saturation and the parameter is not updated. One can notice 
that the microrobot is moving rapidly toward the reference trajectory and the colli-
sion with the blood vessel’s wall is inevitable by twice. The estimated position of 
the microrobot (Fig. 1.8) and the estimated velocity (Fig. 1.9) are highly disturbed 
during this phase. The estimation of the parameter (Fig. 1.10) drops after the colli-
sion before converging. At time t = 1 s, one can notice that the parameter has con-
verged to zero and the robot is stabilized along the reference trajectory. However, 
when the blood flow is too high, the adaptive controller/observer demonstrates some 

Fig. 1.7 Reference (black 
dash line) and simulated 
(gray solid line) 
trajectories and tracking 
error [28]
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Fig. 1.8 Control input: magnetic field gradients on i axis (black dash line) and on k axis (gray 
solid line) [28]

Fig. 1.9 Simulated (gray 
solid line) and estimated 
(black dash line) 
trajectories and estimation 
error [28]
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limitations in the navigation control strategy. Experiments are also conducted con-
sidering pulsatile flow to validate the proposed predictive navigation control strat-
egy. Figure 1.11 depicts the overall tracking error for different the GPC horizon 
values N within a biological fluid [33]. As previously stated, increasing the predic-
tion horizon increases the anticipatory behavior of the predictive navigation scheme. 
Comparing to the static flow experiments, one can see that the presence of the 

Fig. 1.10 Simulated and estimated velocities along i and k axes and velocity estimation error [28]

Fig. 1.11 Path tracking with generalized predictive controller (GPC) with a varying horizon N and 
blood flow conditions with pulsatile flow [33]
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pulsatile flow, the amplitude value of the applied gradients increases greatly. It can 
be explained by the need to counterbalance the antagonistic pulsatile flow during 
navigation. Figure 1.12 shows the case where the N = 10 using a biological fluid of 
50% water–50% glycerol mixture. The experimental results illustrate that the con-
troller remains robust even in the presence of pulsatile flow for different mixtures. 
The analysis of the results points out several remarks on the proposed model given 
in Sect. 1.3. First, the proposed predictive navigation strategy considers linear 
assumptions on the Stokes’ drag force, neglects the electrostatic force, and assumes 
a Newtonian flow. The GPC proved to be sufficiently robust against modeling 
uncertainties such as those at the bifurcation area where non-Newtonian model 
applies and at the injection point that produces flow turbulences [34]. In both cases, 
the microrobot follows the trajectory in a robust way. The main drawback of the 
predictive navigation approach remains on its anticipatory behavior observed when 
the time horizon N increases. For high prediction horizon values, the microrobot 
tends to leave the reference path (increasing the tracking error) by anticipating the 
bifurcation branch. For low prediction horizon values, the bifurcation effects influ-
ence the microsphere behavior.

1.7  Conclusion

This chapter focuses on an innovative method to perform targeted therapy by navi-
gating in the cardiovascular system using a MRI system. The idea is the use of the 
magnetic gradient coils of a clinical MRI to pull a therapeutic microrobot to the 

Fig. 1.12 Path tracking with generalized predictive controller (GPC) horizon N = 10 and blood 
flow conditions with pulsatile flow [33]
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desired area as well as providing fine observation of its motion in vasculature. To 
perform this task, a precise and highly nonlinear model is presented for a MRI- 
guided microrobot in blood vessels. The microrobot is a polymer-bonded aggregate 
of nanoscale ferromagnetic particles which is subjected to numerous external forces. 
This model takes into account the non-Newtonian behavior of the blood and the 
properties of blood vessels such as electrostatic, van der Waals, and contact forces. 
An optimal trajectory is then derived from this precise model, so as to minimize the 
control efforts. Since the modeling describes both physical and physiological forces, 
it has affected many biological parameter uncertainties. To robustify the tracking 
with respect to these uncertainties, an adaptive backstepping law has been devel-
oped and exposed in this chapter. The aim of the reviewed controllers is twofold. 
First is to ensure the stability of the system. Second is to perform an online estima-
tion of some key parameters. As these control design requires the velocity of the 
microrobot, which cannot be measured by the MRI system, different observers are 
proposed to reconstruct the full state. The challenges related to targeted therapy 
through MRI-guided nanorobots are wide, and this chapter cannot address all the 
connected research topics: experimental setups designs, increased precision of the 
agglomerate’s position using its magnetic properties, physical properties of self- 
assembly structures, path planning, etc. A crucial hindrance of MRI-based naviga-
tion stems from the strong limitations on the magnetic gradient coils in clinical MRI 
devices. Since propulsion is provided by the volumetric magnetic forces, whereas 
the drag force is mainly surfacic, the smaller the aggregate, the higher the required 
control forces with respect to hydrodynamic perturbations. At the nanoscale, mag-
netic forces induced by available MRI devices are not sufficient to steer the agglom-
erate within the smallest blood vessels, which reduces the accuracy of the drug 
delivery. Current research aims to overcome this limitation by upgrading the MRI 
systems with additional gradient steering coils in order to increase their amplitude 
and, in turn, provide a more precise delivery of the drugs in the vicinity of the dis-
eased cells.
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Chapter 2
Ultrasound-Powered Micro-/Nanorobots: 
Fundamentals and Biomedical 
Applications

Liqiang Ren, Fernando Soto, Luyang Huang, and Wei Wang

2.1  Introduction

A micro-/nanorobot is a small, functional device that moves, senses, and operates at 
a micro- or nanoscale. As this book aptly illustrates, plenty of approaches have been 
developed to synthesize and power micro-/nanorobots, each with a unique strategy 
and emphasis. Prominent examples include, on the small side, molecular machines 
that change configurations under external cues [1, 2], and, on the large side, MEMS/
NMES devices that trap cells and inject chemicals [3, 4]. The current chapter, how-
ever, deals with the type that is more commonly referred to as micro-/nanomotors, 
synthetic microswimmers, or colloidal motors that are untethered and swim autono-
mously in a liquid environment [5, 6]. They do so by harvesting energy stored in 
their environments, in the form of chemical, electromagnetic, light, heat, and sound 
energy, the last of which will be the focus of this chapter.

However, before we expand on ultrasound-powered micro-/nanorobots, let us 
first provide a brief background to set the stage. Micro-/nanorobots, or micro-/nano-
motors to be more specific, have been around for roughly two decades, starting from 
the pioneering discoveries in the early twenty-first century by groups at Penn State 
and University of Toronto [7, 8], which reported that bimetallic microrods are able 
to self-propel in aqueous solutions of hydrogen peroxide (H2O2). This was the first 
discovery of synthetic materials that move like living microorganisms and has thus 
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sparked wide interests and intense research efforts in the years that followed 
(reviewed by other chapters in this book). Ever since this early discovery, the 
research interest has been in two directions. On the one hand, micro-/nanomotors 
are envisioned as prototype microrobots for a variety of fascinating operations, such 
as minimally invasive surgeries [9, 10], biomedical sensing [11, 12], environmental 
remediation [13–15], and micro-assembly [16–18]. On the other hand, soft matter 
physicists see micro-/nanomotors as useful model systems in the studies of active 
matter [19, 20], a physical concept that encompasses anything that self-propels and 
exhibits collective behaviors. It is these two branches of research, one practical and 
one fundamental, that drive most of micro-/nanomotor research today.

For either purpose, the power source is one of the key elements in the design of 
a micro/nanomotor, together with the capability to control, and the integration of 
useful functionalities. Limited by the physics operating at micro- and nanoscale, in 
particular Brownian motion and a viscous medium (i.e., low Reynolds number) 
[21], many classical, inertia-based methods to power macroscopic objects fail for 
micro-/nanomotors, where surface effects dominate [22]. As a result, the majority of 
propulsion mechanisms for micro-/nanomotors circumvent the so-called scallop 
theorem by exploiting the interesting chemistry and physics at the particle-liquid 
interface. For example, a major category of micro-/nanomotors is powered by sur-
face chemistry. They move by ejecting bubbles [8, 23, 24], or by a slip flow arising 
from chemical gradients (i.e., self-electrophoresis or self-diffusiophoresis) [25–27]. 
However, all chemically powered micro-/nanomotors require some kind of fuel in 
their environment, or on board, or both, which to say the least causes inconvenience. 
Alternatively, fuel-free micro-/nanomotors are gaining popularity in practical sce-
narios where the presence of chemicals or chemical reactions is not desirable [28, 
29]. These micro-/nanomotors can be powered by an external magnetic field, by a 
DC or AC electric field, by light of various wavelengths and intensity, and by 
ultrasound.

Ultrasound, sound waves of a frequency beyond human hearing (>20 kHz), has 
long been used in manipulating microscopic or even nanoscopic objects [30]. More 
recently, the discovery of ultrasound-powered micro-/nanomotors opens a new 
chapter in its usefulness [31] and ushered in new possibilities of functional micro-
machines in biologically relevant environments. In the remainder of this book chap-
ter, we give an extensive review of the progress made in micro-/nanomotors powered 
by ultrasound, with an emphasis in their operating principles and their usefulness 
and limitations in biomedical applications.

This book chapter is organized as follows. In Sect. 2.2, we briefly review the 
fundamentals of ultrasound physics, in particular acoustic radiation forces and 
acoustic streaming, two concepts that are often encountered in the literature of 
micro-/nanomotors and critical in their designs. Ultrasound micro-/nanomotors of 
four types, namely, microrod streamers, bubble streamers, flagella streamers, and 
acoustic jets, are then thoroughly described and discussed in Sect. 2.3. Finally, in 
Sect. 2.4, we comment on the future prospects of ultrasound-powered micro-/nano-
motors. Throughout this book chapter, we connect the underlying principles of 
ultrasound-related physical effects to the propulsion of a micro-/nanomotor, and 
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highlight the various challenges that needed to be addressed before these micro-/
nanomotors can be translated into clinical scenarios. It is our sincere hope that this 
book chapter will serve as an access point for scientists and engineers interested in 
the development of micro-/nanomachines (Fig. 2.1; Table 2.1).

2.2  Fundamentals of Ultrasound Physics

Before we discuss the various types of nanomotors powered by ultrasound, it is 
instrumental to give a brief introduction to how ultrasound affects a colloidal parti-
cle suspended in water. In particular, we focus on two acoustic effects—acoustic 
radiation forces and acoustic streaming—that are most relevant for micro-/nanomo-
tors in ultrasound. Readers interested in the details of these effects are directed to 
more comprehensive reviews on acoustic radiation forces [30, 32] and acoustic 
streaming [33, 34] (Fig. 2.2).

Fig. 2.1 A general scheme of the four types of ultrasound micro-/nanomotors discussed in this 
book chapter
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2.2.1  Acoustic Radiation Forces

An object in the path of a propagating sound wave generates its own scattered wave 
and in doing so experiences pressure because of momentum transfer. This pressure, 
termed acoustic radiation pressure, when integrated over the entire body of the 
object, leads to a net force termed acoustic radiation forces, whose presence has 

Table 2.1 Four types of ultrasound-powered micro-/nanomotors

Motor type
Operating 
principles Main features

Operating 
frequencies Limitations

Microrod 
streamers

Steady fluid 
streaming around 
an 
asymmetrically 
shaped colloidal 
particle

•  Operates on a 
levitational plane

•  3 modes of motion
•  Most popular for 

biological 
applications

•  Depends on the 
size of the 
acoustic 
chamber

•  3–4 MHz for a 
chamber of 
200 μm tall

•  Requires a 
standing wave

•  Doesn’t work 
for polymeric or 
symmetrically 
shaped particles

Bubble 
streamers

Cavitation 
microstreaming 
near an 
oscillating, 
trapped 
microbubble

•  Only requires 
traveling waves

•  Strong Bjerknes 
force leads to 
motor-motor and 
motor-structure 
attraction

•  Able to manipulate 
colloidal particles, 
such as cells, and to 
move in 2D or 3D 
space

•  Can be fabricated by 
lithography, 3D 
printing, or chemical/
physical deposition + 
etching

•  Related to the 
resonance 
frequency of the 
bubble, which 
is further 
governed by the 
bubble size

•  MHz for 
bubbles of μm 
in sizes

•  Fabrication can 
be complicated 
and resource-
heavy, with 
limited yields

•  Low 
reproducibility 
and short 
lifetime of the 
gas bubbles

Flagella 
streamers

Microstreaming 
near a flexible 
body or a sharp 
edge

•  Only requires 
traveling waves

•  The operating 
principle can also be 
used to manipulate 
microparticles

•  Typically in the 
high kHz 
regime but 
difficult to 
predict

•  Requires higher 
acoustic 
pressures than 
bubble streamers

•  Difficult to 
predict the 
resonant 
frequency

Acoustic 
jets

Droplet 
vaporization 
ignition: fast 
vaporization of 
liquid droplets 
trapped in a 
microtube via 
focused 
ultrasound

•  Powerful and easy to 
activate

•  Only requires 
traveling waves

•  Typically in the 
MHz regime

•  Can only be 
activated once

•  Poor control 
over speed or 
directionality
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long been known since the nineteenth century. Later, a series of seminal work from 
King, Yosioka and Kawasima, and Gorkov established the governing equations that 
describe the acoustic radiation forces acting on a small particle immersed in a vis-
cous liquid [32]. For the special case of a standing ultrasound wave (e.g., typical for 
the microrod streamers discussed below), the acoustic radiation force becomes quite 
strong and is governed by [32]:
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where k is the wave number, λ is the wavelength, V is the volume of the particle, and 
d is the distance between the particle and the node or antinode of the standing wave. 
The magnitude of this force is proportional to the square of the pressure amplitude 
(p0) and the volume of the particle V. The term Φ(β, ρ) in Eq. 2.1 is the acoustic 
contrast factor, given by:
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where ρc and ρw are the density of the particle and medium, respectively, and βc and 
βw are the compressibility of the particle and medium, respectively. If Φ(β, ρ) > 0, 
the particle will be forced to the pressure nodes; otherwise, it will move to the anti-
nodes. Intuitively, the larger the absolute value of Φ(β, ρ) of the particle, the larger 
the radiation force it experiences, and the stronger it responds to an incoming sound 
wave. This will become important in Sect. 2.3.1 for understanding why metal par-
ticles (of a larger ρ and β) are more efficient micro-/nanomotors in ultrasound than 
polymers.

Under the effect of an acoustic radiation force, a colloidal particle typically 
found in a micro-/nanomotor experiment, such as metal rods, polymer microspheres, 
etc., is transported to the pressure node of the standing wave, which often takes the 

Fig. 2.2 Cartoon illustrations of acoustic radiation forces and acoustic streaming. (a) Acoustic 
wave is scattered by a large particle. The original and the scattered acoustic waves generate an 
acoustic radiation force on the particle. (b) Acoustic waves generate streaming in the fluid and 
small particles are convected by the streaming flow. The dynamic of a particle under ultrasound 
can be dominated by either the acoustic radiation force or acoustic streaming, depending on the 
diameter and density of the particle. Reproduced with permission [35]. Copyright 2016, American 
Chemical Society
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form of a nodal plane positioned vertical to the sound propagation direction in an 
acoustic chamber. The number and position of the nodal plane is governed by: 
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where h is the height of the acoustic chamber, λ is the wavelength of ultrasound, f is 
its frequency, n are integers, and c is the speed of sound in the medium (c = 1492 m·s−1 
in water). For a typical chamber of 200 μm tall (e.g., made of two glass slides 
stacked on each side of a silicone spacer with a circular hole) and filled with water, 
the lowest resonance frequency is 3.73 MHz, corresponding to a nodal plane located 
at half the height of the chamber, 100 μm from the floor or the ceiling. Doubling the 
frequency will generate two nodal planes that are evenly separated in the chamber 
by 66.7 μm and so on. However, we note that experiments with ultrasound micro-/
nanomotors have rarely explored a system with more than one nodal plane.

In a typical experiment, upon turning on an ultrasound wave of a resonance fre-
quency, colloidal particles that have settled on the chamber bottom are quickly levi-
tated to the nodal plane by an acoustic radiation force along the wave propagation 
direction. Once there, levitated particles experience an additional lateral acoustic 
radiation force that transports them to specific points on the nodal plane of maxi-
mum acoustic kinetic energy density, likely caused by an inhomogeneity from the 
energy distribution on the nodal plane for a number of possible reasons [30]. This 
lateral force is especially important in understanding the distribution of microrod 
streamers into rotating rings, and why they are only found at certain spots on the 
nodal plane (see Sect. 2.3.1).

What we have described above is known as the primary acoustic radiation force, 
levitating particles to a nodal plane and transporting them to certain “hot spots” on 
the plane. A secondary acoustic radiation force is also present between two colloidal 
particles, arising from the interaction between their scattered waves. This is also 
known as Bjerknes forces [36–38] and is attractive for particles on the same levita-
tion plane but repulsive for those located along the wave propagation direction. The 
Bjerknes force is significant only when particles are located in close proximity, or if 
they are very compressible (e.g., bubbles or cells). It is partly responsible for the 
clumping of microrod streamers on a levitation plane (Sect. 2.3.1), and for the 
attraction between a bubble streamer to a nearby substrate (Sect. 2.3.2).

To summarize, ultrasound-powered micro-/nanomotors that we describe in this 
chapter experience a total of three types of acoustic radiation forces. An axial radia-
tion force moves the particles strongly toward the pressure node (in the case of a 
standing wave), or weakly toward the pressure minimum in the case of traveling 
wave (often ignored in micro-/nanomotor literature). Once a particle is on a nodal 
plane, lateral radiation forces push it to acoustic hot spots defined by the energy 
landscape on that plane. Finally, secondary radiation forces (Bjerknes forces) induce 
the aggregation of nanomotors, or their attachment to the substrate in the case of 
bubble streamers. Note that none of the above forces directly propels a micro-/
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nanomotor into autonomous motion. Rather, these motors are powered either by 
surface microstreaming (Sect. 2.3.1–2.3.3) or by jet streaming (Sect. 2.3.4), effects 
that we elaborate below. 

2.2.2  Fundamentals of Acoustic Streaming

Acoustic streaming, also known as steady streaming, is a net fluid flow caused by 
the acoustic energy dissipation in a viscid fluid. When propagating in a fluid, acous-
tic waves force fluid elements to oscillate sinusoidally. The acoustic waves keep 
a constant shape during the propagation if it is an ideal fluid; therefore the time- 
average displacement of the fluid elements is zero. However, a viscous fluid will 
introduce fluctuations to the velocity and amplitude of the oscillation, resulting in a 
non-zero time-average displacement of the fluid elements, i.e. a net fluid flow. This 
nonlinear phenomenon was first theoretically studied by Rayleigh via a successive 
approximation technique [39], in which the acoustic streaming was given by the 
higher orders governing equations. The later development of the acoustic streaming 
theory has followed Rayleigh approach. However, it is difficult to have a unified 
analytical description for all the situations since acoustic streaming can vary dra-
matically in its speed, length scale, flow patterns, and so on. Numerical simulation 
has been extensively applied to study streaming that occurs in various circum-
stances. Here we will qualitatively introduce two common types of acoustic stream-
ing. More detailed theoretical discussions are beyond the scope of this chapter, but 
interested readers may refer to the reference [33, 34, 40].

Depending on the mechanism of the acoustic energy dissipation, acoustic stream-
ing could be classified as being driven by either bulk dissipation or boundary dissi-
pation. The acoustic streaming driven by bulk dissipation is called as “Eckart 
streaming” or “quartz wind.” When an acoustic wave propagates in a bulk fluid, the 
viscosity of the fluid causes the amplitude of the acoustic pressure to decrease along 
the direction of the propagation. The dissipated energy converts to a steady momen-
tum flux, forming a jet of fluid moving in the same direction. Since the acoustic 
attenuation in fluid is typically small and is proportional to the square of the acous-
tic frequency, significant Eckart steaming can only be observed in cases of high 
acoustic frequency and amplitude. It also usually requires the dimension of the fluid 
container in the propagating direction to be much larger than the wavelength of the 
acoustic wave. This type of acoustic streaming is less relevant to the propulsion of 
micro-/nanomotors, unless it induces bulk convection and leads to motor drifting.

The streaming driven by boundary dissipation is generally introduced at a solid/
fluid interface. As the solid boundary is no-slip, the velocity of the acoustically 
oscillated fluid elements decreases dramatically to zero at the boundary from a non-
zero velocity away from the boundary. The velocity drop is confined in a thin vis-
cous boundary layer, the Stokes layer, with a thickness of � � 2v w/ . Here v is the 
kinematic viscosity of the fluid, and w is the angular frequency of the acoustic wave, 
and δ is in submicron scale for megahertz acoustic waves propagating in water. The 
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significant energy dissipation in such a thin layer leads to strong vortices inside this 
layer, named as inner boundary layer streaming or “Schlichting streaming.” Because 
of fluid continuity, the inner boundary layer streaming further generates counter- 
rotating streaming in the bulk of the fluid, called the outer boundary layer streaming 
or “Rayleigh streaming.” Inner and outer boundary layer streaming are typically 
observed in microfluidic chambers or channels with a characteristic length scale 
close to or smaller than the acoustic wavelength. The streaming pattern introduced 
by standing acoustic waves in rectangular-shaped channels or on the surface of 
spherical particles has been extensively analyzed and well understood both theoreti-
cally and experimentally [41, 42]. Figure 2.3a indicates a typical boundary-driven 
streaming pattern around a rigid sphere in a standing acoustic field. The inner and 
outer layer vortices are symmetrically distributed around the sphere, leading to zero 
net hydrodynamic force on the sphere [43].

Fluid/fluid or gas/fluid interfaces, such as those found near an oscillating bubble 
for certain types of motors described below, can also cause energy dissipation and 
acoustic streaming due to the mismatch of their viscosities. For fluids with high 
viscosity, the acoustic streaming pattern is similar to that on a solid/fluid interface, 
which includes the inner and outer boundary layer streaming. When the viscosity 
decreases to a certain value, the inner boundary layer disappears, leading to reversed 
outer boundary layer streaming. Mathematically, the streaming generated by a low 
viscosity fluid or gas boundary is much weaker than that generated by a solid bound-
ary. However, gas bubbles submerged in fluid could be forced to oscillate volumetri-
cally by acoustic waves, and the oscillation of the interface will significantly 
enhance the streaming. The acoustic streaming generated by oscillating gas bubbles 
is called cavitation microstreaming. At the resonant frequency, a gas bubble oscil-
lates with the highest amplitude, leading to the strongest cavitation microstreaming 
that could be several orders of magnitude stronger than that induced by a solid par-
ticle of a similar size. For a bubble that is resting on a solid boundary, the 

Fig. 2.3 Acoustic streaming. (a) Inner and outer layer acoustic streaming patterns around a rigid 
sphere in a standing acoustic field in a Kundt’s tube, (b) acoustic cavitation microstreaming pattern 
generated by a gas bubble resting on a solid boundary. Reproduced with permission [43]. 
Copyright 2005, Acoustical Society of America
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asymmetrical boundary condition leads to directional cavitation microstreaming 
(Fig. 2.3b) and a net hydrodynamic force on the bubble. This net force is ultimately 
responsible for the propulsion of a bubble streamer, discussed in Sect. 2.3.2.

Acoustic streaming of various unique properties has been implemented to differ-
ent applications. For example, Rayleigh streaming was utilized to balance the gravi-
tational force and achieve precise position control of microparticles in the vertical 
direction [44], while cavitation microstreaming has been widely applied for effi-
cient fluid mixing and pumping in microfluidic devices due to its high speed [45]. 
In the following sections, we will see how acoustic streaming contributes to the 
active propulsion of micro-/nanomotors. 

2.3  Designing Ultrasound Micro-/Nanomotors

In this section, we will introduce four specific types of micro-/nanomotors powered 
by ultrasound. The first three, microrod streamers, bubble streamers, and flagella 
streamers, all rely on some sort of surface microstreaming to swim. The last type, 
acoustic jets, is somewhat unusual and takes advantage of the sudden expansion in 
volume of an organic droplet trapped in a tube. In each case, we detail the notable 
studies reported in the literature, explain the fundamental operating mechanism, and 
comment on its usefulness/limitation in biomedical applications.

2.3.1  Microrod Streamers

This type of ultrasound micromotor refers to metallic microrods that autonomously 
translate, rotate, and spin in MHz ultrasonic standing waves, at a speed of ~100 
body lengths·s−1. They are arguably the most studied type of ultrasound-powered 
micro-/nanomotors and have received the most attention in the form of preliminary 
reports of biomedical applications.

 Early Discoveries

A collaborative effort between the labs of Mauricio Hoyos at ESPCI in France and 
that of Thomas Mallouk at Penn State in the USA discovered in 2011 that gold 
microrods of a few μm long and 200–300 nm in diameter [31], synthesized by elec-
troplating in porous templates, were able to move at a dazzling speed of ~200 μm·s−1 
(~ 100 body lengths·s−1) when levitated in a cylindrical half-wavelength acoustic 
chamber vibrating at a frequency of ~3.7 MHz. They did so on a levitation plane 
(i.e., nodal plane) halfway between the top and bottom surface of the chamber. This 
came as a surprise because the gold rods were orders of magnitude smaller than the 
sound wavelength of ~400  μm irradiating on them. Beyond directional motion, 
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other striking observations were made, including the spontaneous assembly into a 
large ring of spinning rods loosely connected to each other, and gold rods that furi-
ously and independently rotated in plane. These different modes of motion were 
often concurrent but sensitive to the locations on the nodal plane and the ultrasound 
frequency. The publication detailing these observations in 2012 [31], of which Wei 
Wang was an author, has been cited over 300 times and has led to many subsequent 
studies on mechanisms, on biomedical applications, and on basic sciences. These 
will be described in detail below.

 Mechanisms

The discovery of surprising propulsion for micro-/nanomotors often means an ini-
tial confusion on its mechanism. This was the case during the early years following 
the discovery of bimetallic microrods moving by self-electrophoresis [7, 47, 48], 
and certainly the case for metallic microrods moving in ultrasound. In the original 
paper reporting this discovery [31], the authors eliminated the possibility of rods 
moving by ultrasonically enabled chemistry, and instead proposed that it was rather 
an asymmetric scattering of sound waves on a rod of asymmetric shape. In particu-
lar, the authors noted, upon close examination of the rod morphology under SEM 
(see Fig. 2.4b), that the electrochemically synthesized microrods were often con-
cave on one end and convex on the other, resembling a tiny rocket ship. This non-
uniformity in shape was likely due to how the plating solutions wet the alumina 
membrane. Following this observation, the authors argued that sound waves would 
be concentrated at the concave end but scattered at the convex end, creating an 
acoustic pressure gradient along the rod and propelling it by a mechanism termed 
“self-acoustophoresis.” Note that this word is derived from acoustophoresis, i.e., the 
transport of particles in a gradient of acoustic radiation forces [49].

However, as mentioned above, the mismatch between the dimension of micro-
rods and that of the incoming sound waves strongly suggests that this self- 
acoustophoresis, if exists, would be very minor. On the other hand, the shape 

Fig. 2.4 Microrod streamers: operation. (a) Three types of behaviors (directional motion, orbit-
ing, and spinning) observed with metallic microrods levitated by standing ultrasonic waves; (b) a 
scanning electron micrograph of a metallic microrod fabricated by electrodeposition, showing the 
sharp edges and uneven features on the rods. Reproduced with permission [46]. Copyright 2017, 
American Chemical Society
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asymmetry on a microrod seems to be necessary for effective propulsion, and an 
experiment by Garcia-Gradilla et al. showed that a microrod with a more profound 
concave end moved faster than one with a flat end (Fig. 2.5a) [50]. Moreover, it was 
noted in the original report that polymer microrods of similar shapes and sizes were 
not able to propel in ultrasound, but gold microspheres of a rough surface could 
[31]. Furthermore, a systematic study by Ahmed et al. [51] in 2016 shows that metal 
microrods preferred to move with the concave end forward, that a dense rod moves 
slower than a light rod, and that a rod made of two metals of different densities 
moves with the light end forward. These observations suggest a complicated inter-
play among ultrasound, surface morphology, and materials, which is further 

Fig. 2.5 Propulsion mechanisms of microrod streamers. (a) Metallic nanorods with a more con-
cave end (i) swim faster than one with flat end (ii) in ultrasound. Reproduced with permission [50]. 
Copyright 2013, American Chemical Society. (b) Geometry of an asymmetrically shaped sphere 
studied for its propulsion in ultrasound. Reproduced with permission [52]. Copyright 2014, 
American Institute of Physics. (c) Dumbbell-shaped particles of two lobes of different sizes (top) 
or density (bottom) are studied for their acoustic propulsion. Reproduced with permission [53]. 
Copyright 2017, Cambridge University Press. (d) The direction of a bottom-heavy sphere pro-
pelled in ultrasound can be reversed when the frequency is larger than a threshold value. Reproduced 
with permission [54]. Copyright 2020, Cambridge University Press. (e) Acoustic propulsion of a 
metallic nanoshell via asymmetric surface streaming. Reproduced with permission [55]. Copyright 
2016, Royal Society of Chemistry. (f) Metallic microrods and Janus microspheres twist and turn 
under ultrasound. Reproduced with permission [46]. Copyright 2017, American Chemical Society
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connected to the acoustic properties of the particle. But how these properties give 
rise to propulsion remained mysterious in the early years. 

An exciting breakthrough in understanding came in 2014 by Nadal and Lauga 
[52]. Inspired by the experimental observations of a metallic rod moving in ultra-
sound, but working independently from those experimental groups, Nadal and 
Lauga developed a model that qualitatively explained how the oscillation of an 
asymmetrically shaped near-spherical particle in ultrasound produces a net flow that 
moves it forward (Fig. 2.5b). Specifically, their mechanism centers around the con-
cept of “asymmetric steady fluid streaming,” which essentially states that a nonzero 
net flow is produced by integrating the surface flow of an asymmetric particle oscil-
lating with a finite Reynolds number. The propulsive speed of a micromotor is then 
directly proportional to the Reynolds number and its shape parameter, as well as the 
magnitude of its oscillation, which is further related to the parameters of the applied 
ultrasound and the acoustic properties of the particle. By inserting realistic values 
into this model, a speed of ~20 μm·s−1 was calculated for a microrod moving in 
ultrasound, one order of magnitude smaller than their actual speeds. Nevertheless, 
this theoretical study represents a giant leap in our understanding of how micro-/
nanomotors move ultrasound. 

A few years later, Collis et  al. developed a modified theoretical framework 
(Fig. 2.5c), based on the same surface streaming effect, to explain how ultrasound 
powers micro-/nanomotors [53], with a focus on the previously reported depen-
dence on the density distributions on the particle (i.e., the experimental work from 
Ahmed, ref. [51]). Compared with the model from Nadal and Lauga that assumed 
“a nearly spherical and homogeneous density particle in a low acoustic Reynolds 
number flow,” this new model by Collis et al. “is applicable to arbitrarily shaped 
axisymmetric solids with arbitrary density distributions that are being driven at arbi-
trary finite frequency.” To do so, this new model first studied a dumbbell made of 
two spheres of different sizes or densities (Fig. 2.5c), essentially working as two 
engines in tandem that cooperatively provide propulsion. Not only does the model 
agree with experiments that a rod with higher structural asymmetry moves faster, 
and that a rod moves with its lighter end forward, the most surprising and inspiring 
finding is that the directionality of a micromotor can reverse as the frequency is 
increased beyond a threshold, a prediction that is yet to be experimentally verified. 
Lauga and Michelin recently followed up on this work and provided an analytical 
description of the speeds of a sphere of inhomogeneous density under ultrasound 
[54]. Similar reversal in direction was found for varied frequencies (Fig. 2.5d).

Following the same surface microstreaming principle, a very recent theoretical 
paper by Voß and Wittkowski examined the propulsion of microparticles in travel-
ing ultrasound waves instead of standing waves [56], a more realistic condition for 
real-life applications because standing waves are much more difficult to obtain and 
maintain. This theoretical work is in particular inspired by experiments by Soto 
et  al. (Fig.  2.5e) [55], who demonstrated that metallic microcaps (“nanoshells”) 
move in standing wave ultrasound with the convex end leading, an observation in 
contrast to that reported by Ahmed et  al. in which metallic microrods moved in 
ultrasound with their concave ends leading [51]. Specifically, Voß and Wittkowski 
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numerically solved the flow fields around asymmetrically shaped particles that are 
either half balls or cones, and either hollow inside or not. The major findings from 
their simulations are as follows: (1) a cup-shaped particle moves with its convex end 
leading, consistent with the report from Soto et al.; (2) pointed particles move faster 
than those with a rounded tip, and whether the particle contains a cavity is not 
important; and (3) the near-field flows around these particles are pusher-type. These 
results are inspirational for future designs of acoustic micro-/nanomotors of vari-
ous shapes.

Beyond operating as micro-/nanomotors that move ballistically along a particu-
lar direction, microparticles in ultrasound are also able to rotate. They then become 
microrotors, a critical component in micromachinery that is potentially useful in 
minimally invasive surgery and micro-assembly. The rotating modes of motion 
were first identified in the original discovery of ultrasound micro-/nanomotors [31], 
where the authors noted strong in-plane rotation of metallic microrods (Fig. 2.4a ii) 
and spinning along their long axes (Fig. 2.4a iii). A later study by Balk et al. further 
quantified a surprisingly high spinning rate of 2.5  kHz [57]. As a result, tracer 
microspheres are seen to be advected by vortices around a spinning metallic micro-
rod in ultrasound. A few years later, Sabrina et al. showed that gold microplates of 
twisted star shapes spontaneously rotated in ultrasound and their rotational direction 
was dictated by their structures [58]. 

Despite these experimental progress, mechanistic understanding of how mic-
roparticles rotate or spin in ultrasound has been still quite limited until recently, 
when Zhou et al. offered fresh insights on how ultrasound induces rotation (Fig. 2.5f) 
[46]. More specifically, they combined experimental results with acoustic theories 
to show that in-plane rotation for metallic microrods occurs predominantly at the 
resonance frequency and is due to the slightly bent shape of the electrochemically 
synthesized microrods. As the driving frequency is shifted slightly away from the 
resonance frequency, rotation gives way to directional motion. The axial spinning, 
on the other hand, is not related to shape asymmetry on the rod, but rather to the 
propagation of two sets of sound waves orthogonal to each other within the cham-
ber. This theory states that a phase mismatch between these two waves creates a 
viscous torque that rotates a microparticle, trapped at the nodal plane where the two 
waves meet, at a spin rate that matches that observed in experiment.

To summarize, a collective effort from the experimentalists and theorists 
around the globe has put the various pieces of puzzles together and offer a consis-
tent framework for understanding how ultrasound powers microparticles. On the 
experimental side, we now have a deeper appreciation of how the shape (in par-
ticular its asymmetry) and acoustic properties of a microparticle, as well as the 
power and frequency of the ultrasound, dictate the behavior of a micromotor in 
ultrasound. On the theoretical side, the local acoustic streaming around an asym-
metrically shaped microparticle has been widely accepted as the dominant mecha-
nism for its propulsion and in-plane rotation. Although some questions remain to 
be answered, such as the intricate coupling between the local streaming and the 
strong vortices around a spinning rod, the steady progress we have made over the 
years in understanding ultrasonic propulsion is truly remarkable and is ultimately 
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the key element in enabling the wide range of biomedical applications that we 
discuss below. 

 Biomedical Applications

Biocompatible, ultrasound-powered microrod streamers hold great promise for 
their use in practical biomedical applications. For example, micro-/nanomotors 
could deliver therapeutic payloads directly into a targeted region. Nevertheless, 
there is a need to develop novel methods to guide and steer them toward the target 
of interest. In this direction, ultrasound-powered microrod streamers have been 
coupled with magnetic segments composed of ferromagnetic materials that respond 
to externally induced magnetic fields for achieving directional guidance over pre-
programmed paths. The external magnetic fields align a nickel magnetic segment 
embedded in a nanowire by applying a magnetic torque, thus redirecting the direc-
tion of locomotion in alignment with the magnetic field lines. Directional move-
ment is possible by changing the orientation of the applied magnetic field. The 
nanowire can then be directed over complex trajectories and at all angles [59]. These 
ultrasound-powered nanorods have shown efficient locomotion control and guid-
ance in diverse biofluids, including serum, saliva, and blood. More recently, 
nanorods coated with magnetite nanoparticles (Fe3O4) via electrostatic interactions 
reported long-lasting operation in high acidity environments under extended expo-
sure, illustrating their potential use for gastrointestinal applications [60].

Ultrasound-powered nanorods have been used for triggered therapeutic release. 
Different pharmaceuticals have been loaded into the surface of nanorods using elec-
trostatic interactions. Nanorods containing a negatively charged polymeric 
polypyrrole- polystyrene segment were loaded with positively charged brilliant 
green as a model drug. The polymeric segments protonate in the presence of acidic 
environments, causing the responsive release of the loaded drug (Fig. 2.6a) [50]. In 
another case, porous nanorods coated with an anionic coating were loaded with 
doxorubicin. The high surface area of the nanorod increased its drug loading capac-
ity and induced a photothermal effect when exposed to NIR, resulting in the trig-
gered release of the loaded doxorubicin [9].

Ultrasound-propelled nanorods have also been used for detoxification applica-
tions, where active biological coatings provide pathogen and toxin remediation 
functionalities. For example, nanorods functionalized with concanavalin A, a pro-
tein that binds with bacteria membrane polysaccharides, were used for “on-the-fly” 
capture and isolation of Escherichia coli bacteria [50]. Porous nanorods covalently 
functionalized with lysozyme, an enzyme capable of cleaving bacteria walls, were 
used for killing Gram-positive Micrococcus lysodeikticus and Gram-negative 
Escherichia coli bacteria [61]. The rapid motion of the nanorods induced fluid mix-
ing and increased the interaction between the functionalized lysozyme and the 
pathogen, resulting in a dramatic improvement in the antibacterial efficiency over 
unpowered nanorods. Using a similar principle, asparaginase-functionalized 
nanorods were used for inhibiting cancer cell growth [62].
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Cell membrane-coated nanorods have been used for isolating pathogens and tox-
ins. Nanorods coated with red blood cell can absorb melittin (a pore-forming toxin) 
using their external red blood cell coating as a sponge. This design enabled efficient 
locomotion in whole blood and demonstrated the reduction of hemolysis in red 
blood cells exposed to these toxins (Fig. 2.6b) [63]. An extension of this work com-
bined red blood cells and platelets into a single surface coating to mimic the biologi-
cal functions of these plasma cells. The platelet membrane served to capture and 
isolate Staphylococcus aureus bacteria, while the red blood cell membrane was 
used to absorb the secretions of α-toxin by the adhered bacteria [64].

Ultrasound-powered nanorods can also be internalized and move inside living 
HeLa cells after incubation with the cells for periods longer than 24 h [65]. This 
development has led to different intracellular applications, including cargo delivery 
and sensing. For example, ultrasound-powered nanorods were used to detect 

Fig. 2.6 Use of ultrasound-powered nanomotors for biomedical applications. (a) Use of nanorods 
for pH-triggered drug release. Reproduced with permission [50]. Copyright 2018, American 
Chemical Society. (b) Use of nanorods coated with red blood cell membrane for toxin absorption. 
Reproduced with permission [63]. Copyright 2015, Wiley-Blackwell. (c) Use of nanorods as intra-
cellular mRNA fluorescent sensor. Reproduced with permission [66]. Copyright 2015, American 
Chemical Society. (d) Use of ultrasound-propelled red blood cells for photothermal therapy. 
Reproduced with permission [72]. Copyright 2019, American Chemical Society
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miRNA from cancer cells. The nanorods were coated with graphene oxide layers 
that bond via electrostatic interactions with fluorescently tagged single-stranded 
DNA.  Initially, the fluorescent tag was quenched by its interaction with the gra-
phene oxide. Once the nanorod is internalized by a cancer cell, preferential hybrid-
ization of the probe with target miRNA dislodges it from the surface of the nanorods, 
resulting in the recovery of fluorescence (Fig. 2.6c) [66]. This off-on strategy was 
also reported for detecting RNA in human papillomavirus-positive cells [67]. The 
use of ultrasound-powered nanorods has also been explored for gene silencing via 
siRNA [68] and Cas9 [69]. In both cases, the authors reported the knockout of GFP 
expression by the target cells. On the other hand, ultrasound- propelled nanorods 
have also been used for the delivery of therapeutic cargos including oxygen [70], 
caspase-3 for cell apoptosis [71], and photodynamic cancer therapeutic agents 
(Fig. 2.6d) [72, 73]. 

 Practical Considerations

Although diverse biomedical proof of concept applications has been proposed using 
ultrasound-propelled nanorods, we need to consider their clinical translation 
outlook.

 (a) The first challenge lies in generating acoustic standing waves inside the human 
body. The levitation plane where the nanorobots operate has been generated in 
relatively small acoustic resonators in lab-on-a-chip devices. Thus, before any 
acoustic nanomotor design is tested in any animal models, there is a require-
ment of generating controllable and tunable acoustic standing waves inside the 
body. Moreover, the presence of standing waves could result in an aggregation 
of plasma cells, forming undesired thrombolysis.

 (b) In case these limitations are resolved, we need to consider the material compo-
sition of nanorods. Most designs are composed of gold that, although is a bio-
compatible material, is also bio-accumulable. As a result, the use of 
ultrasound-propelled nanorods would require retrieval strategies. The use of 
metals such as zinc or iron that dissolve over time could be a solution, but met-
als with lower density than gold have shown less efficient locomotion [51]. 
Moreover, the surface coating could help avoid immune response and biofoul-
ing by the accumulation of proteins and biological agents.

 (c) Another potential use for nanorods is their usefulness in sensing on a lab-on-a- 
chip device. As discussed in the biomedical application section, the use of 
ultrasound- powered nanorods can preconcentrate biological targets on the levi-
tation plane and enhance the contact of active materials with their target. As a 
result, they could be used for environmental remediation and intracellular sens-
ing applications. Nevertheless, the reported nanorods have limited spatiotempo-
ral motion resolution inside living cells.
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 (d) Finally, current ultrasound resonators require specialized equipment and tech-
niques, while portable models could expand the use of these microrod streamers 
outside of specialized places such as hospitals or research labs.

 Usefulness in Basic Sciences

Beyond showing promise in various biomedical applications that we discussed 
above, ultrasound-powered microrod streamers are also useful in the study of basic 
sciences, in particular in dynamic self-assembly and in the studies of active colloids. 
We offer a brief introduction in this section, whereas an expanded discussion can be 
found in a review article published earlier [74].

On the topic of dynamic assembly, Ahmed et al. have studied how ultrasonically 
powered metallic microrod motors, which have a magnetic segment embedded in 
them, would spontaneously assemble and disassemble (Fig. 2.7c) [75]. Interestingly, 
dimers, trimers, and multimers formed as the ultrasound forces that drive them apart 
compete with the magnetic dipolar attraction. The distribution of each type of 

Fig. 2.7 Microrod streamers: usefulness in basic sciences. (a) Trajectory and speed changes 
(inset) of a levitated bimetallic micromotor as the ultrasound power is switched on and off. 
Reproduced with permission [76]. Copyright 2015, Royal Society of Chemistry. (b) Schematic 
illustration of how a metallic rod orientates in a flow. Reproduced with permission [78]. Copyright 
2017, American Chemical Society. (c) Segmented bimetallic gold-ruthenium nanorods with a thin 
Ni segment assemble into few-particle, geometrically regular dimers, trimers, and higher multim-
ers in ultrasound. Reproduced with permission [75]. Copyright 2014, American Chemical Society
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cluster can then be controlled by varying the ultrasound power (but not the strength 
of the magnetic interaction that was fixed), enabling the identification of the binding 
energies of the individual rods within a cluster in a way inspired by chemical kinet-
ics. A second study by Wang et al. examined how a group of nanomotors propelled 
by both ultrasound and chemistry assemble and disassemble in the combined forces 
(Fig. 2.7a) [76]. The interesting observation of active micro-/nanomotors escaping 
from an acoustic trap is further discussed in a separate study by Takatori et al. [77].

On the topic of active colloids, the upstream or downstream movement (i.e., 
positive or negative rheotaxis) of ultrasound-powered microrod streamers was stud-
ied in shear flows (Fig.  2.7b) [78]. When H2O2 was also present, the bimetallic 
microrods were dually propelled. By controlling the magnitude and directionality of 
the ultrasonic propulsion, both positive and negative rheotaxis can then be realized.

2.3.2  Bubble Streamers

 Mechanism

Acoustic waves can generate, oscillate, and destroy gas bubbles in a fluid, and all 
the phenomena could be utilized to develop micro-/nanomotors [79, 80]. In this sec-
tion, we will focus on the acoustic bubble streamers that are propelled by continu-
ous cavitation microstreaming (described in Sect. 2.2.2). The common design of the 
bubble streamers comprises one or more microscale cavities with orifices (see 
examples in Fig.  2.8). The cavities are typically fabricated from or coated with 
hydrophobic materials, so that gas bubbles can be trapped in the cavities as they are 
immersed in a fluid. The gas/fluid interfaces are located at those orifices. Upon 
exposure to the acoustic waves, a bubble starts to oscillate and generates directional 
cavitation microstreaming at the orifice. Consequently, the microstreaming exerts 
forces on the microcavities in the opposite direction of the streaming and propels it 
forward. The acoustic waves are usually generated by an acoustic transducer that is 
attached to the fluidic container or immersed in the fluid.

The velocity of the cavitation microstreaming is determined by the amplitude of 
the bubble’s oscillation. A bubble has a maximal amplitude of oscillation when the 
acoustic wave frequency matches its resonant frequency. For a spherical gas bubble 
that is free of any boundary restrictions, and neglecting surface tension and viscous 
attenuation, the acoustic resonant frequency is given by the Minnaert resonance [81]:
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where a is the radius of the bubble, γ~1.4 is the adiabatic coefficient, pA is the ambi-
ent pressure, and ρ is the density of the fluid. When the gas bubble is trapped in a 
cavity, the resonant frequency could shift, depending on the size and shape of the 
cavity. However, this shift is usually small, and the new resonant frequency could be 
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experimentally determined by scanning the driving frequency around the Minnaert 
resonant frequency of a spherical bubble with the equivalent volume. Theoretical 
prediction of the resonant frequency of the bubble streamers has also been studied 
by a few groups. Oguz et al. described the resonant frequency of a gas bubble that 

is partially filled, i.e., an one-end-open tube, as f
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length of the bubble and L0 is the length of the liquid column between the bubble 
interface and the exit of the tube. k is a frequency-dependent parameter and satisfies 

Fig. 2.8 Bubble streamers.  (a) A bubble streamer that includes two different bubble sizes was 
rotated by selectively exciting the bubbles with different acoustic frequencies. Reproduced with 
permission [85]. Copyright 2016, Royal Society of Chemistry. (b) A 3D printed bubble streamer 
that could hover on the substrate and be guided by the direction of the traveling acoustic waves. 
Reproduced with permission [86]. Copyright 2018, Wiley-VCH. (c) A high bubble-to-streamer 
volume ratio streamer demonstrated a self-alignment behavior and required an external magnetic 
field to initial its translation. Multiple 4 μm silica particles were arranged into letters “PSU” on the 
substrate by such a swimmer. Reproduced with permission [87]. (d) A microbubble streamer 
switched from 2D motion to 3D motion when the acoustic wave changed from a bubble’s resonant 
frequency to a shape resonant frequency. Reproduced with permission [88]. Copyright 2020, 
American Chemical Society. (e) Schematic of a macroscale bubble streamer made from functional 
bubble surfaces. Each surface has its own resonant frequency. 3D motion was demonstrated by 
selectively activating the surfaces. Reproduced with permission [89]. Copyright 2017, Wiley-VCH
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1 ≤ k ≤ γ [82]. Ren et al. further considered the surface tension and provided a cor-

rection factor to Oguz’s equation, 
f f L

kP ac
B

A

� � �
�

�
�

�

�
�1

4

2

�
, where τ is the surface ten-

sion of the liquid-gas interface [83]. However, the surface tension term is 
comparatively small if LB and a are of the same order of magnitude. For a spherical 

shape streamer, Bertin et al. predicted a frequency that scales as f
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where θ0 = sin−1(l/a) is the azimuthal angle of the orifice, l is the aperture size of the 
orifice, and n is the shape mode number [82]. It is worth noting that a gas bubble 
could have multiple resonant frequencies because of the presence of multiple oscil-
lation modes. Finally, at the resonant frequency, the propulsion force F generated by 
the microstreaming is proportional to the square of the amplitude of the oscillation, 
which is further proportional to the input voltage from the acoustic transducers Vpp. 
Therefore, F ~ Vpp

2.

 Notable Studies

The first bubble streamer was demonstrated by Dijkink et  al. in 2006 [84]. This 
pioneering bubble streamer was made from a commercial Teflon tube that has one 
end sealed with glue. The 2–4-mm-long streamer has a 750 μm outer diameter and 
250 μm inner diameter, and the resonant frequency was around 1.5 kHz. A maxi-
mum speed of 10 mm·s−1 (~3 body lengths·s−1) was observed. Despite the simple 
design and the preliminary results, they provided both experimental and theoretical 
strategies for studying the resonant frequency of a trapped bubble, the streaming 
pattern of such a design, and the propulsion force generated by the streaming. They 
also pointed out the direction to achieve diverse motions by integrating multiple 
bubbles oscillating at different frequencies.

From the perspective of applications in microfluidics and cell-level biomedical 
research, swimmers that are in the micrometer scale are preferred. Feng et al. later 
introduced a photolithography process for fabricating bubble streamers [90]. This 
method allowed them to precisely control the size and location of the gas tubes in 
the streamer. They were able to shrink the diameter of the gas tube into 60 μm, even 
though the length of the tube and the longest scale of the streamer are still a few 
hundreds to thousands of micrometers. In this case, the streamers were propelled by 
acoustic waves above 10  kHz and input voltages of over 100 Vpp and moved at 
45 mm·s−1 (~50 body lengths·s−1). By combining multiple gas tubes with different 
lengths in one streamer and by arranging them in different orientations, they dem-
onstrated 2D steerable and rotational motions (Fig. 2.8a) [85]. Similarly, Ahmed 
et al. developed a photopolymerization-based method to fabricate micro-size bubble 
streamers [91]. With a simple microscope, they could fabricate streamers smaller 
than 250 μm and place multiple gas tubes with different diameters in the streamer. 
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The diameters of the gas tubes are less than 100 μm, corresponding to resonant 
frequencies ranging from 40 kHz to 100 kHz. The streamers achieved a maximum 
speed of 8 mm·s−1 (50 body lengths·s−1) at an input voltage of 7 Vpp. Swimming in 
viscous fluids such as glycerol and hydrogels was also demonstrated.

In order to stabilize the gas bubbles and improve the usefulness of the bubble 
streamers in practical applications, Bertin et al. applied a high-resolution 3D laser 
printing method to reduce the size of streamer and the orifice [86]. The diameter of 
the spherical bubbles is 10–20 μm and the orifice of the streamers is around 5 μm. 
The streamers responded to ~320 kHz acoustic waves and moved for a few hours in 
salted water. Using 3D laser printing for fabrication significantly improved the ver-
satility of the bubble streamers. Louf et al. printed swimmers (~20 μm) that had the 
bubble/water interface pointed toward the substrate (Fig. 2.8b) [86]. Such an orien-
tation allowed the swimmers to hover above the substrate and move with low fric-
tion. A maximum speed of 350 mm·s−1 (17,500 body lengths·s−1) was demonstrated. 
They claimed that the bubble streamer was lifted by microstreaming and translate 
by acoustic radiation forces. The direction of the swimmer could be controlled by 
the direction of the acoustic waves.

Ren et al. further reduced the size of the streamers to less than 8 μm (2–4 μm gas 
bubble diameter) with the same 3D printing technique [83]. The high gas bubble to 
streamer volume ratio resulted in a secondary Bjerknes force that is comparable to 
the microstreaming propulsion force between the substrate and the streamer. 
Therefore, the secondary Bjerknes force aligned the streamers’ bubble/water inter-
faces toward the substrate and confined their motion on the substrate (Fig. 2.8c). 
The translation of the streamers requires an external magnetic force to align the 
microstreaming propulsion force along the moving direction. The streamers could 
slide on a complicated 3D surface due to their low density and the negligible gravi-
tational force. At a frequency of around 1 MHz, speed as fast as 2.6 mm·s−1 (~350 
body lengths·s−1) was observed. Aghakhani et al. reported a similar capsule shape 
design that has a larger size (~25 μm) [87]. They added a fin structure to the capsule 
to break the symmetry of the microstreaming; therefore the streamer could translate 
even when vertically aligned to a surface. More recently, McNeill et al. improved on 
the above design by developing a wafer-scale fabrication method to overcome the 
limitations of resolution and throughput of the 3D printing method [88]. They were 
able to push the size of the streamer down to 500 nm, corresponding to resonant 
frequencies over 10 MHz. This improvement makes the acoustic bubble streamers 
available in submicron size, the same size range as chemical- or light-driven nano-/
micromotors. The submicron streamers have the potential to perform many func-
tions within limited space, such as the brain intracerebral microvascular system. In 
addition, the authors found that the streamers could also be powered by a so-called 
shape resonant frequency (~700 kHz) that is much lower than the bubble’s resonant 
frequency (~1.5 MHz). The shape resonance could provide a microstreaming force 
that is strong enough for propulsion but at the same time weak secondary Bjerknes 
forces that minimize the streamer/substrate attraction. By switching from the bub-
ble’s resonant frequency to the shape resonant frequency, the motion of the 
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swimmers could be converted from a 2D mode (sliding on a surface) into a 3D mode 
(swimming in free space), as shown in Fig. 2.8d.

In addition to the efforts of developing bubble streamers of microscopic and 
nanoscopic sizes, researchers also applied microstreaming for propelling macro-
scopic objects. Qiu et al. designed functional surfaces (4 mm × 4 mm) that contain 
thousands of microbubbles. The diameter of each bubble on the surface is tens 
micrometers and the resonant frequency is between 50 and 100 kHz. Significant 
propulsion force could be generated by simultaneously oscillating all the bubbles on 
the surface. A macroscale streamer that was assembled from the functional surfaces 
demonstrated a propulsion force of 0.5 mN (Fig. 2.8e) [89, 92].

The narrow bandwidth of the bubbles’ resonant frequency enables users to selec-
tively activate the bubbles in a streamer and achieve real-time manipulation. One 
example was recently demonstrated by Liu et al. with a structure produced by 3D 
laser printing [93]. The swimmer (~1 mm) includes gas tubes of three different sizes 
and the tubes are oriented orthogonally. By activating the three types of bubbles 
independently or simultaneously, the microstreaming could lift, translate, and rotate 
the swimmer. A mechanism based on an uneven density distribution was also pro-
posed to restore the swimmer’s posture, so the swimmer always stands upright 
under the effect of gravity and buoyancy. Magnetic steering offers more precise 
and directional control of the bubble streamers. Ahmed et al. embedded superpara-
magnetic particles in the swimmer polymer matrix, so that a swimmer could be 
rotated or oriented into any direction by an external magnetic field [94]. Another 
approach to achieve magnetic steering is by coating swimmers with a thin paramag-
netic film, such as nickel, during the fabrication process [88, 93].

Pickup and transport of cargos with bubble streamers have also been demon-
strated [85, 88, 93]. The acoustic pressure required for bubble streamers usually has 
negligible effects on other objects in the same environment. It allows the streamers 
to move among the objects, pick up a specific target, and transport it to a new loca-
tion in 2D. The target could be simply pushed by the propulsion force or dragged by 
the acoustic attractive force, depending on parameters such as the size of the stream-
ers and the targets, and the acoustic pressure level. For example, Ren et al. demon-
strated that microscopic bubble streamer could either push or drag microparticles/
cancer cells and independently relocate multiple targets on the substrate.

 Practical Considerations

Bubble streamers that operate via cavitation microstreaming offer many advantages 
over the other types of ultrasound-powered micro-/nanomotors. First, bubble 
streamers are powered by traveling acoustic waves of low pressure, which allow 
motors to work regardless of the shapes of fluidic containers and move indepen-
dently from other objects. Second, bubble streamers of sizes ranging from a few 
millimeters to a few hundreds of nanometers have been developed. The wide size 
range enables many applications, such as the removal of tissue samples, single-cell 
separation, and intracellular drug delivery. Moreover, bubble streamers have dem-
onstrated many unique functionalities by applying acoustic fields alone. By 
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modulating the acoustic frequency or the acoustic pressure, bubble streamers could 
change directions, rotate, attract microscopic objects or boundary, transition from 
2D to 3D motion, and so on. Many functionalities could be developed with a simple 
combination of waveform generator and a piezoelectric transducer, without the need 
of any other equipment.

To move forward, we note that the development of bubble streamers is still at its 
early stage, and current research mostly focuses on design optimization and the 
characterization of the basic properties. One key challenge for practical applications 
is the low reproducibility and short lifetime of the gas bubbles in the streamers. 
Specifically, it has been reported that streamers from the same fabrication had 
slightly different resonant frequencies because of the slight but inevitable differ-
ences in the bubble size. Moreover, bubbles typically only last for a few hours 
because of the rectified diffusion (i.e., more gas diffusing into the bubble than out 
during one cycle of oscillation, leading to bubble growth). More efforts are there-
fore required for the large-scale production of bubble streamers with controllable 
bubble sizes and long lifetime. Furthermore, it usually requires sophisticated meth-
ods to fabricate 3D bubble streamers, such as nanoscopic 3D printing, which puts a 
practical limit on both the minimum feature size and throughput. Finally, the bio-
compatibility of the streamer materials also needs to be considered when it comes 
to biological applications. 

2.3.3  Flagellar Streamers

Like the gas/fluid boundary generating cavitation microstreaming, a solid/fluid 
boundary could also introduce comparatively strong microstreaming when the solid 
boundary oscillates with a large amplitude. A common observation of this phenom-
enon is a pair of counter-rotating vortices around an acoustically activated sharp- 
edge tip [95, 96]. Such streaming was first utilized for fluidic mixing in microfluidics 
and later applied to the development of acoustic streamers. Under the excitation of 
acoustic waves, the tip of the sharp edge oscillates like a flagellum of microorgan-
isms but at a much higher frequency, leading to directional microstreaming—and 
propulsive force in the opposite direction—around the tip. The sharp edges or such 
structures are often made of materials with low Young’s modulus, such as 
polydimethylsiloxane (PDMS), so that oscillation of a large amplitude can be gen-
erated. This type of ultrasound-powered micromotors is referred here as “flagellar 
streamers.”

Ahmed et al. developed the first acoustic flagellar swimmer that consisted of a 
flexible polypyrrole flagellum and a metallic head, as shown in Fig. 2.9a, via sequen-
tially depositing layers of materials in an alumina membrane template [97]. The 
rod-shaped swimmer has a diameter of 0.3 to 0.6 μm and a length of 15 to 20 μm. A 
traveling acoustic wave was applied to oscillate the polypyrene flagellum and to 
generate microstreaming at its end. Consequently, the microstreaming pushed the 
swimmer to move toward its metal head. A maximum speed of ~60 μm·s−1 (3~4 
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body lengths·s−1) was achieved at ~90 kHz and 10 Vpp input voltage. Kaynak et al. 
later developed a flagellar swimmer of a larger scale with photopolymerizable poly-
mer [98]. The swimmer, around 200 μm long and 60 μm wide, has a round head and 
a sharp tail. In the presence of an acoustic field (~4.6 kHz), the oscillation of the tail 
at an amplitude of 20 μm was recorded by a fast camera (Fig. 2.9b), which con-
firmed the propulsion mechanism of this type of swimmers. At an input voltage of 
140 Vpp, a speed of 1200 μm·s−1 (6 body lengths·s−1) was achieved.

Flagellar streamers can work under traveling acoustic waves and are more stable 
than bubble streamers. However, the oscillation of the elastic flagella usually 
requires higher acoustic pressures than bubble streamers to reach the same ampli-
tude of oscillation, because a gas/fluid interface is much easier to deform than a 
solid/fluid interface. However, the resonant frequency of an acoustically vibrated 
flagellum is commonly identified through experiments, yet results from numerical 
simulations did not match the experiments well. In other words, it is difficult to 
predict the resonant frequency of a flagella design. Deeper understanding of the 
flagella oscillation mode and optimization of their design are required for practical 
applications.

In addition to propelling the swimmers themselves, acoustic streaming generated 
by gas bubbles or sharp edges can also be applied to manipulate passive micro- 
objects in combination with the acoustic radiation force. For example, Ahmed et al. 
demonstrated that gas bubbles trapped in a polydimethylsiloxane wall could attract 
or pump microparticles, depending on the size of the particles [99]. For large objects 
such as E. coli, the strong acoustic radiation force trapped the bacteria on the sur-
face of the bubble, while microstreaming rotated them along an axis that is perpen-
dicular to the acoustic radiation force. Lu et  al. used polymer micropillar arrays 
(5 μm × 20 μm × 20 μm) and the microstreaming around the pillars to demonstrate 
a similar size-dependent particle/cell manipulation [100]. In their experiments, 

Fig. 2.9 Flagella streamers. (a) SEM image (left) of a nanowire flagellar swimmer. Numerical 
simulation on the right illustrates the oscillation mode of the polypyrrole tail and the microstream-
ing pattern associated with the oscillation. Reproduced with permission [97]. Copyright 2016, 
American Chemical Society. (b) Schematic of the sharp-edge flagellar swimmer and the 
microstreaming pattern near its tail, which propels the swimmer to move away from its tail. 
Reproduced with permission [98]. Copyright 2017, Royal Society of Chemistry
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large cancer cells experienced a secondary acoustic radiation force that is stronger 
than the drag force induced by acoustic microstreaming. Therefore, the cancer cells 
were trapped by the pillars. However, the secondary acoustic radiation force is 
weaker for small-size blood cells, which are then convected by the microstreaming 
and were not trapped by the pillars. In this way, they could separate cancer cells 
from blood with high purity (95 ± 5%). By extending the micropillar design to a 
boundary, they discovered that the acoustic microstreaming could carry objects to 
move along the boundary [101]. This kind of acoustic microstreaming near a solid 
boundary can be exploited precisely to guide micro-objects along a predefined path, 
as demonstrated very recently by Ma et al. [102]

2.3.4  Acoustic Jets

The last type of ultrasound-powered micro-/nanomotor is based on the use of high- 
intensity ultrasound to induce acoustic jets as a propulsion mechanism. These types 
of micro-/nanomotors have great promise for penetrating tissue and cellular barriers 
due to the high mechanical forces generated under ultrasound-induced internal cavi-
tation. Two main types of fuels have been reported to power these devices, including 
the use of perfluorocarbon nanoemulsions and gas nanobubbles. For example, the 
Wang lab pioneered a design of microbullets consisting of 5 μm hollow conical 
tubes loaded with perfluorocarbon emulsions (see Fig. 2.10a for its design). The 
application of a high-intensity focused ultrasound pulse (single 10-ms-long pulse at 
2.25 MHz) vaporized the perfluorocarbon liquid nanoemulsions into gas bubbles, 
the rapidly expanding volume of which inside the hollow microbullet generated a 
strong propulsive force that moved the tube like a bullet [103]. We note that this 
operation mechanism carries a qualitative similarity to microjets that thrust forward 
by chemically producing gas bubbles from a microtube [104–106]. Based on this 
“droplet vaporization ignition mechanism,” a “microcannon” was designed to fire 
loaded nanobullets from a microtube at high speeds in the range of meters per sec-
ond. The fired nanobullets reportedly penetrated 20 μm inside a hydrogel phantom 
tissue that simulated the mechanical and acoustic proprieties of human tissues [80]. 
Moreover, arrays of microcannons were used as a wearable transdermal patch, 
enabling drug payload delivery into skin that is faster and deeper than passive diffu-
sion [107]. 

Unlike the above cases where liquid fuels are vaporized by ultrasound waves, 
there have been reports of microscopic structures that spontaneously trap nanobub-
bles within a cavity in a way similar to the bubble streamers described in Sect. 2.3.2. 
For example, polymeric, hydrophobic nano-cups can store stabilized gas nanobub-
bles inside their cavity as a propellant. A focused ultrasound pulse causes internal 
cavitation of the entrapped nanobubbles, inducing directional propulsion of the 
nano-cup (Fig. 2.10b) [108]. The jet-like propulsion of these nano-cups was evalu-
ated in an animal model as a deep tissue penetration delivery platform of oncolytic 
virus, boasting a 1000-fold increase of gene expression for the vaccine virus over 
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passive diffusion [110]. More recently, genetically engineered bacterium were pro-
grammed to produce gas vesicles, which were cavitated using focused ultrasound 
(3 MHz, 1 MPa) to serve as remotely detonated cell-killing agents (Fig. 2.10c) [109].

The acoustic jets discussed in this section, taking advantage of a streaming/cavi-
tation propulsion mechanism, are powerful and easy to activate. However, they can 
only be activated once, becoming passive after the fuel is completely vaporized, or 
the nanobubble detached. The fact that these jets are “single-use” puts a serious 

Fig. 2.10 Acoustic jets. (a) Perfluorocarbon-loaded microbullets powered by acoustic droplet 
vaporization. Reproduced with permission [103]. Copyright 2012, Wiley-VCH. (b) Hydrophobic 
porous nano-cup powered by nucleating cavitation of trapped gas nanobubbles. Reproduced with 
permission [108]. Copyright 2015, Wiley-VCH. (c) Genetically encoded bacteria that produce gas 
vesicles release payload via internal cavitation upon focused ultrasound. Reproduced with permis-
sion granted by Prof. Mikhail G. Shapiro [109]
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limit on the practical usefulness of acoustic jets in scenarios where repeated activa-
tion is essential. 

2.4  Conclusion and Future Prospects

In this chapter, we have reviewed the development and state of the art of nanomotors 
powered by ultrasound of four major types: microrod streamers that move by asym-
metric surface microstreaming, bubble streamers powered by microstreaming near 
an oscillating microbubble, flagella streamers with a solid body that oscillates in 
ultrasound, and finally acoustic jets that produce jet streaming. Throughout this 
chapter, one focus is on introducing operating mechanisms, by first giving a general 
overview of acoustic radiation forces and acoustic streaming and then understand-
ing how streaming is generated for each type of motor and how directional motion 
is enabled by broken symmetry. A second focus is on the various biomedical capa-
bilities these nanomotors demonstrate. These functionalities include cargo pickup, 
transport and unloading (both outside a cell and across the cell membrane), cell 
manipulation (push, pull, rotate), exerting mechanical forces, triggered release of 
drugs, and magnetic steering, among others.

Beyond listing the preliminary studies and the promises they make, we also 
pointed out, in each section, specific hurdles that need to be overcome before each 
type of acoustic nanomotors can find their ways into a clinic. Without going into the 
detail of the various issues a nanomotor encounters during an in vivo operation, a 
topic already elaborated in a few excellent review articles [111–118], we generalize 
below a few key scientific and technological challenges that are particularly relevant 
to micro-/nanomotors powered by ultrasound:

 1. Applying ultrasound. The first and foremost requirement of the successful opera-
tion of a nanomotor is a proper power source that is biocompatible and effective. 
Although ultrasound is considered one of the most medically safe power sources, 
the strategies described in this chapter that power micro-/nanomotors are not 
necessarily biocompatible. For example, microrod streamers typically require a 
standing wave to operate, yet it is practically impossible to maintain a standing 
wave inside human bodies of varying dimensions during the operation of a 
micro-/nanomotor. Bubble or flagella streamers, on the other hand, only require 
traveling waves and are in principle easier to implement.

 2. Size vs. frequency. A persistent challenge of using nanomotors for biomedicine 
is a need to identify the best sizes for nanomotors, which have to balance between 
long retention time in circulation, better chances for cell internalization, and 
motor performance. This issue is further complicated for ultrasonic nanomotors 
that move via bubble or body microstreaming (i.e., the first three types), because 
their sizes determine the resonance frequency, which should ideally match the 
safe range of diagnostic medical imaging at 1–15 MHz [119]. In other words, a 
researcher interested in using these motors for biomedical applications needs to 
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know which sound frequency will be used and keep that number in mind when 
designing micro-/nanomotors with key features of matching sizes.

 3. Interaction with neighbors and the environment. A micro-/nanomotor rarely 
moves alone in an unbounded space. Rather, it is often surrounded by peers, 
cells, and other microorganisms and moves in confinements such as blood 
 vessels and extracellular matrix in tissues. The presence of neighbors and a con-
fining environment could significantly affect the speed and directionality of a 
micro-/nanomotor and even fundamentally change how they behave [120–123]. 
For example, a microrod streamer is known to be strongly coupled to its neigh-
bor via hydrodynamics, and they together form a spinning chain (see Sect. 
2.3.1.1). Similarly, bubble streamers attract and repel with each other via stream-
ing flows. In addition, the presence of strong Bjerknes forces between an oscil-
lating bubble and a nearby solid boundary could make or break a motor (see 
Sect. 2.3.2.2). A better understanding of these interesting, significant interac-
tions is needed before we can confidently put ultrasonic nanomotors in 
human bodies.

Despite the challenges and limitations described above, we are optimistic about 
the prospect of holding an ultrasonic imaging probe to power a micro-/nanomotor 
that roams blood vessels. This vision is possible, not only because MHz ultrasound 
is biologically safe, or because of the large number of preliminary studies demon-
strating the potential of ultrasound-powered nanomotors in biomedical applications, 
but also because there is no fundamental reason why this cannot be done. Beyond 
powering micro-/nanomotors and imaging, ultrasound is also a versatile source of 
power that enables a range of biomedically relevant effects such as sonodynamic 
therapy [124], sonoporation [125], and even ultrasonic neurostimulation [126]. We 
then envision a medical microrobot that moves autonomously, can be imaged from 
a computer screen, produces therapeutic molecules on cue, breaks through cell 
membrane, and manipulates cells from outside or from within, all powered by medi-
cally safe ultrasound.
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Chapter 3
Manipulation and Patterning 
of Micro- objects Using Acoustic Waves

Citsabehsan Devendran and Adrian Neild

3.1  Introduction

Acoustics is the study of sound wave propagation within a medium (gas, liquid or 
solid). In fluids, sound waves are pressure waves that propagate through a medium 
with a certain amplitude (i.e. pressure level) and frequency (i.e. pitch). The applica-
tion of acoustics is prominent in many aspects of a modern society, providing the 
understanding for systems addressing tasks such as noise control, musical acoustics, 
bioacoustics and sonar. Ultrasound or ultrasonics is a subset of acoustics that has no 
distinct difference in physical properties compared to that of audible sound with the 
exception of its frequency range. Pressure waves with frequencies in excess of 
20 kHz (i.e. above the audible range of a healthy, young adult) are characterised as 
ultrasound. Applications of ultrasound are vast, just like its lower-frequency coun-
terpart, being implemented in various systems such as acoustic microscopy, non- 
destructive testing (NDT), medical ultrasound, sonography, ultrasonic cleaning, 
sonochemistry, ultrasonic particle manipulation and characterisation. Ultrasonic 
particle manipulation and characterisation in microfluidic systems falls under the 
study which is generally known today as acoustofluidics.

Acoustofluidics is the term given to the study of acoustic-based manipulation or 
forcing of particles within microfluidic systems and will be an important part of this 
chapter. Since its inception, acoustophoretic devices have addressed applications 
including microparticle filtration [1–3], cell handling [4–6] and microdroplet han-
dling [3, 7, 8]. The force amplitude dependence on factors such as size, shape, 
density and compressibility gives rise to a robust and highly practical technique for 
cell or particle separation.
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The design of acoustofluidic systems requires careful consideration of a number of 
key factors. Firstly the nature of the force field created needs to be chosen to suit the 
application in order to perform a particular task effectively (Sect. 3.2). Secondly, the 
excitation method must be selected such that the desired acoustic field can be gener-
ated (Sect. 3.3). Thirdly, when used in biomedical applications involving live biologi-
cal cells, biocompatibility evaluation is critical. Acoustofluidics has been widely 
accepted as a biocompatible technique, substantiated with cell viability studies [9–
13]. Indeed, typically studies are corroborated with a single viability method, most 
commonly live/dead staining [5, 6, 14, 15], or trypan blue exclusion [16, 17]. It should 
be noted, until recently, that there have been no extensive viability studies at elevated 
frequencies (30–600 MHz) [18]. The study shows that acoustic manipulation tech-
niques can be biocompatible; however, this is highly dependent on the acoustic excita-
tion parameters, namely, amplitude and frequency of operation. Furthermore, the cell 
type handled plays a significant role on how a cell responds to an acoustic stressor. 
Undesired effects have been detailed from alterations in critical biological functions 
such as cell attachment and spreading, as well as cell death when operating at certain 
frequencies and amplitudes. Furthermore, a yet to be completely understood effect of 
metabolic alteration in cells exposed in acoustic excitation might prove to be benefi-
cial and harnessed for therapeutic applications in the future. Therefore, any develop-
ing or developed acoustic-based platforms that involve the manipulation of biological 
cells should be tested with an array of probing techniques as suggested in Fig. 3.1 to 

Fig. 3.1 Suggested phenotypical assessments including typical live/dead assays, cell attachment, 
morphology, proliferations and metabolic activity to be conducted post-acoustic exposure to 
ensure cell health is unaffected [Reproduced with under the terms of the Creative Commons CC 
BY 4.0 license from [18]
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ensure no undesired phenotypical alterations are imposed, critical to adoption within 
clinical and life science applications.

In this chapter, the mechanisms and applications of acoustic manipulation tech-
nologies will be examined. These techniques have been widely applied to microflu-
idic system to enable remote manipulation of suspended material; in addition the 
use of acoustic forces for manipulation and visualisation in larger fluid volumes will 
be considered, as will the role such forces can play in micro-robotics.

3.2  Forces

When a particle or droplet is suspended within a vibrating fluid medium (liquid or 
gas), it experiences a force that results in a net movement of the object. This force 
arises from terms which when averaged over the time of a vibration cycle are non- 
zero; hence there is a non-linearity which causes a vibration to yield this steady- 
state force. This force depends on the particle’s physical properties, the fluid medium 
and resultant pressure field. The presence of the particle within this vibrating fluid 
causes an exertion of three main types of forces, namely, acoustic radiation forces 
(ARF) [19], Bjerknes forces [20] and acoustic streaming-induced drag forces [21]. 
These forces along with the relevant formulae will be discussed in detail.

3.2.1  Acoustic Radiation Force

Vibration of a fluid volume will result in a pressure field. As a result of introducing 
a particle within this pressure field, a net force is experienced by the particle known 
as acoustic radiation force (ARF). There are three different scenarios that give rise 
to the resultant force, namely, the interaction with the incident sound wave and the 
particle, the scattered sound wave of the particle and finally the sound wave within 
the particle due to transmittance. These interrelated scenarios affect the resultant 
pressure field which is highly dependent on the shape, size and physical properties 
of the particle itself. As these vibrations are oscillating at very high frequencies 
(typically kHz or MHz), net motion of the particle only occurs due to time-averaged 
effects. Notably, due to the harmonic nature of these excited fields, the first-order 
pressure and velocity terms time-average to a zero value as shown in Eq. 3.2.

We let the 〈X〉 be the time average over a full harmonic oscillation,

 
X t= ( )sin ω

 (3.1)
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where, the angled brackets denote the time-averaged operator, T is the period of 
oscillation, t is time, and ω is the angular frequency of oscillation. However, the 
time average of a pressure squared term is non-zero, as shown in Eq. 3.4,

 
X t2 2= ( )sin ω

 (3.3)

Therefore,

 
X

T
t

T
2

0

21 1

2
= ( ) =∫ sin ω dT

 
(3.4)

As such, for non-zero time-averaged terms to exist, pressure and velocity squared 
terms must be present in the equation describing the vibration within the pressure 
field. For simplicity, we assume a spherical object of a particular material property 
when deriving the equations that dictate these forces. We employ perturbation 
theory to obtain the second-order governing equations in terms of the first-order 
(harmonic) pressure, P, and velocity fluctuations, v⃗ [22, 23].

Now, if we consider the thermodynamic equation of state by expressing P in 
terms of the density, ρ (Eq. 3.5), the continuity equation for density (Eq. 3.6) and the 
Navier-Stokes equation for the velocity field, v⃗ (Eq. 3.6), we have

 
P P= ( )ρ  (3.5)
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First-order terms in Eqs. 3.6 and 3.7 yield
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whilst second-order terms in the governing equations (Eqs. 3.6 and 3.7) yield
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Here, the first-order harmonic terms (subscript 1) are multiplied; therefore, we 
have cases of squared sinusoidal terms, which will time average to non-zero steady-
state values and as such are equated to second-order, nonharmonic terms (subscript 2).

If we assume an inviscid fluid, far from any walls (i.e. >5 δv), therefore, η ≈ 0 and 
can be neglected. The boundary layer thickness or viscous penetration depth, δv, is 

given as, 
δ

η
ωρv =
2

0
 where η is the shear viscosity.

Using Eqs. 3.9 and 3.11, along with P c1 1 0
2= ρ , the following can be obtained:

 
P P v2 0 1

2
0 1

21
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2
= −κ ρ 

 
(3.12)

where the fluid compressibility, κ0, is given by

 
κ

ρ0
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2
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=
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Now, that we have obtained an expression of the second-order time-averaged 
pressure in terms of the first-order known terms (Eq.  3.12), we can formulate a 
numerical solution for the radiation force acting on the particle. The acoustic radia-
tion force is given by the momentum flux equation,

 
F dSrad = ∫

S

σ n
 

(3.14)

where σ is the stress acting on the particle within the pressure field, n is the normal 
vector, and Frad is the radiation force acting on the particle as a result of the vibrating 
pressure field. The integral is taken over the surface, S, of a particle moving in response 
to the applied force. Thus, the surface is a function of time, S = S(t). To accommodate 
for this fluctuating surface, we add a convective momentum flux term compensating 
for this fluctuation, thus compensating for the error [24]. The force, in total, becomes

 

F n nrad = − ( ) ⋅∫ ∫
S S

v v
0 0

σ ρdS dS
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where σ is given by the second-order time-averaged pressure as shown in Eq. 3.12,
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Finally, we arrive at
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For cases where the compressible particle with radius, r, is much smaller than 
that of the acoustic wavelength, λaco (i.e. r ≪ λaco), and is present within a standing 
wave field, an analytical solution can be found. This analytical expression is com-
monly known as Gor’kov’s potential [25], and the equation can be used to analyti-
cally predict the motion and collection location of the suspended particles. The 
force, Frad, acting on this small, spherical particle in an unbounded domain can 
be calculated by
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where

 Frad = −∇ ′UGor kov  (3.19)

where subscripts f and p denote the fluid and particle, respectively.
The direction and the force that dictate the motion of the particle depend on the 

material properties given by the acoustic contrast factor, Φ
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whereby a positive Φ dictates the motion of a particle towards the local second- 
order time-averaged pressure node (i.e. at location where 〈P2〉 ≈ 0 or are local min-
ima) as shown in Fig. 3.2a and the contrary is true for a negative Φ, where motion 
is towards the second-order time-averaged pressure antinode (i.e. location where 
〈P2〉 is a maximum or local maxima).

3.2.2  Bjerknes Forces

Bjerknes forces were first described by Vilhelm Bjerknes in 1906 [26]; they are a type 
of acoustic radiation force. In this section, we will focus on the secondary Bjerknes 
force which arises due to a particle’s interaction with a wave scattered of a nearby 
particle. These forces have been examined between bubble-bubble, bubble- particle 
(Fig. 3.2b) and particle-particle interactions via a mathematical approach [27, 28].
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Assuming two identical spherical particles, which are much smaller than the 
acoustic wavelength (r ≪ λaco) and are located close to each other (d ≪ λaco; where 
d is the distance between the two particles), in a one-dimensional field, the Bjerknes 
force can be expressed as [29–31]
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where θ is the angle between the line connecting the particles and the axis of the 
standing wave. Although Eq. 3.21 is not valid for larger particles and larger gaps, it 
does indicate how, within these limitations, these forces scale with distance and 
particle properties. A key feature to take away from this equation is that the Bjerknes 
force is highly sensitive to the gap in between the two particles, as it diminishes 
rapidly as d increases. This is a force which is important only when particles are in 
close proximity.

3.2.3  Acoustic Streaming-Induced Drag Forces

Acoustic streaming is a phenomenon of net flow within a fluid medium that is gen-
erally dominated by an oscillatory fluid particle motion [21]. There are two distinct 
types of streaming that arise from sound waves. Firstly, “quartz wind” or Eckart 
streaming is a result of a spatial attenuation of a beam of plane travelling wave. The 
pressure and velocity decay over a distance in the wave propagation direction results 

Fig. 3.2 Examples of forces as result of acoustic excitation used to pattern particles using (a) 
acoustic radiation forces (ARF) driven by standing surface acoustic waves in a one-cell-per-well 
(OCPW) system [Reproduced under the terms of the Creative Commons Attribution 4.0 
International License from [5]], (b) the use of Bjerknes forces to selectively trap particles based on 
stiffness using an oscillating bubble, repelling a 5μm polystyrene particle whilst trapping a silica 
particle of the same size [Reproduced from [132] with permission from The Royal Society of 
Chemistry], and (c) the numerical demonstration of acoustic streaming-induced drag force on 
particles as a result of the steady-state streaming field developed in a bulk acoustic wave-driven 
system [Reproduced from [22] with permission from The Royal Society of Chemistry]
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in a net force when the time-averaged non-linear effects are considered, thus a net 
flow in the same direction [21]. Secondly, the effect of sound waves interacting with 
a fluid interface will give rise to acoustic streaming. This type of streaming is gener-
ally observed within the viscous boundary layer, δv, on the surface. Although the 
medium in the bulk fluid vibrates irrotationally, at the boundary it vibrates rotation-
ally (i.e. with vorticity) due to the constraint of the no-slip boundary condition of 
the wall. This classification of streaming is known as boundary-driven streaming or 
“Schlichting streaming”, and whilst generated within the boundary layer, it drives 
flow in the region outside δv known as Rayleigh streaming [22] as shown in Fig. 3.2c. 
Although acoustic streaming is often viewed as problematic in many scenarios 
where streaming generation is detrimental and disruptive to, for example, particle 
capture, when employed correctly, it can serve as a useful tool within microfluidic 
devices, offering a means to add strong local flow velocities to these systems which 
generally operate in low Reynolds numbers.

Streaming flows will induce a drag force on particles suspended within the fluid 
media; to find this, we need to express the unknown second-order streaming velocity,  
v⃗2, in terms of known first-order terms (calculated from a harmonic analysis of the 
system). Here we employ an approach introduced by Nyborg [21]. If we combine the 
left-hand side of Equation 6 (equated to a body force, F) and Eq. 3.7, we arrive at

 F F F0 Reynolds= − =
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∂ ρ
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Here, once again we employ the perturbation approach with small disturbances 
similar to that in Eq. 3.8. We also take the time-averages terms to obtain the time- 
independent effect as previously demonstrated in Eqs. 3.7, 3.8 and 3.9. It should be 
noted that F0 time-averages to zero in steady state and therefore, F =  − FReynolds. 
Thus, we arrive at the time-averaged time-independent second-order equations,
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Based on Eqs. 3.24 and 3.25, we are able to evaluate the second-order steady-
state velocity field (the acoustic streaming velocity, v⃗2) based on the first-order 
velocity and pressure fields (subscript 1). A spherical particle that has an initial 
velocity, u, will experience a drag force as a result of this steady-state streaming 
velocity field; this is given by the Stokes drag formula.
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Fdrag = −( )6 2πηr v u

 

 (3.26)

The drag force is proportional to the particle radius, whilst the acoustic radiation 
force is proportional to the radius cubed (Eq. 3.17). Hence, as the particle becomes 
smaller, the drag force starts to dominate, meaning the ability of the acoustic radia-
tion force to pattern particles at force potential minima is overcome by the drag 
which acts to move the particle in the swirling streaming flows [22, 32]. 

3.3  Excitation Methods

Within acoustofluidic systems, a few major types of excitation methods have been 
established to excite the desired acoustic fields within the fluid medium. The major 
methods are known as bulk acoustic waves (BAW) (Sect. 3.3.1) and surface acoustic 
waves (SAW) (Sect. 3.3.2). Utilisation of particular methods is warranted by the 
application or task at hand as each method has their advantages and disadvantages. 
The major difference between the two methods is that for BAW systems the entire 
fluid volume is vibrated usually at a resonate frequency whilst SAW-based devices 
have a localised acoustic field that is dictated solely by the resonance of patterned 
interdigital transducers (based on the intended frequency of operation) and not the 
channel or chamber geometry. In this section, the theory associated with these actu-
ation methods, fabrication and applications within microfluidic systems will be 
discussed.

3.3.1  Bulk Acoustic Waves

As the name indicates, bulk acoustic wave-based devices are systems in which the 
bulk of the piezoelectric transducer is excited, which in turn is used to excite the 
fluid medium. This mode of vibration is strongly dictated by the geometry of the 
device itself, as it is this geometry which dictates the resonant frequencies which 
need to be excited to establish a high amplitude sound field. Due to its geometry- 
dependent nature, early on, BAW devices generally operated in multi-node reso-
nance modes and were in centimetre dimensions or larger [33, 34]. Over time, with 
advancements in microfabrication techniques, these dimensions were reduced to 
millimetre sizes and smaller, therefore, increasing the frequency of operation.

 Theory

When designing a system that utilises BAW, we consider the geometry of the sys-
tem. Commonly, either the width or height of the channel is considered for a con-
tinuous free flow system as shown in Fig.  3.3a. Though some systems use 
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two-dimensional sound fields, which may dictate the need to consider both the 
width and length dimensions. Essentially, the dimension that is parallel to the wave 
propagation direction is important in the design process. In order to establish a reso-
nant mode or resonance, the characteristic channel or chamber dimensions should 
be a multiple of half a wavelength. It should be noted this is only the case if the 
channel or chamber alone dictates the field. However, if a resonant reflector that 
imposes a pressure release boundary condition as discussed by Hill et al [35–37] is 
used, the chamber can be designed to establish a quarter-wavelength (Fig. 3.3b) 
acoustic field that pushes suspended particles towards the reflector surface. A great 
benefit of decreasing the size of the system is the increase in the frequency of opera-
tion. By increasing the frequency, the radiation forces associated increase as well; 
therefore, efficient particle manipulation can be achieved [38]. The primary axial 
force, Fax, acting upon a particle in suspension, in a standing wave, is given by

Fig. 3.3 Examples of bulk acoustic wave-driven systems to (a) handle droplets within a silicon 
microchip [[39] – published by The Royal Society of Chemistry under the Creative Commons 
Attribution 3.0 Unported Licence], (b) a quarter-wave resonator used for particle filtration 
[Reprinted from [36], Copyright 2008, with permission from Elsevier], (c) achieving cell cycle 
phase synchronisations in mammalian cells [Adapted with permission from American Chemical 
Society from [133]. Copyright 2010] and (d) a non-resonant acoustic levitator for particle trapping 
in air [Reprinted from [43], with the permission of AIP Publishing]
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Fax = ( )4 23πr E k k xac f fsin Φ

 (3.27)

where r is the particle radius, Eac is the acoustic energy density, x is the particle posi-
tion in the wave propagation direction, Φ is the acoustic contrast factor as given in 
Eq. 3.20, and kf is the wave number given by
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f f
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where f is the frequency and cf is the speed of sound of the fluid medium.

3.3.2  Design Considerations

The acoustic energy density, Eac, is given by
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where Pa and va are the absolute pressure and velocity fields.
The wavelength of a system is given by rearranging the velocity of an oscillating 

wave equation to arrive at
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Therefore, the channel dimensions are fabricated based on the wavelength, λf, or 
multiples thereof depending on requirements of the system. 

There are two major types of transducer designs or configurations that are gen-
erally associated with bulk acoustic waves, namely, layered resonator [35] and 
transversal resonators [39–41]. Layered resonators typically consist of a piezo-
electric element (i.e. transducer), a coupling layer, a matching layer, the fluid 
layer and a reflector. Each of these layers plays a major role in building an effi-
cient resonator. Firstly, the piezoelectric layer excites (i.e. generates the sound 
wave) the resonator based on an input A/C signal. The coupling layer serves as an 
adhesive layer and also transmits the generated sound wave from the transducer to 
the next layer. Next follows the matching layer (also known as the carrier layer or 
transmission layer), which acts as a good acoustic transmission layer and also 
forms the bottom of the resonating chamber. The fluid layer where the suspended 
particle or cells are manipulated is then sandwiched between the matching layer 
and the reflector as shown in Fig. 3.3b. Typical dimensions (i.e. thickness of indi-
vidual layers) that are used for optimum energy transmission into the fluid medium 
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are included. However, quarter- wavelength fluid layers can be designed albeit less 
efficient, by altering the design criteria of the reflector layer to ensure it acts as a 
pressure release boundary [35–37].

Consideration of the material selection for each individual layer, especially the 
matching layer, should be taken into account as well, to ensure maximum energy 
transfer. At an interface, part of the energy is transmitted, and another part is 
reflected depending on the material properties and incident angle, thus, strongly 
influencing the amount of damping and efficiency of the device at a particular reso-
nance mode. If we consider a normal incidence, the reflected energy, RE, and trans-
mitted energy, TE, are given by [42]
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where Zi = ρici are the characteristic impedances of the two materials respectively 
and dictate the energy transfer characteristics of the system. Therefore, materials 
that are impedance matched with each other allow for efficient device operation and 
should be used if possible.

In contrast to layered resonators, a transversal resonator operates such that the 
standing wave orientation is perpendicular to the direction of the electrical field 
applied to the transducer. Here, the channel width corresponds to a multiple of half 
wavelength, when operated at resonance. A major benefit of using transversal resona-
tors as opposed to layered resonators is that focusing of particles occurs in a vertical 
plane within the fluid volume allowing for ease of visual observation and also allow-
ing for easy integration with other microfluidic components, for example, channel 
branches to split the flow and extract a concentrated solution of particles (Fig. 3.3c). 
BAW systems can also be used to achieve particle trapping in air, known as acoustic 
air levitation (Fig. 3.3d) with the use of Langevin transducers and reflectors [43]. 

3.3.3  Surface Acoustic Waves

In 1885, Lord Rayleigh first introduced the theory of surface waves [44]. In this 
work, he investigated the characteristics of a wave on a free surface of an infinite 
homogeneous isotropic elastic solid, such that the disturbances are confined to a 
small region comparable in depth to the size of the wavelength. He went on to draw 
comparisons with deep-water waves, with the exception that the restoring forces are 
dependent on the “elastic resilience” (i.e. elastic forces of the solid) instead of grav-
ity and surface tension as in liquids. Due to the nature of surface wave propagation 
which predominantly spreads in two dimensions only, amplitude decays occur at a 
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slower rate with distance as compared to bulk elastic waves [42]. At its inception, 
surface waves were seen as most significant in understanding seismology. However, 
many decades later, with the application of microfabrication techniques and piezo-
electrics, the scales of these systems have decreased and thus been applied to vari-
ous different fields such as surface testing, electronic filters and sensors [45] as well 
as microfluidics.

A major difference between SAW and BAW is that the acoustic wave generation 
within the fluid medium is exclusively within the vicinity of the wave generation 
rather than the entire fluid volume being resonated. SAW-based acoustic devices 
also offer a major advantage of operating at much higher frequencies as compared 
to BAW devices, which allows for much better control of particle manipulation. 
Generation of SAW, utilising a single set of interdigital transducers (IDTs), allows 
for the formation of travelling surface acoustic waves (TSAWs) or two opposing 
sets of IDTs to establish standing surface acoustic waves (SSAWs) independent of 
channel geometry. The inherent nature of SAW means the wave propagation is 
restricted to the surface; hence, energy dissipation is low.

 Theory

To generate a SAW, a series of IDTs are patterned on a piezoelectric substrate as 
shown in Fig. 3.4a–e. When an A/C signal is applied across the patterned array of 
IDTs, a surface displacement is observed due to the piezoelectric nature of the sub-
strate. These IDTs are patterned with a certain design to ensure efficient generation 
of a SAW propagating along the surface and transmitting into the intended fluid 
volume. The IDTs are designed to ensure the emanating SAW is reinforced by each 
finger pair. Therefore, the width of each finger and the spacing between them are 
designed in accordance with the intended operational frequency. The frequency, f, is 
given by

 f
cSAW

SAW

=
λ  (3.33)

where cSAW is the phase velocity of the piezoelectric substrate which differs based on 
the direction of propagation [46] given the anisotropic nature of the piezoelectric 
substrate and λSAW is the resonant SAW wavelength produced.

The most common design of IDTs for use in acoustofluidics constitutes 
1

4
λSAW  

wide fingers and patterned with a gap between finger pairs of the same dimensions. 
Predominantly, lithium niobate (LiNbO3) is used as the piezoelectric element as it 
has favourable characteristics such as its high spontaneous polarisation and electro-
mechanical coupling coefficients [47, 48] and low acoustic attenuation [49]. A 
propagating SAW along a surface will radiate energy at an angle (Fig. 3.4a) when it 
encounters a solid-fluid interface. This angle is known as the Rayleigh angle, θR, 
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and is defined as the angle of propagation into the fluid from the normal to the sub-
strate, given by the Snell’s law [42],

 θR =










−sin 1
c

c
f

SAW
 (3.34)

This transmitted wave is known as the leaky Rayleigh wave as the Rayleigh wave 
leaks energy into the fluid medium as it travels along the fluid-solid interface. It 
should be noted that attenuation along a solid-gas interface occurs but is relatively 
small and therefore can be neglected. The attenuation coefficient, αR, of the leaky 
Rayleigh wave due to radiation of a compression wave along a fluid-solid interface 
is given by [50]
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where ρsubstrate is the density of the piezoelectric substrate. It should be noted that 
there is an additional energy loss due to frictional losses [50] but is typically small 
and, therefore, often neglected.

In addition to consideration of attenuation within the liquid and IDT finger spac-
ing, the number of finger pairs also plays an integral role in ensuring efficient opera-
tion. Besides reinforcing the propagating wave, the additional IDT pairs alter the 
electrical impedance of the system. In a similar way, whereby acoustically imped-
ance matched systems operate optimally, an electrically impedance matched circuit 
ensures maximum energy transfer from the external power source (i.e. signal gen-
erator and power amplifier) to the IDTs and, therefore, maximum power transmis-
sion to the piezoelectric substrate and, thus, the fluid medium. It should be noted the 
number of finger pairs is not critical for operation as systems would still function, 
albeit not optimally. It is also worth noting that there are other designs of IDTs 
which are used for various different applications in acoustofluidics as shown in 
Fig. 3.4b and d. Each of these IDT configurations results in a different displacement 
field and thus a different pressure field within the fluid medium. The normal or 
straight IDTs are most commonly used in microfluidic devices as it is the most effi-
cient design in terms of operation. This configuration operates at a single frequency 
as dictated by the uniform finger width and spacing as shown in Fig. 3.4c and e, thus 
making it easy to define the displacement and resultant pressure field. Focused or 
curved IDTs [51] consist of pairs of annular electrodes and can operate at a single 
frequency or multiple frequencies as well but direct the propagating wave and 
energy to a small focal point, where, this high acoustic intensity region is desirable 
in applications such as microdroplet production [52]. The slanted IDTs, on the other 
hand, consist of a varying finger width along its length, allowing for the generation 
of narrow SAW beams of varying frequencies [53]. Chirped IDTs [54] similarly 
allow for variation but in terms of frequency of operation, where a range of frequen-
cies can be excited as opposed to a single frequency. This is as a direct result of the 
variation in finger widths throughout the IDT set. Due to the benefit of operating 
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over a range of frequencies, chirped IDTs allow for a sweep of frequencies to be 
used which is highly beneficial for migrating particles beyond a wavelength [55]. It 
is worth noting the configuration of chirped IDTs can be integrated with that of 
curved IDT designs to emanate a propagating wave with a high spatial amplitude 
gradient (i.e. focal point) over a range of frequencies.

More recently, diffractive effects based on the Huygens-Fresnel principle have 
been examined to capture the “knife-edge” effect induced by the channel walls, giv-
ing a more detailed description of the more complex aspects of the established pres-
sure fields [56–58]. In addition, due to the finite width of the IDTs (i.e. aperture), 
diffraction is known to affect the resultant surface displacement profiles, thus the 
consequent pressure field within the bulk fluid [32, 59]. These effects should be 
considered whilst designing and fabricating SAW-driven acoustofluidic platforms 
as they significantly alter the resultant pressure fields and therefore the intended 
particle behaviour. Clever manipulation of these effects can lead to beneficial out-
comes as well, enabling relatively simple excitation methods to achieve the same or 
an enhanced outcome [60, 61].

3.3.4  Tweezing

Acoustic tweezing is a subset of acoustofluidics that utilises pressure fields to con-
trol and manipulate the location of individual or a group of particles, akin to that of 
optical tweezers developed by Arthur Ashkin [62] in 1986 who went on to win the 
2018 Nobel Prize in Physics for this discovery. Acoustic tweezers have been 

Fig. 3.4 Surface acoustic waves (SAW) employed as travelling waves (a) via the use of PDMS as 
a waveguide enabling acoustic fluorescence-activated cell sorting [Reproduced from [3] with per-
mission from The Royal Society of Chemistry] and (b) for the size-based separation of particles 
[Reproduced from [134] with permission from The Royal Society of Chemistry]. (c) SAW used to 
pattern one cell per well in defined configurations using a two-dimensional wave field, enabled by 
two opposing pairs of IDTs [Reproduced under the terms of the Creative Commons Attribution 4.0 
International License from [5]]. (d) Travelling SAW induced microvortex to continuously focus 
nanoparticles along a defined path [Reproduced from [135] with permission from The Royal 
Society of Chemistry]. (e) Depictions of broad range of phenomena inherent within surface acous-
tic wave platforms as a result of diffraction [Reproduced from [59] with permission from The 
Royal Society of Chemistry]
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commonly used to describe most acoustofluidic-based manipulation techniques, 
including that of standing and travelling wave platforms, via BAW and SAW, as 
described earlier. However, in this chapter, the term acoustic tweezing is used spe-
cifically to refer to the selective manipulation of individual or a defined group of 
suspended matter. Such an ability is immensely useful to a wide range of applica-
tions, specifically in microbiology, microscopy and micro-robotic platforms (includ-
ing therapeutics and drug delivery). Acoustic tweezers offer benefits over its optical 
counterpart as it is applicable within opaque objects, such as biological tissue, and 
is able to penetrate deeper due to its lower attenuation effects. Furthermore, acoustic 
manipulation is considered a safer option for in vivo operations as compared to opti-
cal tweezers which tend to have detrimental effects in terms of localised heating 
induced by the laser [63]. There are three distinct methods used to enable acoustic 
tweezers, namely, ultrasonic arrays, hologram planes and acoustic vortex beams.

 Ultrasonic Beams

As proposed by Wu in 1991 [64], these types of acoustical tweezers were based on 
a stable force potential well located at a focal point enabled by the use of focused 
ultrasonic beams. The study went on to use two opposing collimated focused ultra-
sonic beams, driven by broadband lead-zirconate-titanate (PZT) focusing transduc-
ers, to trap particles and frog eggs. This concept was developed to increase its 
robustness and flexibility, using a single beam, driven by a single-element trans-
ducer, theoretically [65] and experimentally, to achieve transversal trapping but not 
axial trapping [66].

However, single-beam trapping in both the transverse and axial direction is dif-
ficult to achieve. This is due to the competing nature of the attractive gradient force 
enabling trapping in the transverse direction but a repulsive force induced by the 
backscattering in the axial direction. Baresch et  al. proposed the use of acoustic 
vortices (Fig. 3.5a) to trap particles in three dimensions, further improving the effi-
cacy of acoustic tweezers [67]. The concept was based on using focused axisym-
metric vortex beams driven by spherical transducers that consist of a pressure 
minima at the central core of the beam, minimising undesired effects arising from 
the wave backscattering, enabling the trapping and physical translation of relatively 
dense and stiff particles [68].

 Ultrasonic Arrays

Although simple standing wave, travelling wave and acoustic beam fields are pow-
erful tools enabling a wider range of manipulation and dexterity, the ability to shape 
the phase and amplitude of a field spatio-temporally further increases the applicabil-
ity and integration of these systems, enabling relatively complex particle manipula-
tion along a defined trajectory. A single-element transducer is restricted in terms of 
the field it can establish and, therefore, difficult to generate complex pressure fields.
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Ultrasonic arrays, as implied by the name, constitute an array of transducers 
arranged in a specific configuration and driven with a phase-controlled output to 
establish complex pressure fields enabling tweezing [69]. This technology is enabled 
via the development of microfabrication as well as driving circuitry that allows for 
the independent control of frequency, phase, intensity and pulse duration of each 
transducer. This has enabled the ability to transport particles over relatively large 
distances (i.e. multiple λac) (Fig. 3.5b) [70, 71]. The use of optimised phase delays 
to drive an array of transducers has been used to establish complex pressure fields 
as well as reproduce acoustic vortex beams without the need for physical fixed 
acoustic lenses. The direct consequence of this enables the ability to accurately levi-
tate, trap, move and rotate suspended particles in an intended medium.

 Acoustic Structures

There’s an undeniable advantage of dynamic control enabled by the use of phased 
arrays to achieve accurate spatio-temporal control of complex pressure fields. 
However, to drive these systems, a relatively complex configuration of transducers 
coupled with advanced electronics to individually control each acoustic element is 
required, making this approach relatively complex and costly [72].

To this end, multiple studies have looked at using intermediate structures, 
using acoustic metamaterials and holographic planes to establish pressure fields 
that are beneficial for complex particle manipulation. These structures are 

Fig. 3.5 (a) Rendered image depicting the use of acoustic vortices as tweezers to trap and manipu-
late elastic spheres [Reprinted from [136], Copyright 2017, with permission from Elsevier]. (b) 
The development of phased arrays enabling the ability to manipulate individual particles along 
complex defined trajectories [Reproduced under the terms of the Creative Commons Attribution 
4.0 International License from [69]]. (c) The use of holographic phased delay plates to control the 
phase and amplitude of the acoustic field, allowing for the development of complex patterns at a 
defined plane [Reprinted from [137], with the permission of AIP Publishing]
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independent of the driving architecture (i.e. acoustic transducer and circuitry) 
and, thus, can be fabricated based on the intended task and made disposable at a 
low cost [73]. Acoustic metamaterials [74] are materials that are designed to con-
trol, direct or amplify an incident acoustic wave based on how it is engineered. 
Due to this unique feature, phononic crystals integrated with SAW- and BAW-
based devices have been able to tune the spatial intensity of the acoustic energy 
based on the task at hand [75].

More recently, the use of monolithic acoustic holograms akin to optical kino-
forms that enable the reconstruction of diffraction-limited pressure fields has been 
shown to manipulate liquids and solids in both air and liquid mediums [73]. The 
simple reconstruction of complex wave fields can be established by determining the 
phase distribution required based on an arbitrary intended field. This phase distribu-
tion information is later introduced and controlled using a printed holographic plane 
of varying thickness (i.e. dictated by the intended phase delay). By attaching this 
customised holographic plane to an acoustic transducer, the desired arbitrary pres-
sure field can be established on the image plane at a defined distance from the trans-
ducer as per Fig. 3.5c. As the phase difference here is dictated by the holographic 
plane, there’s no need for a transducer array, and therefore, this can be easily inte-
grated with single transducer elements.

3.4  Applications

To dictate the location or configuration of suspended matter (i.e. particles, droplets 
and biological cells), a well-established pressure field with a sufficient acoustic gra-
dient, therefore force, is required. Whilst acoustofluidics has enabled a wide range 
of applications, ranging from fluid mixing, drug discovery, particle concentration 
and sorting, for the purposes of this chapter, the developed applications discussed 
will be focused on the patterning, transport and selective manipulation of individual 
or a group of particles or droplets. A key factor influencing the migration speed and 
trajectory of the manipulated particle is the relative compressibility and density in 
relation to the medium it is suspended in.

3.4.1  Standing Waves

A promising candidate for suspended matter manipulation is the use of standing 
acoustic waves. This is due to the relative simplicity in establishing strong acoustic 
gradients with stable well-defined locations, known as potential wells that enable 
the precise transportation and pattern configuration of particles and biologicals. 
There are two distinct methods of producing an acoustic standing wave within 
microfluidic systems. Firstly, an acoustic standing wave resonator is composed of a 
single acoustic source and a reflective boundary located at the opposing end. The 
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interference between the incident wave, emanating from the acoustic transducer and 
the reflected wave, results in an acoustic standing wave. If designed well, these reso-
nators can establish strong acoustic fields with a desired periodicity and pattern. 
However, there is a strong dependence on the channel geometry and material, as 
these significantly influence the resultant pressure fields. Secondly, an acoustic 
standing wave can be established by the interference of at least two or more acoustic 
transducers. This method allows for a greater flexibility in the established pressure 
field as the relative nodal and anti-nodal locations can be precisely controlled by 
altering the input frequency and phase of each transducer element.

Early on with BAW systems, these devices were relatively large (i.e. on the order 
of multiple wavelengths) [76] and progressively were reduced in size to half- 
wavelength resonators [77]. This was later simplified to a quarter-wave resonators 
by Townsend et al. [78] and Hill et al. [36]. Although quarter-wavelength resonators 
are less energy efficient than their half-wavelength counterpart, the use of these 
systems simplifies the detection and sensing process as particles move towards the 
surface, thus the need of a stream to be split into two (i.e. one stream containing the 
concentrate and another the clarified stream) as opposed to half-wavelength resona-
tors where the clarified stream is on either side of the concentrate stream. 
Simultaneous sorting and concentration of particles have also been studied for simi-
lar applications when two or more species of particles or cells are present within the 
sample. Systems such as split-flow thin (SPLITT) fractionation were developed to 
separate two species of particles when exposed to an external force field [79]. This 
system is based on the principle that larger particles will be more affected by the 
external force field and will migrate more in comparison to the smaller particles, 
therefore, moving the larger particles beyond the flow splitter. Johnson and Feke 
[80] built the first acoustic-based SPLITT fractionator. Lenshof et al. [81] applied a 
similar concept to separate larger leukocyte cells from the smaller platelets. The 
concept of utilising the force contrast between two particles of different sizes has 
since been applied to other acoustophoretic-based devices to sort more than two 
species of particles as shown in Fig. 3.6a [82, 83]. Furthermore, the exploitation of 
negative contrast factor particles such as lipid has been used within acoustic-based 
sorting devices. BAW systems have been extensively used to perform particle posi-
tioning within lines in a chamber [84], in channels to be used with a microgripper 
[85], patterning of particles and cells in clusters within a two-dimensional field [40], 
positioning of particles within an octagonal sonotweezer (Fig. 3.6b) [86], and in a 
full three-dimensional sound field [11]. Furthermore, BAW platforms have shown 
the capability of transporting particles to arbitrary locations within a half- and 
quarter- wave resonator [87] and within a resonant cavity by altering the excitation 
frequency to a higher harmonic. Manneberg et al. demonstrated the use of linear 
frequency sweeping to align and subsequently transport particles which can be used 
to control the motion and position of cells for high-resolution optical micros-
copy [88].

SSAWs have been extensively developed to enable the establishment of 1D 
standing wave fields to focus particle to the central channel locations [89], to alter 
the particle trajectory to distinct outlets based on size and particle type [54, 90] and 
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to selectively pattern particles in arbitrarily controlled regions using ns pulses and 
phase delays [58]. More complex 2D fields have also been established using multi-
ple pairs of IDTs, enabling patterning of particles, droplets and cells in a defined 
array (Fig. 3.6c), similar to that of its BAW 2D counterpart. Guo et al. demonstrated 
the use of 2D SSAW to control intercellular distance and assemble and maintain 
cells in distinct geometries for purposes of understanding cell-cell interaction [91]. 
Meng et al. demonstrated the use of 2D configured SSAW setup, to direct the path 
of engineered microbubbles towards a target cells, and subsequently trigger the col-
lapse of the bubble, enabling single-cell, localised sonoporation [92]. Furthermore, 
the added benefit of using higher frequencies common amongst SAW-based plat-
forms, the ability to control individual particles and cells, known as one-cell-per- 
well (OCPW) is realised [5]. As the individual manipulation of cells or a microparticle 
is dependent on its relative size as compared to the λac, a smaller wavelength would 
result in a better manipulation resolution, therefore beneficial to operate at a higher 
excitation frequency. Collins et al. [58] further exploited the use of short λac, using 
sub-time-of-flight excitation pulses to localise particle patterning locations 
(Fig. 3.6d). The use of chirped IDT configurations has also been developed to trap 
and transport particles selectively based on their size [55]. Chirped IDTS have also 
been used to manipulate individual particles and cells by exploiting the wide fre-
quency bands to control the SSAW field in real time, enabling the precise control of 

Fig. 3.6 Applications using acoustic standing waves to (a) separate lipids from blood via a bulk 
acoustic wave-driven system [Reproduced from [82] with permission from The Royal Society of 
Chemistry], (b) manipulation of particles within an octagonal sonotweezer in multiple configura-
tions [Reprinted from [86], with the permission of AIP Publishing], (c) pattern particles within 
clusters in a (i) grid and (ii) lines [Reproduced from [138] with permission from The Royal Society 
of Chemistry], (d) to allow regional patterning of particles using pulsed surface acoustic waves 
[Reproduced under the terms of the Creative Commons Attribution-NonCommercial license from 
[139]] and (e) enable cell washing via the use of standing surface acoustic waves [Reproduced 
from [93] with permission from The Royal Society of Chemistry]

C. Devendran and A. Neild



81

a desired particle trajectory [54]. The use of SSAW integrated with a flow has been 
extensively used to sort particles based on their size (Fig. 3.6e) [1, 90, 93].

The ability to pattern cells in a suspended medium leads to the ability to better 
control processes within tissue engineering. For example, the use of standing waves 
in a heptagonal acoustic platform to direct and study the development of Schwann 
cells, in different configurations, has been shown to guide neurite outgrowth [94]. 
Moreover, acoustic patterning of myoblasts in gelatin methacryloyl (GelMA) has 
been shown to significantly enhance myofibrillogenesis and promote muscle fibre 
formation [95]. SSAW-based platforms have also been used to pattern cardiac cells 
within GelMA hydrogels, successfully, demonstrating cell beating within a 5–7-day 
time period [15].

3.4.2  Travelling Waves

As the name implies, travelling waves are a unidirectional propagating wave ema-
nating from an acoustic source. TSAWs are a common method of introducing 
acoustic waves within a microfluidic system, typically composed of a single set of 
IDT and ensuring reflected waves are absorbed by the channel material or diffusers 
located at the far end. Similar to SSAW, TSAWs have been used to sort and direct 
particles based on their compressibility and size, with the added benefit of a work-
ing range larger than half the SAW or acoustic wavelength (Fig.  3.7a,b). The 
enhanced separation technique has been exhibited on cells at high speeds in a range 
of studies [6, 96]. The addition of acoustic waveguides (Fig. 3.4a), via the incorpo-
ration of PDMS posts as developed, allowing for a larger tolerance in alignment, 
further increases the adaptability of this technique [97]. Ng et al. [98, 99] demon-
strated the use of a combination of TSAW and SSAW, exploiting the inherent decay-
ing properties of SAW as it couples energy into the fluid (as per Eq. 3.35) to improve 
the efficiency and sensitivity of sorting particles. In addition to manipulating parti-
cles, suspended droplets within an aqueous medium have been demonstrated using 
TSAWs. The ability to merge (Fig. 3.7c), steer (Fig. 3.7d) and split droplets has 
been effectively demonstrated [7, 8, 100–102].

More recently, TSAW systems have been developed to trap and form stable col-
lection locations (Fig. 3.7e), in contrast to the conventional use to move or push 
particles and droplet in a unidirectional method. These platforms exploit the inher-
ent diffractive effect leading to periodic high- and low-pressure regions allowing for 
particle patterning [56] and have been shown to have complex repercussions on the 
established pressure and streaming field [23, 32, 59]. Further development integrat-
ing the use of channels (Fig. 3.7f) [57, 60] and structures [103, 104] as waveguides 
allows for the development and establishment of complex wave fields that enable 
particle patterning using TSAW, further reducing the need for a high degree of 
alignment. The inherent diffractive effects based upon previous studies [56, 57] 
enabled the development of an on-chip acoustic erythrocytometer to mechanically 
probe a population of red blood cells at single-cell level [61].
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3.4.3  Acoustic Tweezing and Micro-robots

Acoustic tweezers have a great promise of being a viable substitute to optical twee-
zers. The introduction of acoustic vortices, allows for the focusing of a single beam 
to trap particles in 3D, which in turn enables the subsequent movement of the 
intended particle in any direction [68, 105]. Further simplification using a 3D-printed 
Fresnel lens, bonded to a two-element piezoceramic transducer disk, was developed 
to produce a stable acoustic trap in water capable of trapping microparticles [106]. 
The use of Bessel beams as developed theoretically by Marston et al. [107, 108] was 
later applied to develop stable acoustic tractor beams that were capable of axially 
pulling and transversely trapping suspended particles. Karlsen et al. theoretically 
proposed the use of Bessel-function acoustic vortices to spatio-temporally manipu-
late high-concentration regions within a lower concentration medium [109]. In 
2019, Baudoin et  al. developed the first flat, compact, single electrode focalised 
acoustic tweezer, effectively folding a spherical transducer onto a flat piezoelectric 
substrate (Fig. 3.8a) [110]. This platform allowed the precise ability to pick and 
displace a micron-sized object with a high degree of selectivity using a relatively 
simple approach, enabling widespread adoption in microbiology, micro-robotics 

Fig. 3.7 Applications enabled by exploiting travelling waves for (a) continuous separation of 
particles in a PDMS microchannel using travelling surface acoustic waves (TSAWs) [Reproduced 
from [134] with permission from The Royal Society of Chemistry], (b) to enable fluorescence- 
activated cell sorting via focused TSAWs [Reproduced from [140] with permission from The 
Royal Society of Chemistry], (c) droplet merging [Reproduced from [100] with permission from 
The Royal Society of Chemistry] and (d) steering using TSAWs [Reproduced from [8] with per-
mission from The Royal Society of Chemistry], (e) particle patterning, arising from the inherent 
Huygens-Fresnel diffractive effects [Reproduced [56] with permission from American Physical 
Society] and (f) particle focusing using PDMS microchannels as self-aligned waveguides 
[Reproduced [57] with permission from American Physical Society]
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and microscopy. Recently, the use of acoustic vortices to simultaneously trap 
nanoparticle laden microbubbles and subsequently trigger an activated release 
through centimetre-thick bio-mimicking layers has been demonstrated [111].

As described in Sect. 3.3.4.2, the ability to shape and modulate a pressure field 
into arbitrary shapes further improves the dexterity of the platform. Ultrasonic 
arrays enable the establishment of these complex fields by individually controlling 
the excitation parameters of each transducer in a defined manner and are capable of 
ad hoc alterations, effectively allowing on-demand spatio-temporal particle manip-
ulation. A 12-element 1D array coupled to a rectangular capillary platform devel-
oped by Glynne-Jones et al. demonstrated the ability to transport particles over the 
entire channel length by switching active array elements [112]. A similar approach 
using Langevin transducers demonstrated the continuous planar transport of matter 
in air along a defined path, the stretching and merging of droplets in air [70] and 
later orbital transport and spinning [113]. In 2015, Marzo et al. demonstrated the 
ability to acoustically levitate, translate and manipulate particles using a single- 
sided emitter by optimising the phase delays between each array element [69]. This 
concept was further improved, exploiting the ability to move particles along a 
defined path in a rapid manner to realise volumetric displays (Fig. 3.8b) [114, 115]. 
Building upon Smalley et al. [116], the clever use of synchronised coloured light 
source illumination at targeted points in space to coinciding with the particle’s path 
allows for the rendering of continuous images akin to a movie playing in 3D, view-
able from all directions. Phased arrays have more recently been used to produce 
acoustic beams that are capable of transporting glass spheres along a programmed 
path in the urinary bladder of live pigs, showing great promise of a non-invasive 
method of in vivo drug delivery [117].

Fig. 3.8 The use of acoustic tweezers enabled by (a) acoustical vortex to selectively move parti-
cles with a high degree of accuracy [Reproduced under the terms of the Creative Commons 
Attribution-Non Commercial license from [110]], (b) phased arrays enabling acoustophoretic 
volumetric displays using fast-moving particles [Reprinted from [115] with the permission of AIP 
Publishing] and (c) acoustic holograms to pattern cells within biocompatible hydrogels 
[Reproduced under the terms of Creative Commons Attribution License from [124]]
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The use of structured elements is another alternative to ultrasonic arrays that 
allow the establishment of complex fields with a relatively simple excitation setup 
required. This is due to the fact that the shaping of the field is manipulated by the 
acoustic metamaterial or holographic plane and not the driving transducer. The 
Cooper lab used phononic crystals in combination with SAW to modulate the spa-
tial intensity of the resultant pressure fields, demonstrating the ability to more pre-
cisely affect specific regions of a fluid volume for purposes of particle manipulation 
and droplet ejection from a substrate [75, 118–121]. The stacking and assembly of 
predefined metamaterial bricks to establish any diffraction-limited acoustic field 
enabled the experimental demonstration of an acoustic tractor beam, realising a 
simplified single-sided airborne spatial modulator [122].

Melde et al. went on to reconstruct complex acoustic field distributions via the 
integration of a printed holographic plane attached to a single transducer [73]. The 
holographic plane was composed of varying thicknesses to emulate the required 
phase lag to achieve the target image. As the amplitude and the phase distribution of 
the field can be controlled by the hologram, particles can be guided along an 
intended path at the image plane, pushed along by the phase gradients. By placing 
the holographic plane across from the transducer, acoustic levitation in air could be 
achieved as well when used in a reflection mode. This platform was further devel-
oped to enable the assembly and consequent UV-triggered cross-linking of com-
plex, mechanically stable parts [123]. The formation of irregular, nonsymmetric 
assemblies of cells within hydrogels can be achieved using acoustic holograms 
(Fig. 3.8c) [124]. The consequent gelation of the hydrogels, immobilises the pat-
terned cells, enabling them to thrive within the matrix. This shows great promise of 
integrating the use of non-contact approaches for 3D cell culture, with a wide range 
of applications in tissue engineering and mechanobiology.

Marmottant et al. developed a microbubble-driven transport of particles within 
microfluidic channels, by exploiting the inherent acoustic streaming effects [125, 
126]. This was further developed to propel microswimmers carrying payloads, 
opening up possibilities in applications within the biosensing, drug delivery and 
imaging space [127]. Ahmed et al. later developed a platform that was capable of 
driving microswimmers consisting of trapped microbubbles in highly viscous fluids 
(Fig. 3.9a) [128]. These trapped oscillating microbubbles within microchannels are 
used to accurately rotate colloids and cells, further improving optical microscopy 
sample control [129]. Acousto-magnetic hybrid technology has been shown to suc-
cessfully achieve bubble-driven propulsion aided by magnetic alignment by an 
external field, enabling precise manoeuvring capabilities [130]. Furthermore, nano-
swimmers have also been shown to be effective via the introduction of travelling 
acoustic waves. The propulsion of artificially fabricated nanoswimmers with flexi-
ble tails (Fig. 3.9b), akin to flagellum, has been demonstrated [131].
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3.5  Conclusions and Outlook

As discussed in this chapter, the use of acoustics to manipulate and control particles, 
droplets and cells has been extensively studied and reported. The immense potential 
of integrating this external field into microfluidics has gained significant traction 
over the last few decades. The use of this non-contact approach in the form of stand-
ing waves and travelling waves to trap, sort, steer and pattern particles and biologi-
cal matter enabled predominantly by the gentle nature of bulk acoustic wave and 
surface acoustic wave actuated systems integrated within microfluidic platforms has 
been discussed throughout the chapter.

More recently, the use of acoustic manipulation and control of micro-robots have 
begun to develop with advent of high accuracy acoustic tweezing systems. These 
tweezers, either driven by acoustic vortices, phased arrays or acoustic holographic 
planes, have facilitated the accurate control of individual or a group of particles and 
cells along complex trajectories and aggregation in non-periodic patterns (beyond 
that of λac). The development of these control methods and the establishment of 
arbitrary fields have unlocked the potential of using acoustic manipulation to drive 
micro-robots in vivo as well as enable the three-dimensional culture of heteroge-
neous tissue in complex patterns, more akin to tissues and organs of living organisms.

The acoustic tweezing approach has overcome many of the limitations imposed 
by its more conventional counterpart (BAW and SAW), such as spatial indepen-
dence and individual control of microparticles and micro-robots. Furthermore, 

Fig. 3.9 Demonstration of (a) microswimmers driven by vibrating microbubbles [Reproduced 
under the terms of the Creative Commons Attribution 4.0 International License from [128]] and (b) 
artificial swimming nanoswimmers by an acoustically activated flagella [Reprinted (adapted) with 
permission from [131]. Copyright 2016 American Chemical Society]
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acoustic tweezers are considered a preferred alternative to optical tweezers, espe-
cially for in vivo applications due to the inherently larger penetration depth and 
suppression of detrimental effects arising from localised heating. However, some 
limitations still exist for each of the tweezing methods discussed. For example, 
acoustic vortices and phased arrays still require complex fabrication and control of 
its transducers. On the other hand, whilst it is relatively cheap and easy to fabricate 
acoustic holograms via 3D-printed structures, they lack the dynamic control pos-
sessed by its optical spatial light modulator counterpart. The dynamic control of 
acoustic holograms would further increase to adoption of acoustic control methods 
in a wide range of micro-robotic and tissue engineering applications.

In its present state, these relatively recent control approaches still require better 
understanding of the established acoustic fields and its resultant acoustic forces at 
play. In regard to biocompatibility, better understanding of the biological effects as 
a result of acoustic exposure is warranted. This would not only lead to a safe imple-
mentation of acoustic control, especially for work with biological matter and in vivo 
operation, but potentially enable the use of acoustics as a therapeutic mechanism.
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Chapter 4
Light-Driven Microrobots: Mechanisms 
and Applications

Shuailong Zhang, Fan Nan, and Steven L. Neale

4.1  Introduction

Microrobots are typically submillimeter particles that can be made to do mechanical 
work and can be classified on the basis of their driving forces, including magnetic 
[1–4], electric [5, 6], acoustic [7–9], and optical forces [10–14]. Microrobots that 
are powered by light are particularly appealing, given the maturity and diversity of 
beam-modulation and optical microscopy techniques that can be used [11–14], and 
light-driven microrobots can be subclassified into three categories based on their 
operating principles. The first category, known as optical microrobots, relies on 
direct manipulation of microscale objects by illumination with light  – the most 
prevalent example being optical tweezers (OTs) [10–14]. OTs leverage the forces 
that arise from focusing light with strong intensity gradients, which permits fine and 
noninvasive control and actuation of microscale objects suspended in air or liquid. 
To date, there have been various demonstrations of OTs-actuated microrobots that 
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can carry out complex mechanical operations for physical and biomedical applica-
tions [15–17]. The second category, opto-mechanical soft microrobots, relies on the 
interaction between light and photosensitive, mechanically responsive materials 
such as liquid crystal polymers (LCPs) [18–25]. This form of microrobot is an inter-
esting and fast-growing research topic, with demonstrations of “pick and place” 
gripper [20], artificial flytrap [21], and other biomimetic structures [22–24]. The 
third category, opto-chemical microrobots, relies on photochemical reactions such 
as photochromic and photocatalytic effects to generate propulsion forces [26–29], 
thus converting chemical energy into mechanical movement. Opto-chemical micro-
robots normally require highly specific operating conditions, including microrobots 
formed from photoactive materials and an environment that contains photochemi-
cally active reagents. These opto-chemical microrobots have been mainly used for 
biomedicine and sensing applications.

In this chapter, we will first introduce the working mechanisms and principles for 
the three categories of microrobots and their relative advantages and limitations. 
Then representative works and applications of each category of microrobot are 
introduced and discussed, and the chapter finally ends with conclusion and future 
prospects on the light-driven microrobots.

4.2  Optical Microrobot

Optical microrobot is a type of microrobot based on optical micromanipulation 
technologies – with the most prevalent example being optical tweezers (OTs), which 
were invented by Nobel laureate Arthur Ashkin who had been working on the 
manipulation of particles with laser light since the 1960s and invented the first 
single- beam OTs in 1986 [30]. OTs were mainly used to control and manipulate 
biological samples such as biomolecules, cells and bacteria [31]. In recent years, 
several groups have started to investigate the use of OTs to control specifically 
designed artificial microstructures for different applications [16, 32–34], leading to 
the invention and fast development of optical microrobots.

OTs rely on the transfer of momentum from the photon to the particle when light 
interacts with the object, as shown in Fig. 4.1a [35]. By employing a tightly focused 
laser beam, objects with high refractive index can be trapped near the beam focus 
due to the intensity gradient force. The optical gradient forces exerted on objects 
can be described and calculated using a ray optics model. Apart from the optical 
gradient force, optical radiation pressure force, resulting from the absorption or the 
scattering of light by the sample, also plays an important role in OTs. By carefully 
balancing the optical gradient force and optical radiation pressure force, the position 
of the sample can be controlled in three-dimensional space. Light also carries angu-
lar momentum. For example, in a circularly polarized optical field, the electric field 
vector is rotating in a plane perpendicular to the direction of the wave. Spinning 
angular momentum can interact with a birefringent object, which alters the polariza-
tion state of the light (can change circularly polarized state to linearly or elliptically 
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polarized state), as shown in Fig. 4.1b. During this process, a torque will be exerted 
to the birefringent object and cause it to rotate due to the conservation of momentum 
[36]. More complex beam profiles are also capable of having orbital angular 
momentum which can be assed to absorbing particles. Shown in Fig. 4.1c is a stan-
dard OTs system, comprising a laser, a couple of optics, and a microscope objective 
lens. These opto-mechanics hardware are mainly used to collimate the laser light 
into a tightly focused beam for optical manipulation. The lasers are normally lin-
early polarized that carries linear optical momentum. By adding a quarter-wave 
plate in the laser path, the linearly polarized light can be converted into circularly 
polarized light and therefore carrying an angular momentum, which can be used to 
rotate a target object. For the control and manipulation of microrobots using OTs, 
focused Gaussian light beams are widely used to generate optical manipulation 
forces [15], as shown in Fig. 4.1d.

Presented in Fig. 4.2 are examples of OTs-actuated microrobots with different 
functions. These microrobots have small feature sizes (a few microns to a few tens 
of microns) and well-designed mechanical structures and were mostly fabricated 
using photo-curable polymer materials and two-photon polymerization techniques. 
Shown in Fig. 4.2a is a schematic of an OT-actuated surface scanning probe [37]. Its 
detailed mechanical structure is illustrated in Fig. 4.2b. By using two laser beams to 
control and manipulate the probe, it can be applied for surface topography recon-
struction with submicron resolution. Another probe capable of manipulating a light 
field was also developed [38], as shown in Fig. 4.2c. This probe consists of a bent 
waveguide sitting atop a supporting structure with spheroidal handles for OTs actu-
ation. Different tip structures of the probe can be fabricated to confine the light and 
generate light beams with different profiles, helping breakthrough the optical dif-
fraction limit. Another demonstrated application of OTs-actuated microrobots is for 

Fig. 4.1 Working mechanisms of OTs. (a) Schematics illustrating the interaction of photons with 
objects and the linear momentum transfer process that lead to the generation of optical gradient 
force. (b) Transfer of optical angular momentum to an object, leading it to spin. (c) Schematic 
experimental setup for OTs. (a)–(c) Reproduced with permission from reference 35. (d) Schematics 
showing OTs based on a focused Gaussian beam, in which a dielectric particle experiences radia-
tion pressure force and optical intensity gradient force. (d) Reproduced with permission from ref-
erence 15
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Fig. 4.2 OTs-actuated microrobots. (a) Schematic model of a surface scanning probe controlled 
by OTs. (b) Scanning electron microscope (SEM) images of the fabricated surface scanning probe 
and optical image of the probe as it is scanned along the surface of a sample. (a)–(b) Reproduced 
with permission from reference 37. (c) SEM images of a probe consisting of a bent waveguide and 
spheroidal handles. Different tip structures of the probe can be fabricated. (c) Reproduced with 
permission from reference 38. (d) Schematic of the microrobot with cargo loading/unloading func-
tion. The use of multiple optical trapping beams allows the actuation of the microrobot. Additional 
laser beam aimed at the microrobot’s top hole is used for creating thermal convention flow. (e) 
Microscope images showing the process of loading cargo into the microrobot. (d)–(e) Reproduced 
with permission from reference 39. (f) Schematic of using a pair of rotating microrobots to control 
a single target. (g) Trajectory of a target as it is propelled back and forth between two rotating 
microrobots. Line color shows target speed. Insets (i)–(iii) are microscope images showing the 
movement of the target. (f)–(g) Reproduced with permission from reference 40. (h) Trajectory of 
a 1μm silica particle pumped by a pair of rotating microrobots and going through a 15-μm-wide 
microfluidic channel. (h) Reproduced with permission from reference 41. (i) Schematic illustra-
tion of the experimental setup for the cell-based OTs-actuated bio-magnifier. (i) Reproduced with 
permission from reference 45. (j) SEM image of a microrobot and an optical image showing the 
microrobot can convert optical energy into mechanical rotation. (j) Reproduced with permission 
from reference 46
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cargo transport and delivery. Figure 4.2d and c demonstrates a microrobot equipped 
with a syringe function [39]. This microrobot has a hollow body connected with 
four spheroidal handles for OTs actuation. The body of the microrobot has two 
openings: one serves as the spout where cargo can be loaded and ejected, and the 
other one is located on top of the microrobot, allowing for the generation of photo-
thermally induced convection currents within the body of the microrobot. This OTs- 
actuated microrobot is capable of loading, transporting and unloading cargo such as 
silica and polystyrene microbeads. For this microrobot, laser beams were not only 
used to provide optical actuation force but to create photothermally induced convec-
tion currents for unloading cargo. Shown in Fig. 4.2f is another kind of OTs-actuated 
microrobot, which can be made to rotate to induce localized fluidic flow to exert 
hydrodynamic forces on “secondary” objects such as microparticles and biological 
cells [40]. By precisely piloting the motion of the microrobots using a closed-loop 
feedback system, highly localized flow fields can be sculpted to move and acceler-
ate/decelerate target objects, as shown in Fig. 4.2g. Additionally, multiple microro-
bots can be controlled independently/simultaneously to trap, stabilize and move 
micro-objects with nanoscale positioning precision. This indirect optical microma-
nipulation through microrobots expands the capabilities of OTs to control and 
manipulate objects that cannot be directly optically trapped, e.g., sensitive biologi-
cal samples which are easily photodamaged. Similar results were also demonstrated 
for two counter rotating birefringent particles trapped within a microfluidic channel 
and driven using OTs based on the transfer of optical angular momentum from a 
circularly polarized laser beam [41]. The rotating birefringent particles are able to 
displace fluid in microchannels and work as a microfluidic pump to accelerate/
decelerate silica microparticles, as shown in Fig. 4.2h. Apart from using birefrin-
gent particles, biological cells/particles with full biocompatibility were also rotated 
by OTs to create micro-vortex and exert hydrodynamic forces on surrounding cells, 
with demonstrations on indirect cell manipulation [42], guided tissue growth [43], 
and disruption of biological aggregates such as blood clots [44]. The use of OTs- 
actuated microrobots to induce hydrodynamic forces for indirect optical manipula-
tion is an interesting topic that has attracted much research interest in recent years. 
This expands the capabilities of OTs technology for the manipulation of fragile and 
light-sensitive biological samples that are difficult to be manipulated with OTs 
directly. Figure 4.2i shows another application of OTs-actuated cell [45]. The cell 
was trapped on a fiber tip. Due to the spherical structure, the cell can act as a bio- 
magnifier to overcome the optical diffraction limit and probe nanostructures with a 
resolution of 100 nm under a white-light microscope. Besides, the focus of the bio- 
magnifier formed a nano-optical trap that allows precise manipulation of individual 
nanoparticles with a radius of 50 nm. Therefore, this cell-based OTs-actuated bio- 
magnifier is a useful tool for simultaneous optical imaging and assembly of nano-
materials. Shown in Fig. 4.2j is another kind of microrobot which is actuated based 
on conversion of the optical energy into mechanical energy via transfer of optical 
momentum [46]. This microrobot, with a mechanical structure similar to a micro- 
turbine, can effectively harvest optical energy and convert it into mechanical rota-
tion once light is input into its cured waveguide arms, as shown in Fig. 4.2j. Similar 
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strategy to convert optical energy into mechanical energy can be found in other 
optical microrobot works as well [36, 47, 48], and the energy conversion efficiency 
highly depends on the capability of the microrobot’s mechanical structure to reroute 
the light beam and exchange optical momentum. Apart from 2D manipulation, OTs 
can also manipulate and assemble microrobots in 3D [49–51].

Although microrobots based on OTs have been demonstrated for many impres-
sive applications as introduced above, there are some limitations for this type of 
system. First, OTs are only capable of actuating small objects (although some stud-
ies have shown the manipulation of particles of tens of microns in size [52]) as the 
optical force is typically on the order of piconewtons (10−12 N). This restricts the 
design, structure, materials, and tools used to form/fabricate the microrobots and 
sets limits on their applications, particularly for those involving larger structures. 
Second, while it is possible to manipulate multiple microrobots in parallel with 
OTs, this functionality requires dramatic increases in complexity, as it necessitates 
specialized and expensive beam-modulation hardware and control software. To 
overcome these limitations, substantial efforts have been devoted to the develop-
ment of other optical micromanipulation technologies such as optothermal tweezers 
[53–56], optoacoustic tweezers [57, 58], and optoelectronic tweezers (OETs) [59–
61]. Among these technologies, OETs are a promising strategy that has attracted 
much attention since their invention by Ming C. Wu and co-workers in 2005 [59]. 
OETs rely on light-induced dielectrophoresis (DEP) force for the actuation of 
nano-/micro-objects, which combines the merits of optics and electronics and offers 
a user-friendly approach that enables programmable, touch-free, and reliable micro-
manipulation. Different from OTs which require very high optical intensities, the 
optical source in an OET system can be a digital micromirror device (DMD) with 
an LED source, which is used to project programmable/animated light patterns 
through an optical microscope onto a photoconductive substrate [in most cases – 
hydrogenated amorphous silicon (a-Si:H)]. OET relies on the unique features of the 
photoconductive substrate: in the dark, the impedance of the photoconductive sub-
strate is high, and it behaves like a resistor; when the photoconductive substrate is 
illuminated with light, its impedance reduced significantly, and the photoconductive 
substrate behaves like a conductor. Therefore, by creating bright and dark regions 
on the photoconductive substrate, “light-activated virtual electrodes” are formed, 
which can induce nonuniform electric field in the liquid medium above the photo-
conductive substrate, as shown in Fig. 4.3a. This nonuniform electric field interacts 
with the samples in the liquid medium, producing DEP force that can control their 
positions [62]. OETs are capable of exerting stronger manipulation force (nanonet-
wons, 10−9 N) and actuating larger objects (sizes over 100 microns) compared with 
OTs [63–65], and in addition, by projecting independently varying illumination pat-
terns, it is particularly straightforward to use OET for parallel manipulation (e.g., 
creating 10,000 traps at the same time) [59]. These features make OETs an ideal 
optical tool to control microrobots.

Presented in Fig. 4.3b–d is an example of an OETs-actuated “cogwheel”-shaped 
microrobot, which has eight cogs arranged symmetrically around a central chamber 
[65]. The microrobot is more than 200μm across, much larger than objects that can 
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be manipulated by OTs. Because of the large feature size, the microrobots can be 
massively fabricated using UV-curable polymer materials and standard photolithog-
raphy technique and can take nearly any desirable shape (not limited to the “cog-
wheel” shape). By using a light pattern that forms a negative relief of the perimeter 
of the microrobot (Fig. 4.3c), negative DEP force is produced, causing the microro-
bot to be trapped into the “dark” center of the projected light pattern. By moving the 

Fig. 4.3 Microrobots based on OETs and optothermal effect. (a) Schematic of OETs. (b) SEM 
image of a “cogwheel”-shaped microrobot. (c) Microscope image showing the use of light pattern 
to control a “cogwheel”-shaped microrobot, which carries a microparticle. (d) Schematic process 
of loading, transporting, and delivery of payloads using microrobot. (e) Microscope image show-
ing the simultaneous translation of four “cogwheel”-shaped microrobots bearing payloads (one or 
two microparticles) and moving in different directions. (b)–(e) Reproduced with permission from 
reference 39. (f) Hydrogel microrobots with Tetris structures. (g) Assembly of Tetris hydrogel 
microrobots with OETs. (h) Fluorescent microscope image showing the assembly of cell- 
encapsulating Tetris hydrogel microrobots. L929 fibroblast cells were stained green and HEK-293 
cells were stained blue. (f)–(h) Reproduced with permission from reference 39. (i) SEM image of 
a light-absorbing microrobot with asymmetric structure. (j) Microscope image of a spinning light- 
absorbing microrobot. (i)–(j) Reproduced with permission from reference 67. (k) Schematic and 
(l) microscope images showing the use of bubble microrobot to assemble micro-parts into a tightly 
connected entity. (k)–(l) Reproduced with permission from reference 68. (m) Manipulation of 
agarose microgel blocks using light-driven bubble microrobot. Half of the microgel blocks contain 
yeast cells. (m) Reproduced with permission from reference 69
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light pattern, the “cogwheel”-shaped microrobot can be programmed to move, 
rotate, and carry out sophisticated, multi-axis operations. One particularly useful 
program demonstrated here (Fig. 4.3d) is a serial combination of “load,” “trans-
port,” and “deliver,” which can be applied to manipulate micron-dimension pay-
loads. It has been demonstrated that the microrobot programmed in this manner can 
cause less stress on fragile mammalian cells than conventional OETs technique. 
Besides, a key feature for this OET-actuated microrobotic system is the capability 
to manipulate multiple microrobots simultaneously, allowing for independent and 
parallel control, as shown in Fig. 4.3e. More importantly, this OETs-actuated micro-
robot is multifunctional, with applications successfully demonstrated for single-cell 
isolation, clonal expansion, RNA sequencing, controlling cell-cell interactions, and 
isolating precious micro-tissues from heterogeneous mixtures [65]. In addition to 
polymer-based microrobots, shown in Fig. 4.3f–h are examples of hydrogel micro-
robots with Tetris structures, which were manipulated and assembled by OETs [66]. 
The hydrogel microrobots have high biocompatibility and can encapsulate cells 
with different species. Therefore, hydrogel microrobots containing different cells 
can be assembled to form desired geometry with specific shape and size (Fig. 4.3h), 
useful for microscale tissue engineering.

Apart from OTs and OETs, optical micromanipulation techniques based on opto-
thermal effect can also be used to control and manipulate microrobots, as shown in 
Fig. 4.3i and j [67]. This asymmetric microrobot structure was uniformly coated 
with a layer of light-absorbing material and sitting on a liquid-air interface. By illu-
minating the microrobot with incoherent light, it can efficiently convert absorbed 
light into rotational motion through thermocapillary effect. Other microrobot exam-
ples based on an optothermal actuation mechanism are shown in Fig. 4.3k and l 
[68]. In this work, a laser is focusing on a photothermal substrate to create a surface 
bubble, which can be used as a microrobot to move, fix, lift, and drop micro-parts 
and assemble them into a tightly connected entity. The generation, rate of growth, 
and motion of the bubble-based microrobot can be well controlled by modulating 
the power of the used laser. Shown in Fig. 4.3m is a demonstration of the use of a 
bubble-based microrobot to move and assemble agarose microgel blocks, with half 
of them containing yeast cells [69]. After the assembly, the patterned cell-laden 
microgels were cultured and the yeast cells successfully multiplied [69]. It should 
be noted that there are many other reports of using optothermal effect to actuate 
microrobots or microswimmers in fluidic environments [70–72]. We believe that 
with the development and further improvement of different optical micromanipula-
tion technologies, more types of microrobot will be invented, and various applica-
tions will be explored. It is expected that optical microrobots based on optical 
micromanipulation technologies will continue to thrive and play important roles in 
a wide range of applications in physics, engineering, biomedical science, and beyond.

S. Zhang et al.



99

4.3  Opto-mechanical Soft Microrobots

An opto-mechanical soft microrobot is a type of microrobot that relies on the inter-
actions between light and photosensitive, mechanically responsive materials – with 
the most prevalent example being liquid crystal polymers (LCPs), which are soft, 
polymeric systems with ordered molecular alignment/arrangement. Under external 
stimuli, LCPs can undergo a transition from anisotropic molecular phase (in most 
cases the nematic phase) into isotropic molecular phase, turning an ordered poly-
meric system into a disordered one. For light-responsive LCPs, this order-to- 
disorder transition is induced by light as the source of stimuli. Since the LCP 
molecules (most often with rod-like structures) are confined within ordered polymer 
networks, the order-to-disorder transition reduces the spacing between molecules 
along the alignment direction (the director) and increases the spacing in the perpen-
dicular direction. Therefore, the LCP material undergoes a shape change, with con-
traction happening in the director direction and expansion happening in the direction 
perpendicular to the director, as illustrated in Fig. 4.4a [19]. This characteristic of 
light- induced shape deformation allows the use of LCPs as “artificial muscles” to 
provide an actuation force for opto-mechanical soft microrobots.

Fig. 4.4 Basic mechanisms of light-responsive LCPs. (a) Schematic of the light-induced shape 
deformation of LCPs, resulting from the order-to-disorder molecular phase transition. (a) 
Reproduced with permission from reference 19. (b) Schematic of doping photothermal dye into 
LCP network to induce its shape change upon light illumination. (c) Schematic of doping photo-
mechanical into LCP network to induce its shape change upon light illumination. (b)–(c) 
Reproduced with permission from reference 73. (d) Schematic showing the orientation of LCP 
molecules upon illumination with non-polarized blue light. (d) Reproduced with permission from 
reference 25

4 Light-Driven Microrobots: Mechanisms and Applications



100

Based on different actuation mechanisms, there are three approaches to design 
and make light-responsive LCP materials for opto-mechanical soft microrobots. 
The first approach relies on the photothermal effect [73], in which LCP materials 
are doped with photothermal dyes (such as graphene, gold nanoparticles, carbon 
nanotubes, etc.) that can absorb light and convert it to heat, as shown in Fig. 4.4b. 
The generated heat can be dissipated to the LCP network, inducing order-to- disorder 
molecular phase transition and macroscopic shape deformation. The second 
approach relies on the photomechanical effect [73], in which LCP materials are 
doped with photomechanical dyes that can absorb light and convert it to geometrical 
changes (based on isomerization), as shown in Fig. 4.4c. Upon illumination, these 
photomechanical dyes can exert a stress force on the surrounding LCP molecular 
network, causing the disruption of the molecular alignment and inducing macro-
scopic volumetric change. In some cases, photomechanical dyes can also release 
heat, resulting in a combination of thermal and mechanical contributions to the 
shape deformation of LCPs. The third approach relies on the photo-orientation 
effect, in which LCPs with photo-orientation dyes can orientate the alignment direc-
tion of molecules upon exposure to non-polarized UV/blue light or polarized blue- 
green- red light (Fig. 4.4d). This photo-orientation effect, also known as trans-cis-trans 
reorientation or Weigert effect [25], can induce reversible shape change of LCP 
materials, which can be utilized for microrobot actuation.

Different methods were used to fabricate opto-mechanical soft microrobots, such 
as photolithography, soft lithography, 3D printing, direct laser writing, and laser 
scribing. LCP materials were normally processed in liquid phase and later cured to 
form the solid mechanical structures of the opto-mechanical soft microrobots. 
Shown in Fig. 4.5 are examples of versatile opto-mechanical soft microrobots with 
different designs and functions. Illustrated in Fig. 4.5a is a SEM image of a light- 
driven microscopic walker on a human hair [19, 74]. The microscopic walker has 
four legs, which were attached to the body at an angle of about 45° to create an 
asymmetry in the friction with the surface. When illuminated with periodic laser 
light, the body of the microscopic walker performs contraction-expansion cycles, 
allowing the robot to demonstrate different locomotion behaviors, such as random/
directional walking, rotation, and jumping. Moving from walking to swimming and 
from air to liquid environments, microswimmers based on light-responsive LCPs 
were developed, which were driven by a dynamic light pattern from a DMD projec-
tor [22], as shown in Fig.  4.5b. The DMD projector can generate dynamic light 
patterns to illuminate parts of the microswimmer, and only the body sections of 
microswimmer that are illuminated deform, while the remainder remains relaxed. 
Therefore, dynamic light patterns can induce travelling-wave body deformations of 
the microswimmer, making itself propelled through the liquid environment 
(Fig.  4.5c). Inspired by caterpillar crawling, an inch-long biomimetic opto- 
mechanical soft microrobot was developed [24], as illustrated in Fig. 4.5d and e. 
Using a scanning laser to create travelling-wave body deformation, the microrobot 
can move forward in the laser scanning direction based on curling-type locomotion. 
This “caterpillar”-like microrobot is capable of climbing a slope, squeezing through 
a narrow slit, and moving payloads. Figure  4.5f and g show the images of an 
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Fig. 4.5 Opto-mechanical soft microrobots and their applications. (a) SEM image of a microscopic 
walker on a human hair. The insets show the actuation method: light on, body contracts; light off, body 
extends. (a) Reproduced with permission from reference 19. (b) Schematic setup of using a DMD 
projector to image a dynamic light pattern onto a microrobot. (c) Upon light pattern illumination, the 
microrobot propels itself based on a travelling-wave shape deformation. (b)–(c) Reproduced with per-
mission from reference 22. (d) Schematic of using a scanning laser beam to trigger curling deformation 
of a microrobot, making it move like a caterpillar. (e) Series of images for the light-driven “caterpillar”-
style locomotion of the microrobot. A laser beam is scanned along the robot body to trigger curling 
deformation. (d)–(e) Reproduced with permission from reference 24. (f) and (g) A light-responsive 
artificial iris autonomously opens/closes upon weak/strong light irradiation. (f)–(g) Reproduced with 
permission from reference 75. (h) Schematics showing the motion of a droplet confined in a tubular 
microactuator driven by asymmetric photodeformation. With the light intensity decreasing from left to 
right, shape transformation of the tubular microactuator from cylindrical to conical is induced, causing 
the movement of the droplet to the narrower end of the tubular microactuator. (h) Reproduced with 
permission from reference 25. (i) Schematic illustration of the cargo pickup, transport, rotation, and 
release using a robotic micro-gripper. (i) Reproduced with permission from reference 20. (j) A light-
driven artificial “flytrap” closes upon light irradiation. (j) Reproduced with permission from reference 
21. (k) Schematic illustration of the functionalities of a light-driven robotic centipede. (l) Use of robotic 
centipede’s antenna to sense light intensity, wind speed, and human touch. The measured voltage signal 
can transmit wirelessly to a receiver via near-field communication. (k) and (l) Reproduced with permis-
sion from reference 23
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artificial iris that can perform automatic shape adjustment by reacting to the power 
density of incident light [75]. This self-regulating light-responsive artificial iris can 
close under increasing light intensity and reduce the light transmission power by a 
factor of seven. This method provides a new solution for automatic/adaptive optical 
systems. Shown in Fig.  4.5h is a LCP-based tubular microactuator capable of 
manipulating fluid droplets based on light-induced asymmetric deformation, which 
can generate capillary force for liquid propulsion [25]. This photodeformable tubu-
lar microactuator can be fabricated into different structures, such as straight, 
“Y”-shaped, serpentine, and helical. It was also demonstrated that the microactuator 
could exert photocontrol of a wide diversity of liquids over a long distance with 
controllable velocity and direction, and hence to mix multiphase liquids, to merge 
liquids, and even to make liquids run uphill. These liquid handling capabilities are 
useful for applications in micro-reactors, lab-on-a-chip settings, and micro- 
mechanical systems. The “pick and place” micro-gripper is another interesting 
demonstration of opto-mechanical soft microrobots. Shown in Fig. 4.5i is a dual 
magneto- and photo-responsive soft robotic micro-gripper, capable of loading, 
transport, rotation, and release of cargo [20]. This micro-gripper mainly consists of 
a light-responsive LCP thin film coated with a magnetically responsive layer. Light 
is used to trigger the micro-gripper to grab, pick up, and release cargo with a high 
degree of control. Magnetic control is employed to conduct the translation and rota-
tion of the micro-gripper. A similar strategy was employed for a light-responsive 
“flytrap” [21], which can open and close in response to different optical powers, as 
shown in Fig. 4.5j. This “flytrap” is mounted on a fiber tip, which functions not only 
as a power source but also as a probe to sense the environment. Based on optical 
feedback (the target’s ability to absorb and reflect light), the “flytrap” is capable of 
autonomous closing/opening and object recognition. Another interesting opto- 
mechanical soft microrobot is shown in Fig. 4.5k, in which a light-driven robotic 
centipede was built based on smart thin-film composite tightly integrating actuation 
and multisensing [23]. Based on the piezoelectric and piezoresistive responses of 
the materials, this light-driven robotic centipede is capable of multitask functions 
and information feedback, such as sensing locomotive gaits, body temperatures, 
surface hardness/softness, and surface hotness/coldness. More importantly, with a 
sensing antenna and a wireless communication unit, this light-driven robotic centi-
pede can sense light intensity, wind speed, and human touch and transmit the mea-
sured piezoelectric signals wirelessly to a receiver for analysis, as shown in Fig. 4.5l. 
It is expected that this light-driven robotic centipede will find important applications 
in human-robot interaction and environmental data collection.

Apart from the opto-mechanical soft microrobots introduced above, there are 
many other types of opto-mechanical soft microrobots developed by different 
research groups worldwide [19, 73, 76–83]. With the development and further 
improvement of the light-responsive materials, it is expected that the field of opto- 
mechanical soft microrobots will continue to develop and thrive. Future work in this 
field will not only be limited to the demonstration of complex locomotion behaviors 
of the microrobots, but will expand to integrate different sensing, control, and feed-
back functions to the microrobots, making it a powerful robotic platform that can 
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have anthropomorphic receptions and do sophisticated mechanical work. It is 
believed that opto-mechanical soft microrobots, with unique material characteris-
tics, will continue to play important roles in future robotic studies.

4.4  Opto-chemical Microrobots

Opto-chemical microrobot is a type of microrobot that relies on photochemical 
reactions to generate propulsion forces. This type of microrobot requires specific 
working conditions, including microrobots formed from photoactive materials, an 
environment that contains photochemically active reagents, and light source with 
specific wavelength and intensity that can trigger the photochemical reactions. The 
idea/concept of an opto-chemical microrobot is inspired by living microorganisms 
in nature (Fig. 4.6a) [27, 84], such as algae and cyanobacteria, which can survive by 
converting solar energy into biochemical energy through the photosynthetic pro-
cess. In a similar way, opto-chemical microrobots made of photoactive materials 
can harvest light energy and convert it into kinetic energy, generating propulsion 
forces that can make them move accordingly. Figure 4.6b and c show the two main 
morphological structures of opto-chemical microrobots [27]. The first one is spheri-
cal Janus particle (Fig. 4.6b), whose surfaces are made of two different materials or 
bearing two different functional groups. The two different surfaces of a Janus par-
ticle allow two different types of physics/chemistry to occur on the same particle, 
giving it unique properties. The second main morphological structure used for opto- 
chemical microrobots is a tubular or rod-like structure (Fig. 4.6c), which can show 
“rocket”-like locomotion behaviors based on asymmetric chemical reactions at dif-
ferent parts of the microrobot (such as in the inner cavity and outer surface). The 
most common photoactive materials used for making opto-chemical microrobots 
are semiconductors with definite bandgaps, which can generate electron and hole 
pairs upon irradiation with light bearing energy larger than the bandgap of the semi-
conductor. The photoexcited charge carriers can move to the surface and participate 
in redox chemical reactions. This process is shown by the schematic in Fig. 4.6d [26].

Figure 4.6e–f illustrates the three motion mechanisms of opto-chemical microro-
bots, including self-diffusiophoresis, self-electrophoresis, and bubble ejection. 
Upon light irradiation, the opto-chemical microrobots can produce a dispropor-
tional distribution of chemical products, electric charges, and gas bubbles, respec-
tively, which triggers their motion. Figure  4.6e shows the self-diffusiophoretic 
motion of an opto-chemical microrobot, induced by self-generated chemical gradi-
ents [85]. Like most chemical reactions, the photochemical reaction for opto- 
chemical microrobots occurs with the depletion of reactants and the generation of 
reaction products. Owing to asymmetric chemical reactivity, there exists a concen-
tration gradient of reaction products across the microrobot, resulting in the diffusion 
of chemical substances that can lead to the phoretic movement of microrobots 
known as self-diffusiophoresis. For instance, Au-WO3@C microrobot has WO3 
nanoparticles attached to its carbon surface, and these WO3 nanoparticles can block 
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the electron transfer from the carbon core to the Au surface, leading to a higher 
concentration of the reaction products on the side with WO3 nanoparticles. As a 
result, an osmotic flow appears from low to high chemical concentration regions, 
which propels the microrobot pointing to the Au side. Electrokinetic effect can also 
induce the propulsion of opto-chemical microrobots owing to uneven distribution of 
electric charges and ions across the opto-chemical microrobots [84]. As shown in 
Fig. 4.6f [85], upon UV light irradiation, a TiO2/Au Janus microrobot cannot sym-
metrically consume or generate H+ ions, as the reduction process of H+ to H2 at the 
Au side is slower than the oxidation process at the TiO2 side. This results in an 
accumulation of H+ on the TiO2 side. The H+ ion gradient induces a local electric 
field, which can propel the microrobot with the TiO2 side facing forward. This effect 

Fig. 4.6 Opto-chemical microrobots: mechanisms and applications. (a) Schematic illustration of 
light energy transformation performed by microorganisms and artificial opto-chemical microro-
bots. (b) Schematic and SEM image of a spherical Janus microrobot. (c) Schematic and SEM 
image of a tubular microrobot. (a)–(c) Reproduced with permission from reference 27. (d) Process 
of a photochemical reaction of a semiconductor particle upon light irradiation. “A” is electron 
acceptor; “D” is electron donor. (d) Reproduced with permission from reference 26. (e) Schematic 
illustration of self-diffusiophoresis motion of Au-WO3@C spherical Janus microrobot. (f) 
Schematic illustration of self-electrophoresis motion of TiO2/Au spherical Janus microrobot. (e)–
(f) Reproduced with permission from reference 85. (g) Schematic illustration of bubble-ejection 
motion of TiO2/Au spherical Janus microrobot in H2O2 solution. (g) Reproduced with permission 
from reference 86. (h) Collective migration of a swarm of microrobots under NIR navigation. The 
microrobot swarm forms at location 1 and migrates to location 2, 3, and 4, following the NIR laser 
beam. (h) Reproduced with permission from reference 90. (i) Positive phototaxis of a tree-shaped 
microrobot. The microrobot can align to the direction of incoming light due to asymmetric chemi-
cal reaction speeds. (i) Reproduced with permission from reference 91. (j) Schematic illustration 
of a light-guided microrobot to target and activate a neuronal retinal ganglion cell. (j) Reproduced 
with permission from reference 92. (k) Bright-field and fluorescent microscope images showing 
the movement of a microrobot to target HeLa cells under low-power NIR light and the apoptosis 
of HeLa cells by irradiating the microrobot with high-power NIR light. (k) Reproduced with per-
mission from reference 93
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is known as self-electrophoresis motion of an opto-chemical microrobot. Another 
motion mechanism for an opto-chemical microrobot relies on the asymmetric gen-
eration and ejection of gas bubbles. As shown in Fig. 4.6g [86], the opto-chemical 
microrobot decomposes H2O2 and generates gaseous oxygen at the TiO2 side, which 
can propel the microrobot forward with the Au side facing forward. This bubble- 
ejection motion mechanism is mainly adopted by tubular-shaped microrobots 
because the generated gas can accumulate more effectively inside a microtube 
structure to generate bubbles [84, 87–89].

Opto-chemical microrobots can interact with each other and exhibit collective 
behaviors, which are influenced by external fields, surface electric charges, surface 
chemistry groups, and fluidic flows. Besides, opto-chemical microrobots can sense 
the light direction and align accordingly, an important behavior known as photo-
taxis. The phototaxis movement can be toward the light source (positive phototaxis) 
or away from it (negative phototaxis), depending on the surface chemistry groups of 
the microrobot. Figure 4.6h shows the controlled manipulation of a swarm of micro-
robots under NIR light navigation [90]. These microrobots can move individually 
upon UV light irradiation, without showing any collective behavior. However, by 
turning off the UV light and turning on a NIR laser, the microrobots show accumu-
lation behaviors and migrate toward the center of the NIR laser beam. By changing 
the position of the NIR laser beam, the microrobot swarm can be moved to different 
places (Fig. 4.6h). This light-induced positive phototaxis behavior of the microro-
bots is caused by convection and Marangoni flows generated by photothermal heat-
ing of the liquid medium. Figure 4.6i shows a tree-shaped opto-chemical microrobot, 
whose orientation is along the direction of incoming light [91]. This self-aligning 
behavior is caused by the anisotropic absorption of light. If the absorption mainly 
happens perpendicular to the microrobot’s main axis, asymmetric generation of 
reaction products will lead to a torque imposed on the tree-shaped microrobot, mak-
ing it align to the direction of the incoming light.

Owing to unique light-responsive behaviors, opto-chemical microrobots were 
demonstrated for many impressive applications [26–29, 84], such as cargo trans-
port, micro/nano-assembly, environmental remediation, drug delivery, and photo-
thermal therapy. Figure  4.6j shows the use of a wire-shaped opto-chemical 
microrobot to activate a neuronal retinal ganglion cell (RGC) [92]. This microrobot 
can self-propel in pure water under low levels of UV irradiation and is capable of 
targeting neuronal RGC with high precision. After reaching the targeted cell, a 
locally generated electric field from the microrobot can be utilized as a stimulus to 
activate the cell through its calcium ion channel. Therefore, the microrobot can be 
used for monitoring and controlling cellular behavior. Another important applica-
tion of opto-chemical microrobots is shown in Fig. 4.6k [93], in which the microro-
bot is used to target cancer cells and trigger photothermal effect to kill the cancer 
cells. In this work, the microrobot is actuated by a NIR laser beam. Once the micro-
robot reaches the target HeLa cells, the power of the NIR laser is increased, and the 
microrobot can absorb the laser light and covert it to heat. This induces the tempera-
ture rise around the microrobot, leading to the apoptosis of HeLa cells surrounding 
the microrobot. Biomedicine and drug delivery are regarded as the main 
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applications of opto-chemical microrobots, and many research groups are working 
in this field [26–29, 84]. To make opto-chemical microrobots work in  vivo, the 
microrobots need to have high moving speeds to overcome blood flow. Besides, 
UV/visible light cannot penetrate human body and thus cannot provide the actua-
tion force for the microrobot work in vivo. These challenges need to be overcome to 
make opto- chemical microrobotic technology a useful biomedical tool for real-
world problems.

4.5  Conclusion and Outlook

Light-driven microrobots have attracted significant research interest and have been 
explored for different uses in various research fields. In this chapter, we comprehen-
sively reviewed the working principles of three categories of light-driven microro-
bots and demonstrated their versatile applications in engineering and biomedical 
research. This inspires us to further explore the potentials of light-driven microro-
bots in multidisciplinary fields. However, there still exist several key challenges that 
hinder the development of light-driven microrobots and limit their applications.

For optical microrobots that rely on optical micromanipulation technologies, the 
actuation force is in the range of nanonewton (10−9  N) to pico-Newton regime 
(10−12 N), not enough to actuate microrobots with large sizes and weight. This limits 
the designs, materials, and tools used to form/fabricate the microrobots and sets 
limits on their applications. Besides, most optical micromanipulation technologies 
require the use of complex, bulky, and expensive setups, which relegate the optical 
microrobots to niche applications mainly used in research labs. Opto-mechanical 
soft microrobots rely on light-responsive materials; the physical, chemical, and 
mechanical properties of these materials are important factors that influence the 
performance of microrobots. There still exist key challenges including biocompati-
bility, water/temperature resilience, and structure stability that limit the use of opto- 
mechanical soft microrobots for applications in complex environments. 
Opto-chemical microrobots rely on photochemical reactions, and specific working 
conditions are required, including microrobots formed from photoactive materials, 
a liquid environment that contains chemical reagents, and light source with specific 
wavelength that can trigger the chemical reactions. These conditions set firm limita-
tions on the working scenarios of opto-chemical microrobots.

To overcome these challenges, there is no single solution, and efforts should be 
made comprehensively to improve the light-driven microrobotic technologies. For 
example, advanced beam shaping and modulation techniques are desirable for 
microrobot control for complex tasks and operations; high-throughput and high- 
resolution fabrication techniques are important for microrobot prototyping and 
manufacturing; innovative light-responsive materials with excellent mechanical/
chemical properties can significantly improve the performance of microrobots in 
complex environments. Other aspects such as the improvement of control software 
and automation algorithms can also have positive impacts on the development of 
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light-driven microrobotic technologies. Thanks to the joint efforts made by world-
wide researchers with diverse and complementary research backgrounds, it is 
expected that light-driven microrobotic technologies will continue to thrive and 
play an increasingly important role in a variety of scientific applications in future.
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Chapter 5
Electric-Field-Driven Micro/Nanomachines 
for Biological Applications

Hyungmok Joh and Donglei (Emma) Fan

5.1  Introduction

The exploitation of nanostructured materials for biomedical applications has seen 
heightened demand due to many benefits they bring, including unique optical, mag-
netic, and electric properties and large specific surface areas that enable their sensi-
tive physical and chemical interactions with molecules for molecular capture, 
storage, sensing, and release. Owing to the tunable size from the molecular to cel-
lular levels, nanostructures also are excellent candidates for cellular drug delivery 
and surgery. However, precision control and versatile manipulation of nanomateri-
als at such a small scale have been a major obstacle that hinders practical bio- 
applications. Substantial efforts have been devoted on finding innovative working 
mechanisms to guide and propel individual nanoparticles as miniaturized machines 
or motors and control their swarming behaviors by exploiting optical [1, 2], mag-
netic [3–5], and acoustic fields [6–9], as well as chemical reactions [10].

Yet, these innovative techniques are not without their respective limitations when 
applied for bio-applications. The high energy from the source of optical tweezers 
may induce damage to biological cells by Joule heating, and the highly localized 
nature of the system makes the control of only select molecules possible in multi-
particle systems. Magnetic and acoustic manipulations are important and useful due 
to their biocompatibility and large operation range. However, magnetic tweezers are 
limited by the selection of materials. When dealing with nonmagnetic materials, 
magnetic materials such as Ni or hematite need to be incorporated into a material 
system, complicating the fabrication processes. Acoustic fields are highly powerful 
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and have already been used in medical practice, such as acoustic imaging; however, 
their spatial resolution largely depends on the frequency of acoustic waves, which is 
often restricted in the micrometer to millimeter region.

The electric tweezers based on combined AC and DC electric (E-)fields provide 
a powerful means to control entities with precise position, velocity, and orientation 
[11, 12]. Herein, we discuss the fundamentals behind the manipulation mechanism 
and how they have been utilized for bio-applications.

5.2  Fundamentals

We begin by briefly covering the fundamentals of the locomotion of micro-/nano-
motors under E-fields. One must understand the fluid dynamics for low Reynolds 
number regime micro-/nanoscale motors and consider physics that governs motions 
of micro-/nanomotors when an E-field is applied: under an E-field, electrophoresis, 
dielectrophoresis, and electroosmosis often play major roles in the propulsion of 
the motors.

5.2.1  Low Reynolds Number Physics and Laminar Flow

The Reynolds number (Re) is a dimensionless quantity defined as the ratio of iner-
tial force to viscous force within a fluid. It serves to determine the degree of laminar 
or turbulent flow and can be expressed as in the following equation [13]:
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where a and u are the dimension and velocity of the object flowing through a fluid, 
respectively, and ρ and η are the density and viscosity of the fluid, respectively. The 
ratio between the latter two is also defined as the kinematic viscosity and is shown 
as v. As can be seen from the equation, the Re value is directly proportional to the 
dimension of the object inside the fluid and becomes smaller and smaller as the size 
of the object decreases.

In the case of a micro-/nanomotor system, it is apparent that the size scales in the 
micro-/nanometer regime lead to a very low Re value, e.g., in the range of 10−4 to 
10−6. This indicates that the viscous force dominates over the inertial force and 
laminar flow occurs. At low Re values, the inertial terms in the Navier-Stokes equa-
tion become negligible (right part of the equation):
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where P is the fluid pressure and ∇2 is the Laplacian operator. According to the scal-
lop theorem, the absence of inertial terms at low Re results in kinematic reversibil-
ity, meaning forward propulsion cannot be achieved through reciprocal motion. As 
a result, for E-field-driven micro-/nanomotors, an instantaneous cease of movement 
when the E-field is removed can be observed.

When a low Re object moves through a fluid in an E-field, the laminar flow that 
usually forms moves the surrounding solution along with it. The flow of the fluid 
can be seen as layers of fluids moving at linearly decreasing speeds, with the fluids 
closer to the moving body having a higher speed than the fluids further away. In 
other words, the velocity profile is linear with the fluid moving at the same speed at 
the immediate vicinity of the moving object and not moving at all when in a position 
far away.

5.2.2  Electrophoresis and the Electric Double Layer

When a direct current (DC) E-field is applied to a charged particle in suspension as 
shown in Fig. 5.1, the particle theoretically experiences an electric force propor-
tional to its total charge, which can be simply calculated with the following equation: 

 F qE=  

where q is the amount of the charge and E is the E-field. As q and E are scalar and 
vector quantities, respectively, the force F is also a vector quantity. However, the 
process of calculating the actual applied force on a charged particle under an E-field 
is not as simple as just plugging numbers into the equation; one important factor to 
consider is the formation of the electric double layer (EDL) on the charged surface.

Fig. 5.1 Forces applied on a spherical conductive particle under a DC E-field. Due to the electric 
double layer effect, an electroosmotic flow with slip velocity us is formed in the opposite direction 
of the force applied to the particle. Green arrows indicate slip flow direction and red arrow indi-
cates applied force on the particle
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The EDL is formed due to the attraction between the charges on the surface of 
the particle and from the counterions that exist in the solution, which have a screen-
ing effect on the original charge and lower the effective charge of the particle. The 
EDL thickness κ−1 (defined as the Debye screening length) can be expressed as the 
following [14]:
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where ϵ0, ϵm, kB, T, q, zi, and ci∞ are the dielectric constant of vacuum, relative 
dielectric constant of the medium, Boltzmann constant, temperature, charge of an 
electron, valence, and bulk concentration of a collection of ions i, respectively. 
Intuitively, one can consider that the EDL thickness is decided by the competition 
between thermal agitation and electrical attraction: with higher ionic strength of the 
bulk solution (higher q, z, and c values) and lower agitation due to heat (lower T 
values), the counterions are more densely packed at the surface of the charged par-
ticle and result in a thinner EDL.

The steady-state velocity is the result of electroosmotic flow around the moving 
object and is established when the electric force equals the viscous drag force. The 
E-field also interacts with the charged ions in the EDL which subsequently drags the 
surrounding fluid. When the EDL thickness is much smaller than the particle radius, 
the electrophoretic steady-state velocity (v) and the slip velocity of the osmotic flow 
(μs) are given by the Helmholtz-Smoluchowski equation:
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ζ, the zeta potential, is the electrical potential difference between the fluid and the 
stationary fluid at the moving body surface. As such, the zeta potential is located at 
the shear plane of the EDL where the velocity is 0 at the surface of the body. The 
zeta potential can be expressed as the following [15]:
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5.2.3  Dielectrophoresis and the Clausius-Mossotti Factor

When a dielectric particle in a solution is subject to a nonuniform E-field, positive 
or negative dielectrophoretic (DEP) force is exerted depending on the electronic 
properties of the particle and suspension medium as well as the gradient of the elec-
tric field. For a spherical particle with radius R, the DEP force can be approximated 
as the following:
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where Re[CM] is the real part of the Clausius-Mossotti factor and p is the induced 
dipole moment which can be expressed as:

 p VE�� , 

α is the polarizability and V and E are the volume and E-field, respectively. 
Furthermore, [CM] can be expressed as:
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The [CM] value indicates the relative polarizability between the particle and the 
fluid: A negative value indicates that the medium solution is more polarizable than 
the particle and vice versa.  p

∗ and m
∗ are the complex permittivities of the particle 

and medium which can be further expressed as:
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where ϵp, σp, ϵm, and σm and ω are the permittivities and conductivities of the particle 
and medium and the angular frequency of the applied field, respectively. As can be 
seen by the equations above, the sign of the DEP force is dependent on Re[CM], 
which can have a value between −0.5 and 1 depending on the angular frequency. It 
is apparent from the equation for DEP force that depending on the Re[CM] value, 
the particle will move either toward or away from the electrode.

The nature of the DEP force allows unique assemblies of particles through 
designed electrodes, which is often useful for bio-related applications. For example, 
S. cerevisiae and M. lysodeikticus cells, having different DEP signs, behave differ-
ently under an E-field. The different signs of the DEP force were used to separate 
cells [16]: Here, M. lysodeikticus exhibited positive DEP force and were attracted to 
the electrodes (Fig. 5.2a, red circle), while S. cerevisiae exhibited negative DEP 
force and were repelled from the electrodes (Fig. 5.2a, blue circle). Another exam-
ple is illustrated in Fig. 5.2b, where quadruple electrodes were efficiently used for 
the separation of M. lysodeikticus (red) and E. coli (blue). It should be noted that 
there is also a frequency where the Re[CM] value is equal to zero; this is called the 
crossover frequency, and at this frequency the DEP force is zero.

When the AC E-field is uniform, the forces on the induced dipoles cancel each 
other out, and the resulting net DEP force applied on an object is zero, as can be 
seen in Fig. 5.3a. (This is also apparent from the DEP force equation; in a uniform 
E-field, the divergence of the E-field equals to zero, and FDEP = 0.) However, depend-
ing on the orientation of the dipole relative to the E-field direction, other interac-
tions such as electroorientation may occur. Consider a dipole in an E-field E with a 
dipole moment p that is not aligned with the E-field direction (Fig. 5.3b). Here, the 
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charge at the end of the dipole experiences coulombic force given by F = QE. While 
the amount of force applied to each dipole end is equal in magnitude, a torque arises 
from the tangential forces as the forces are not applied on the same line. At each 
end, there is a torque that equals T = Q(d/2)Esinθ = Ftan(d/2). Therefore, the total 
torque applied to the body in this scenario is T = QdEsinθ = pEsinθ. Using electro-
orientation, it is also possible to achieve continuous rotation of entities by con-
stantly changing the E-field direction.

5.2.4  DC and AC Electroosmosis

Electroosmosis, the movement of fluids under an E-field, can be induced by both 
DC E-fields and AC E-fields. While the underlying fundamentals regarding the phe-
nomenon are the same, the resulting E-field or particle movement is different. The 
main difference between these two electroosmotic flows comes from how the DC or 
AC E-field is applied to the suspension and how the electrodes are positioned rela-
tive to the surface. In the case of the former, a DC E-field is applied parallel to the 

Fig. 5.3 Forces applied on a spherical dielectric particle with a diameter of d, when the electric 
dipole is (a) aligned and (b) not aligned with the AC E-field direction

Fig. 5.2 Separation of biological cells using positive (red) and negative (blue) DEP forces, based 
on (a) castellated interdigitated electrodes and (b) quadruple electrodes. Reproduced with permis-
sion [16]. Copyright 1994, Microbiology Society
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substrate surface (Fig. 5.4a), while in the latter an AC E-field is applied on planar 
microelectrodes directly on top of the substrate surface (Fig. 5.4b).

 DC Electroosmosis

As mentioned above, a DC electroosmosis setup includes a pair of electrodes 
applied parallel to the substrate surface. Figure 5.4a depicts a case where the surface 
is negatively charged, which would be the case for a glass substrate; here positive 
counterions in the solution are attracted to the surface and contribute to the (i) 
tightly bound cations creating an electric double layer in close proximity of the 
surface and (ii) cation-rich slipping part of the electric double layers. When an 
E-field is applied to this system, these cations in the slipping part of the electric 
double layer are attracted to the cathode, creating a drag flow around the surface of 
the substrate. This directional flow is the DC electroosmosis phenomena and is used 
in various applications such as the separation of charged species, which utilizes the 
different speeds of cations depending on their charges and sizes.

 AC Electroosmosis

The fundamentals of AC electroosmosis is similar to that of DC electroosmosis. 
However, in the AC electroosmosis setup [Fig. 5.4b], the electrodes are positioned 
in a way that the electrodes create an E-field resulting in a net force toward the out-
side of the electrode and fluid movement (Fig. 5.4b, green lines). The force that a 
charged particle experiences is depicted in the inset of Fig. 5.4b: As the electrodes 
are placed next to each other, the corresponding E-field is formed in a nonlinear 
nature. Correspondingly, an electric force in the direction of the tangential direction 
of the E-field is applied to the charged particle which can be divided into vertical 
and horizontal components. The horizontal component of the E-field (Ex) induces 
sideways movement of the charged particle, dragging the nearby fluid with it as was 
the case for DC electroosmosis. The alternating polarity of the AC field does not 

Fig. 5.4 Schematic of (a) a DC electroosmosis and (b) an AC electroosmosis setup. Green arrows 
indicate the fluid flow direction
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change the direction of the flow, since the type of charges of the ions that drag the 
flow is also altered correspondingly.

5.2.5  Combined AC and DC E-Fields for E-Field-Assisted 
Nano-manipulation

By combining the effects of electrophoresis/electroosmosis and dielectrophoresis 
covered in Sects. 2.2. and 2.3., as well as the low Reynolds number conditions of 
nanomotors, it is possible to achieve simultaneous and precise control over the posi-
tion and orientation of a longitudinal object in a suspension. This technique, also 
known as electric tweezers, is a powerful tool that can be used in many applications 
from micro/nanopropellers to complex biochemical sensing applications, as will be 
introduced in Sect. 3. To realize a full 2D translational and rotational control, a 
quadruple microelectrode setup is generally used to change the direction and inten-
sity of the applied DC and AC E-fields (Fig. 5.5). The applied AC E-field is uniform 
in this case, meaning that it does not induce movement from DEP force and can be 
used to align and rotate the subject object toward a specific direction.

5.2.6  Other Factors to Consider

 Brownian Motion and Joule Heating

Brownian motion, named after Robert Brown who first described the phenomenon, 
refers to the random movement of particles in a medium without the presence of an 
external force. Often visualized as the position change of particles due to random 
bombardments from water molecules, Brownian motion was first theoretically 
explained by Albert Einstein using diffusion theory to derive the mean-squared dis-
placement (MSD) [17]. The MSD (<∆x2(t)>) is a function of time and can be 
expressed as the following:

Fig. 5.5 Effects of (a) a single DC E-field, (b) a single AC E-field, (c) combined AC/DC E-fields 
applied on an object, and (d) combined AC/DC E-fields with controlled relative alignment, when 
the real part of the Clausius-Mossotti factor is positive. The red arrow indicates translational 
motion, while the green arrow indicates rotation
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where kB, T, m, and t are the Boltzmann constant, temperature, mass, and time, 
respectively. Many other theories have been reported since then, considering addi-
tional factors such as inertia of the particle as well as the fluid [18]. As shown by the 
equation above, the Brownian motion of particles is largely determined by the mass 
of the particle; due to the low mass of micro-/nanomotors, the amount of fluctuation 
of the orientation and position is more apparent compared to those with larger bod-
ies. The equation also highlights the importance of the solution temperature that 
houses the micro-/nanomotors, as it also is directly proportional to the MSD.

One major heating source to consider is Joule heating: When an E-field is applied 
to the system, Joule heating naturally occurs in the solution as particle systems 
themselves are conductive, regardless how small they may be. The temperature 
change can be expressed as the following under steady-state conditions [19]:
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where k and σ are the thermal and electrical conductivities of the fluid. Joule heating 
should be considered and controlled as it could dramatically change the system 
dynamics. For example, in the case of DI water, which is commonly used in the 
application of the electric tweezers, the permittivity and electric conductivity change 
by about −0.4% and 2%, respectively, when the temperature is increased by 1K 
around room temperature [19]. This may lead to additional flows inside the solution 
from AC electrothermal effects. A comprehensive review on AC electrothermal 
effects is presented elsewhere [19, 20].

 Properties of the Suspension Medium

While the properties of the particles play an essential role in determining how they 
respond to an E-field, the effects that the medium have on the electrophoretic and 
dielectrophoretic forces are of paramount importance as well. Many factors, such as 
the medium conductivity, permittivity, and the ions in the medium, may affect the 
electrokinetics of the particle system: first, as stated in Sect. 2.6.1., an increase in 
medium conductivity may induce unwanted thermal effects, leading to electrother-
mal flows within the system. Second, the medium permittivity is directly related to 
the Clausius-Mossotti factor covered in Sect. 2.3. Depending on the permittivity 
value, the signs as well as the intensity of the DEP forces applied on the particle 
may change. Last, depending on the types of ions in a solution, the screening effect 
the ions have on a particle and how it affects the EDL thickness can differ as is cov-
ered in Sect. 2.2. In most cases, the effective charge of a particle inside of a solution 
can be controlled by changing the pH value of the medium. The introduction of 
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mobile protons or hydroxides changes the surface state of the particle, dictated by 
the Henderson-Hasselbalch equation. When the effective charge of the particle 
equals 0 due to this introduction of ions from the medium, an isoelectric point is 
reached, and the particle will not be propelled by an electrophoretic force.

5.3  Applications of the Electric-Tweezer Manipulation 
in Biological Research

Recently, the employment of the electric tweezers has demonstrated various appli-
cations in biological research, including the delivery of cytokine molecules to a 
single live cell [21], release of biochemicals at tunable rate with controlled rotation 
of a nanomotors [22], precision assembly of quantum-dot-nanorod arrays for bio-
sensing [23], and enhancement of the capture and detection speed of low- 
concentration DNA with retained high sensitivity [24].

5.3.1  Cytokine Molecule Delivery

Through surface modification, it has been shown that cytokine molecules such as 
tumor necrosis factor (TNF-α) can be loaded directly onto a nanomotor’s surface for 
subsequent delivery onto individual cells (Fig. 5.6a) [21]. This is the first demon-
stration of the concept of using motorized nanoparticles for the delivery of bio-
chemical stimuli to a single cell amidst many. The precision offered by the 
electric-field-driven nanomotors is particularly important for these cytokines as 
they can potentially induce lethal results such as septic shock.

For single-cell drug delivery, gold nanowires are first fabricated using electrode-
position through nanoporous templates and are subsequently treated with 
1- dodecanethiol to increase the surface hydrophobicity for the adsorption of TNF-α. 
Due to the surface adsorption of TNF-α, the gold nanowires are charged and can be 
manipulated via E-fields. Here, the uniform AC E-field does not generate any DEP 
force, but is used to align the nanowire along the E-field direction. By combining a 
uniform AC E-field with a DC E-field, the transportation of nanowires to a single 
cell (Fig.  5.6b), as well as its control of the position and orientation on a cell 
(Fig. 5.6c), is demonstrated.

The delivery of TNF-α is confirmed through nuclear factor-kappaB (NF-κB) 
activation, which is released from the cytosol into the nucleus once activated by 
TNF-α. The effectiveness of the delivery and its effect on the cells are shown in 
Fig. 5.6D: a comparable increase of the NF-κB response can be found when the 
TNF-α is delivered by a nanowire at a concentration where each cell is exposed to 
~1–2 nanowires (Fig.  5.6e). The profile of the TNF-α delivery exhibited a good 
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match with computational analysis, indicating an exponential, local release of 
TNF-α from the nanowires into the cell.

5.3.2  Cargo Delivery

For the delivery of larger cargos than molecules such as TNF-α, different strategies 
have to be employed as it is more difficult to directly attach larger cargos to the 
surface as that for the work described above. One example of such strategy can be 
seen in Fig. 5.7a, where the direct capture, transport, and release of large cargo have 
been demonstrated by the use of catalytic Au-Pt nanomotors paired with the com-
bined AC and DC E-fields [25]. Here, the catalytic reactions from the nanomotors 
are the main source of thrust; the AC E-field is used to guide the motions by electro-
orientation, and the DC E-field is used to control the speed or even reverse the mov-
ing direction of the nanomotor.

The capture, transport, and release of cargo are demonstrated in Fig. 5.7b: First, 
the nanomotor and cargo are aligned by applying a uniform AC E-field. Here, the 
location of the cargo does not change while the nanomotor approaches it as it does 
not have a means of propulsion. On the contrary, the nanomotor can move to the 

Fig. 5.6 (a) TNF-ɑ molecules highlighted in red, conjugated on a Au nanowire surface. Delivery 
of a single nanowire to (b) a single cell and (c) its manipulation over a cell with the electric twee-
zers. (d) TNF-α response comparison with TNF-a in medium (red), on nanowires (pink and blue) 
and bare nanowires (black). (e) Successful delivery of ~1 TNF-a-loaded nanowire per cell through 
concentration control. Reproduced with permission [21]. Copyright 2010, Springer Nature Limited

5 Electric-Field-Driven Micro/Nanomachines for Biological Applications



124

cargo via catalytic decomposition of the H2O2 fuel. Second, when the nanomotor 
and cargo are in close proximity to each other, the tips are attached to each other due 
to the interactions between the induced E-fields from the dipoles of the nanomotor 
and cargo. Third, the cargo-attached nanomotor is then transported under an AC 
E-field for direction control to a metallic microdock, where the cargo is anchored 
due to a similar interaction between induced electric dipoles. The cargo is detached 
from the nanomotor and attached to the microdock by momentarily turning off and 
on the AC E-field and removing the induced dipole E-fields. The process of cargo 
attachment and detachment can be determined quantitatively by comparing the 
movement speed before, during, and after transport (Fig. 5.7c). It is apparent by the 
decrease in speed during transport that there is an extra load on the nanomotor.

This work utilizes the combined effect of catalytic reduction and oxidation reac-
tion, as well as electrophoresis, electroosmosis, and dielectrophoresis. Similar to the 
work above, the AC E-field changes the alignment, while the DC E-field changes 
the transport speed of the nanomotors. Interestingly, a 3D orthogonal microelec-
trode setup which enables 3D control over the nanomotor was also used, further 
increasing the functionality.

5.3.3  Tunable Release of Biochemicals for Ultrasensitive 
SERS Detection

Tunable release of biochemicals with nanomotors is highly desirable for their poten-
tial applications in drug/cargo delivery, single cell stimulation, and the study of 
cell-cell communications [26]. With carefully designed plasmonic nanoparticles 
and nanomagnets that are controlled by electric tweezers, nanomotors that can tun-
ably release biochemicals and detect their release dynamics with SERS have been 

Fig. 5.7 (a) Scheme of targeted cargo delivery using Pt-Au catalytic nanomotors. (b) Images of a 
nanomotor applied for loading, transporting, and releasing a cargo onto a designated microdock. 
(c) Changes in speed during different delivery phases. Reproduced with permission [25]. Copyright 
2018, American Chemical Society
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realized [22]. The nanomotors consist of Au-Ni-Au segments that rotate with an 
external AC E-field, where the Ni segment can readily attach to prefabricated nano-
magnets on the substrate (Fig. 5.8a). The nanomotors are coated with thin silica that 
supports the growth of dense silver nanoparticles (Fig. 5.8b). The distance between 
the silver nanoparticles is carefully optimized to generate narrow junctions as 
hotspots for ultrasensitive SERS detection.

The nanomotors are rotated from 195 rpm to 0 rpm, and the release dynamics of 
Nile blue (NB) molecules adsorbed on their surface are detected in quasi-real time 
simultaneously. At a given rotation speed, the concentration of the NB molecules 
monotonically decreases with time, obtained from a customized Raman spectros-
copy equipped with an ultrasensitive high-speed CCD camera (Fig.  5.8c). The 
higher the rotation speed, the higher the release rate of the molecules (Fig. 5.8d). 

Fig. 5.8 (a) Schematic of a nanomotor sensor attached to a nanomagnet, rotating in an AC E-field 
provided by a quadruple microelectrode. (b) SEM images of the silica-coated Au-Ni-Au nanowires 
with dense surface-distributed Ag nanoparticles. (c) Raman images of a rotating nanomotor func-
tionalized with NB. Snapshots taken every sixth of a second. (d) Respective Raman spectra of NB 
at different time stamps with differing rotation speeds, showing the release rate. (e) Respective 
Raman spectra of a mixture of NB and R6G, at different time stamps with differing rotation speeds. 
Reproduced with permission [22]. Copyright 2018, John Wiley & Sons, Inc.
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This phenomenon was explained based on the understanding of the Nernst diffusion 
layer theory: the increase of release rate at a higher rotation speed is due to the thin-
ning of the stationary layer next to the solid surface. The experimental results dem-
onstrate a power-law dependence between the release rate k and rotation speed ω, 
confirming the success of the tunable release of biochemicals.

The mechanism was also found to be applicable to the release of multiplex bio-
chemical mixtures consisting of a NB and R6G. The simultaneous detection of each 
biochemical can be possible due to the difference in their Raman spectra (Fig. 5.8e), 
and it was shown that the release rate of each biochemical has a similar power-law 
dependence with the rotation speed.

5.3.4  Electrical Capture of Biochemical Molecules

Design, fabrication, and manipulation of a superstructural Raman nanosensor with 
the capability to control the molecule release rate have also been reported but based 
on a distinct mechanism from the above [27, 28]. The unique superstructural nano-
motor consists of a gold nanorod covered by a silica shell with arrays of embedded 
nanocavities with a high density of silver nanoparticles grown in them (Fig. 5.9a) 
[27]. The nanocavities in the silica shell are fabricated by repeated coatings of PS 
nanospheres and silica layers on the surface of the gold nanowire. At 550 °C in air, 

Fig. 5.9 (a) Schematic of nanoporous superstructural Raman sensors. Raman spectra of R6G 
molecules detected from nanosensors (b) with and (c) without the embedded hierarchical nano-
cavities with surface-grown Ag nanoparticles. (d) Change of release rate of NB molecules with 
differing AC field intensities
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only the PS nanospheres are removed and an empty space is left. Silver nanoparti-
cles are then grown both inside these nanocavities and the outer silica surface.

The nanocavities in the silica shells serve a dual purpose: First, it provides 
increased space for sustaining biomolecules, as much up to three times when com-
pared to a solid control sample. Second, it increases the number of silver nanopar-
ticles a nanomotor can accommodate, which in turn increases the number of hotspots 
for enhanced SERS detection.

As can be seen in Fig. 5.9b, c, the presence or absence of the nanoporous struc-
tures has a marked influence on the biochemical detection of probe molecules 
R6G. With the structures, an improvement of at least 1 order of magnitude with a 
sensing limit as low as 10−15 M is realized.

The main takeaway from this work is that the release rate of the molecules in an 
AC E-field can be directly tuned by changing the E-field strength and density, which 
induces DEP forces in the vicinity of the junction of the silver nanoparticles. Owing 
to the induced DEP force, the release rate of various biomolecules such as NB mol-
ecules can be successfully controlled, as is apparent in Fig. 5.9d.

5.3.5  Assembly of Quantum Dot Nanowires for Location 
Deterministic Biomolecule Sensing

Location deterministic biochemical detection was demonstrated using unique 
QD-nanowire hybrid nanostructures by the control of particle movement and inter-
actions in E-fields [23]. These hybrid nanostructures are a formation of nanowires 
on patterned microelectrodes with semiconductor QDs on the tip of the wires, where 
the synergetic effect of dielectrophoresis and AC electroosmosis is used for assem-
bly: Au nanowires are found to align and assemble on patterned microelectrodes 
upon applying an AC E-field, with differing chain lengths under different AC E-field 
frequencies due to the frequency-dependent nature of the electric dipole moment. 
For example, a length of 5.47  μm and 12.33  μm was observed at 70  kHz and 
800 kHz, respectively.

For the purpose of biomolecule sensing, it was found that an optimized condition 
of 20 V at 70 kHz can be used to assemble a layer of single nanowires on the edges 
while subsequently using 20 V at 50 kHz to position semiconductor QD nanosen-
sors at the tip of the nanowires (Fig. 5.10a). The hybrid QD-nanowire assemblies 
can be used for position deterministic biochemical sensing as the position of the 
nanowire tips can be used to determine the position of the QDs. Furthermore, by 
applying a thin PMMA layer and silica layer on the microelectrodes and nanowires, 
respectively, the authors are able to block any quenching effects that the QDs and 
organic dyes can have when in touch with the metal surfaces, as well as assemble an 
equally spaced sensor array.

For biomolecule detection, the QDs are conjugated with streptavidin, which 
bond strongly with biotin molecules. As a result, characteristic fluorescent signals 
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could be observed when Cy5-labeled biotin molecules are introduced into the sys-
tem. It has been also demonstrated that the presence of an AC E-field, which assem-
bles QDs onto the tips of the nanowires, also attracts and focuses biomolecules onto 
the tips as well, enhancing the detection efficiency at 20 nM. A marked difference 
of the fluorescent intensity between when an E-field is present and is absent can be 
observed after the AC E-field was removed (Fig. 5.10b). Due to these effects, only 
a few minutes were needed for the fluorescent signals to show, while at least 30 min 
were required for other works.

Related to the above exploitation of electric fields to attract molecules directly 
to the quantum-dot-nanowire assemblies for enhanced detection efficiency, it is 
worth to mention that recently, diatom-frustule-based SERS microsensors are syn-
thesized that can rotate with controlled speed up to 1200 rpm in an external mag-
netic field created by a magnetic stirrer [24]. The diatom-frustule microsensors 
with optoplasmonic enhancement for SERS detection offer ultrahigh SERS sensi-
tivity with an enhancement factor on the level of at least 109 to 1010. The microsen-
sors are assembled one on one into individual microwells and continuously rotate 
up to an hour, which provides robust operation for the durable detection of mole-
cule capture dynamics. DNA molecules of the salmon sperms have been tested in 
the detection. It clearly shows that the higher the rotation speed, the sooner the 
DNA molecules reach the adsorption saturation on the surface of the sensor. The 
characteristic time can readily change for four- to sixfold by tuning the speed of 
rotation (Fig. 5.11). This effect has been theoretically modelled, calculated, and 
simulated, which for the first time unveils the impact of liquid flows generated by 
the locomotion of micro-/nanomotors or machines in the narrowing of the thick-
ness of diffusion layer and thus the enhancement of the transport of biomolecules 
toward their surfaces. The understanding guides the application of the micromotor 
sensors in overcoming a dilemmatic problem in nano-biosensing, i.e., the difficul-
ties in obtaining both high detection speed and sensitivity. It is found that with 
simple continuous mechanical rotation of the sensor, the time required to detect 
DNA molecules of 80 nM can be readily reduced from ~10 min to ~3 min with 
retained high sensitivity.

Fig. 5.10 (a) Quantum dots positioned on the tips of nanowire arrays under an AC E-field. (b) 
Fluorescent spectrum of QDs and Cy6-biotin molecules with (blue) and without (magenta) AC 
E-fields. Reproduced with permission [23]. Copyright 2014, AIP Publishing LLC
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Fig. 5.11 (a–b) Schematic of a biosilica opto-plasmonic microsensor rotating in a microwell. 
(c–d) Diatom frustules with periodic nanopores and (e) high-density surface growth of Ag nanopar-
ticles. (f) Dynamic capture of the DNA molecules on the surface of a microsensor at different 
rotation speeds. (g) Raman signals detected from dilute DNA molecules (80 nM) for an hour from 
a stationary (in blue) and a rotating microsensor at 630 rpm (in green). Reproduced with permis-
sion [24]. Copyright 2014, American Chemical Society
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5.4  Conclusion

By combining the effects of AC and DC E-fields, electric tweezers provide a versa-
tile, precise, and efficient means to transport and control the rotary alignment of 
micro/nanoobjects. Recently, many efforts have been made to explore the controlled 
positioning and orientation of micro-/nanomotors for applications in the bio-sector. 
Thanks to these efforts, applications, including drug delivery, cargo transport, tun-
able biomolecule release, enhanced capturing, and sensing have been realized. With 
in-depth investigating and understanding the fundamentals behind electric field, 
flow, and micro/nanoobjects, we expect a new level of manipulation control, auto-
mation, and applications of micro-/nanomotors in the future.
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Chapter 6
Electrophoresis-Based Manipulation 
of Micro- and Nanoparticles in Fluid 
Suspensions

Kaiyan Yu

Micro- and nanoagents with functional components can be used in an extensive 
variety of applications, ranging from biomanipulation to targeted drug delivery. The 
automated, very precise manipulation of nano- and microscale objects has shown 
great promise in delivering therapeutic agents to specific sites, which paves the way 
toward targeted drug delivery. The robust, efficient, and independent manipulation 
of multiple agents or particles is limited by the global and coupled influence of 
wireless, external fields. This article presents motion control and planning schemes 
to manipulate multiple micro- and nanoparticles that share global external electric 
fields. Although we focus on the electrophoresis (EP)-based actuation, the proposed 
strategies will work with other wireless field-based applications to control multiple 
agents and particles for bio-assembly and manipulation when they are coupled or 
intertwined.

6.1  Introduction

Nanotechnology is rapidly revolutionizing traditional therapeutic and diagnostic 
approaches in biomedical studies because of the distinct chemical, mechanical, 
electrical, and biological properties of nanomaterials  [1, 2]. Nanomedicine and 
nano-based delivery systems have shown great promise in delivering therapeutic 
agents to specific sites in a controlled manner, which paves the way toward target- 
oriented drug delivery and precision medicine [3, 4]. Iron oxide nanoparticles have 
been used for tumor therapy and stem cell tracking using magnetic resonance imag-
ing [5], and a multicenter preclinical study has evaluated the efficacy and safety of 
nanoscale albumin-bound paclitaxel for metastatic breast cancer, to name a few [6].
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A system to deliver molecular doses of drugs or biologically active chemicals to 
one specified cell or a precise subcellular location must function reliably before we 
can understand the interaction of the functionalized micro- and nanoparticles with 
the target cells [7]. Automated, precise manipulation of functionalized micro- and 
nanoagents that carry specific charges, chemicals, and drugs by using external fields 
would dramatically improve our ability to transport the drug delivery vehicles along 
any prescribed trajectory or orientation to a specific location with subcellular reso-
lution. The ability to precisely and efficiently control the multiple microscopic 
objects independently is of major interest for various research applications [8]. A 
fully autonomous fleet of micro- and nanorobots and agents could revolutionize the 
manufacture of scalable functional nanodevices and interconnects, precisely deliver 
drugs to target cells, better identify biopsy locations, and transform cell manipula-
tion and biosensing techniques, to name a few potential applications [9–12].

Miniaturizing robots through modern fabrication techniques comes with the 
challenge of accommodating onboard power, actuation, sensing, communication, 
and control. Often, a robot’s size needs to be scaled up to accommodate those acces-
sories [11]. Facing the fact that the next-generation micro- and nanorobotic systems 
are likely to have very minimal onboard actuation or communication abilities [13], 
the challenge becomes how to have autonomous robots or agents be small enough 
but still be able to perform the aforementioned tasks. Therefore, it is straightforward 
to outsource the power, actuator, sensor, communication, and control components to 
an off-board system to simultaneously direct the independent motion of the micro- 
and nanoagents.

Wireless actuation is a promising way to position micro- and nanoscale objects. 
Commonly used noncontact actuation techniques include magnetic actuation [12, 
14–17], electric field actuation [18–21], and optical tweezers [22, 23]. Manipulation 
via actuated flows is an alternative approach, using electroosmosis, micromechan-
ics, electrohydrodynamics, thermocapillary pumping, or other methods [24–27]. 
Among those approaches, using a  magnetic, electric, fluid, or another field has 
shown great capability for remote control in medical procedures, microfluidic tools, 
and micro- and nano-factories [21, 28, 29]. Field-based nanomanipulation is less 
costly, superior in scalability, and easier to implement for parallel motion control of 
micro- and nanoparticles than optical and tip-based methods [30].

Field-based manipulation methods are severely hampered by the global and cou-
pled influence of the wireless external actuation in the workspace, which limits the 
robust, independent, and simultaneous control of multiple micro- and nanoparticles 
[11]. The motion of the agents or particles in the existing work is always coupled, 
and automation has been mostly restricted to moving a limited number of compo-
nents in small workspaces [23]. Therefore, we will discuss our efforts in light of the 
challenges mentioned above to manipulate independently and simultaneously mul-
tiple micro- and nanoparticles with the coupled actuation from the global elec-
tric field.

K. Yu



135

6.2  Electric Field-Based Particle Manipulation

Electric field-based methods are widely discussed as a way to manipulate entities 
suspended in a liquid because they are efficient, easy to implement, and low-cost 
[10, 31]. Without moving mechanical parts, electric fields can apply a force to pre-
cisely manipulate particles that are suspended in a fluid. With precisely controlled 
electric fields, electrophoresis (EP) [32], electroosmosis (EO) [24], and dielectro-
phoresis (DEP) [7] could be used as driving forces to steer small-scale particles.

Under DC electric fields, particles in fluid suspensions experience an electropho-
retic force, while the fluid experiences EO forces [33]. The EP force magnitude is 
proportional to the effective electrokinetic potential (also known as the zeta poten-
tial) and the electric-field strength. Besides EP and EO, the induced dipole moment 
of the particle interacts with a nonuniform field to give rise to a frequency- dependent 
dielectrophoretic force.

The DEP force is proportional to the polarizability of the particle and the spatial 
gradient of the square of the electric field. A particle can be attracted or repelled by 
field concentrations depending on the sign of the polarizability. By controlling the 
field gradient and the frequency of the applied electric field, the DEP-based actua-
tion can be used to manipulate particles in fluid suspensions [19–21]. Most existing 
works on DEP-based manipulation focus on positioning and sorting spherical mic-
roparticles such as beads and biological cells [18, 34–45]. The manipulation of 
high-aspect-ratio nanowires and nanotubes using DEP, although less common, is 
reported in the literature [7, 46–53]. However, most of the research uses the open- 
loop control of electrodes and does not consider the distributed feedback control 
with programmable electrode arrays [32].

Indeed, the DEP force depends on the spatial gradient of the square of the elec-
tric field, while the EP force is proportional to the electric-field strength. The use of 
EP force as an actuation source is convenient in that even nominally electrically 
neutral particles typically have a nonzero effective electrokinetic potential at the slip 
plane in the interfacial double layer in some solvents or at some pH values [54]. In 
systems with micro- or nanoparticles, the EP force generated by a designed elec-
trode pattern could be a dominant actuation source for controlling agents or parti-
cles with relatively large effective electrokinetic potentials. Therefore, EP-based 
manipulation is simple, requires less electric-field strength, and is easier to imple-
ment for long-range motions for the application of the small-scale particle manipu-
lation [32, 55].

The EO-based flow actuation is another way to steer small-scale particles. In 
EO-based systems, multiple electrodes in the microfluidic channel generate an EO 
flow that steers multiple nanoparticles [24–26]. EO modeling and optimization 
algorithms are used to steer and manipulate particles. However, the control regions 
of those designs are always limited, and the number of particles that can be indepen-
dently controlled is constrained by the actuating electrodes. Therefore, those 
approaches are difficult to scale up for large numbers of particles.

6 Electrophoresis-Based Manipulation of Micro- and Nanoparticles in Fluid Suspensions



136

Without loss of generality, in this article, we focus on manipulating small-scale 
particles with global DC electric fields. In such an electric-field-based system, 
the  EP force and the  EO flow are significant to the particle motion. However, 
because of the lack of precise knowledge of the boundary conditions, especially 
for the unknown zeta potentials of the particles and device boundaries, exact model-
ing of EP and EO actuation is difficult [32]. As shown in the experiments in [56], 
the EO-induced disturbances are not always aligned with the electric-field direction 
due to the complicated boundary conditions, and the existing models of the EO flow 
cannot be directly applied to our application. Considering the modeling uncertain-
ties of the EO flow and the unknown zeta potentials, we design adaptive and robust 
motion control and planning algorithms that model the EP driving force and simul-
taneously compensate for the EO-induced motion disturbance.

In our works, EP-based manipulation strategies have been developed to precisely 
drive single [32] and simultaneous multiple [55, 57, 58] micro- and nanoparticles in a 
fluid suspension to their desired locations using a generic array of microfabricated 
electrodes. In [32, 56, 59], we steer and drive a single particle using EP-based motion 
planning and manipulation algorithms. This is extended to manipulate multiple parti-
cles in [31, 57, 60, 61]. In those works, a robust motion control strategy guarantees the 
convergence of the path-following error to zero for individual particles. The paramet-
ric uncertainty in the system model, i.e., the mobilities of the particles, is estimated 
offline before each manipulation. Our EP-based motion controllers can compensate 
for the unmodeled EO flow induced by the electric fields acting on the fluid.

Because of the particles’ differences in various properties (geometric shapes, 
materials, charges, dimensions, etc.), each particle in the fluid suspension could 
have a different range of the zeta potentials. We design an adaptive control scheme 
to estimate the unknown zeta potentials online, which enables more efficient and 
accurate manipulation [55, 62]. To provide robust stability guarantees under the 
unmodeled dynamics, we have developed an adaptive tube model predictive control 
scheme for the simultaneous manipulation of multiple particles under coupled elec-
tric fields in fluid suspensions [63, 64].

To generate the desired trajectories for all the particles, heuristic [32], network 
flow [57], sampling [9, 55, 61], and supervised learning [58]-based motion planning 
algorithms have been used to steer micro- and nanoparticles in fluid suspensions 
and achieve the shortest-distance and minimum-time objectives. The motion plan-
ning strategies coordinate the actuation of electrodes in a combinatorial way to find 
optimal trajectories for the particles.

Recently, we constructed a novel integrated online adaptive manipulation scheme 
that includes an adaptive robust motion controller, a computationally efficient any-
time motion planner, and a motion estimator [55]. The motion controller estimates 
the unknown zeta potentials in the system’s dynamic model, the motion estimator 
predicts the positions of the particles for a given prediction horizon, and the motion 
planner replans the near-optimal trajectories online based on the estimated zeta 
potentials and the predicted positions of the manipulated particles. In the integrated 
online adaptive manipulation scheme, we coordinate the motion planner and the 
motion controller with the prediction process from the motion estimation to update 
the desired trajectory online with estimated zeta potentials.
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Although we use the EP force to actuate the micro- and nanoparticles in our cur-
rent experimental setup, the proposed integrated manipulation strategies and the 
motion planners are not limited to the EP actuation and can be generalized to other 
field-based applications, in which the actuation among a group of multiple agents is 
coupled or intertwined.

In this article, we will summarize the EP-based manipulation strategies to pre-
cisely and independently control the motion of micro- and nanoparticles, estimate 
their unknown mobilities, and plan their desired trajectories. The rest of the discus-
sion is organized as follows: In Sect. 6.3, we present the EP-based motion model 
and problem formulation with a simple, generic set of controllable electrodes to 
drive, orient, and deposit particles in fluid suspensions. The motion control strate-
gies are described in Sect. 6.4, which includes the nonlinear feedback controller, the 
adaptive controller, and the adaptive tube model predictive control design. The 
motion planning algorithms are described in Sect. 6.5. We then present the inte-
grated online adaptive manipulation scheme in Sect. 6.6, and conclude the article in 
Sect. 6.7.

6.3  EP-Based Motion Model and Problem Formulation

In this section, we briefly introduce the EP-based motion model of particles 
immersed in a viscous fluid under an external DC electric field, which has been 
developed in [32, 55, 57].

6.3.1  System Configuration

To scalably manipulate micro- and nanostructures, a simple and generic set of N × N 
lattice-shaped distributed electrodes is designed to actuate particles in fluid suspen-
sions. Figure 6.1 shows the schematic of the microfluidic device with N × N elec-
trodes on the bottom. The circular electrodes with diameter L/2 are fabricated on a 
glass substrate with equal distances L between the electrode centers as measured 
along the x and y axes. Each electrode is independently actuated with a DC voltage. 
The electrode array is covered by a fluid that contains a dilute concentration of par-
ticles. The use of the electrodes on the nonconducting substrate creates an electric 
field inside the fluid reservoir that is primarily parallel to the substrate surface. 
Therefore, the precisely controlled electric fields generated by the electrode array 
can be used to control the horizontal motion of the suspended particles. An indium 
tin oxide (ITO)-coated coverslip is used as an additional electrode to control the 
vertical position of the particles. Once the particles reach their targets in the hori-
zontal plane, the bottom electrodes  in the array are turned off, and the top ITO 
electrode is turned on to vertically align and drive the particles to the desired 
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locations on the substrate. Finally, the electrode array is turned on again to lay down 
and deposit the particles onto the device surface with the desired orientations.

Figure 6.2 illustrates the general schematic of the electric-field-based particle 
manipulation scheme. The motion control is based on a model of particle dynamics 
under EP actuation, with the vision-based feedback of the particles’ positions. The 
control system needs to compensate for the complex 3D EO flow that is unmodeled. 
The motion planner determines the optimized motion trajectories for given target 
points and particles’ current positions.

6.3.2  EP-Based Motion Model

At a low Reynolds number, the viscous forces are dominant. Therefore, the inertial 
effects are negligible for the particle motion. Brownian motion is neglected because 
of large magnitudes of the viscous-flow and electric-field-induced forces relative to 
thermal fluctuations [65, 66]. Because the EP force is balanced by the hydrody-
namic viscous drag force, the equation of motion for a particle is given as fol-
lows: [67].
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Fig. 6.1 Schematic of the microfluidic device with N × N independently actuated electrodes on the 
bottom substrate and a common top electrode. The array of circular electrodes with diameter L/2 is 
fabricated with equal distances L between the electrode centers as measured along the x and y axes. 
Each electrode is independently actuated with a DC voltage. Two particles are actuated by the 
electric field generated by the electrodes. (Reproduced with permission [55]. 2020, IEEE)
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where the position of the ith particle is denoted as ri(t) = [xi(t) yi(t)]T, i = 1, ⋯, n. 
E(ri) = [Ex(ri)(t) Ey(ri)(t)]T is the DC electric-field vector at ri. C = εm/μm, μm is the 
dynamic viscosity, and εm is the electric permittivity. ζix and ζiy are the zeta poten-
tials of the ith suspended particle in the x- and y-axis directions, respectively. We 
model the zeta potential differently in x and y directions because of the mobility 
anisotropy of nonspherical particles [68]. We transform the ζix and ζiy to the longitu-
dinal and lateral directions according to the orientation of the ith particle. The zeta 
potentials will be estimated for each particle. wi = [wix(t) wiy(t)]T is the bounded 
external disturbance.

To formulate the motion equations for all n particles, we first re-index the elec-
trodes into a one-dimensional N2-element array with a column-wise order. We 
denote the electric field under unit voltage at ri(t) by the jth electrode as Ej(ri(t)) = [
Ejx(ri(t)) Ejy(ri(t))]T, i = 1, ⋯, n, j = 1, ⋯, N2 and the corresponding controlled elec-

trode voltage as u = { }∈uj
N

2

,  umin ≤ uj ≤ umax, where umin and umax are, respec-

tively, the lower and upper bounds of the applied voltages. The Ej can be calculated 
by superposition of the effective electrodes with unit voltage, and uj, j = 1, ⋯, N2 is 
the corresponding voltage that is applied to the N × N electrode array. Readers can 
refer to [32] for detailed electric-field computation.
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Fig. 6.2 A general schematic of the electric-field-based particle manipulation scheme. 
(Reproduced with permission [32]. 2020, IEEE)
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Next, we concatenate the position vectors of all particles as 

q r r( ) ( ) ( )t t tn
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(6.2)

we rewrite Eq. (6.1) for all particles as

 
q Bu w= +ΘΘ ,  

(6.3)

where B n N∈ ×2 2 , Θ =  diag [ζ1x, ζ1y⋯ζnx, ζny] ∈ R2n × 2n, and w ∈ R2n is the bounded 
external disturbance. The motion gain matrix B depends on the positions of the 
particles at time t. Every two rows in Eq. (6.3) represent one particle’s equation 
of motion.

6.3.3  Problem Formulation

From the motion model of suspended particles under EP in Eq. (6.3), the motion of 
the particles under EP-based actuation is independent of the particle’s geometry 
(e.g., shape and size), provided we assume a thin double layer and uniform zeta 
potentials [69]. Therefore, we focus on the following motion planning and motion 
control problems to precisely manipulate multiple micro- and nanoparticles with 
different shapes and sizes.

Motion planning problem: For all particles, given the initial positions qs, target 
locations qt, and the estimated motion parameters Θ̂Θ , find the optimal collision-free 

trajectory σ ∗ ( )t; , ,q qs t ΘΘ̂ that achieves the minimum total traveling time or the 

minimum total distance of all particles, depending on the goals set.
Motion control problem: Compute electrode control u(t) at time t to steer all 

particles to follow a given σ ∗ ( )t; , ,q qs t ΘΘ̂ and estimate the unknown motion 
parameter Θ̂Θ .

6.4  EP-Based Particle Motion Control

From Eq. (6.3), it is important to obtain a proper bound of the zeta potentials to 
precisely control the particles’ motions. However, micro- and nanoparticles exhibit 
uncontrolled variations in structures or compositions that result in different dynamic 
behaviors. The properties of particles with the same composition, fabricated within 
the same batch, or even from the same sample, may vary by orders of magnitude 
[70]. The work in [68] shows that the zeta potential of cylindrical-shaped particles 
is anisotropic.
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Therefore, we first conduct offline calibration to measure the mobilities of micro- 
and nanoparticles with different shapes. The offline motion-based estimation is 
done by applying a uniform electric field for several seconds. The particle moves 
along the uniform field and the position data of the particle is recorded. We then 
calculate the electric field acting on the particle and use least-square fitting to esti-
mate the zeta potentials of each particle offline based on the measured velocity and 
the given electric field.

Figure 6.3a shows the motion-based estimation of 35 silicon nanowires’ zeta 
potentials, which are fabricated from the same sample and suspended in a heavy 
viscosity mineral oil, Drakeol 34 mineral oil, Calumet Specialty Products Partners, 
L.P. The electric permittivity of the fluid εm is 1.92 × 10−11 F·m−1, and the dynamic 
viscosity μm is 217 × 10−3 Pa·s. All the particles in the experiments are suspended in 
this media. The shaded area shows the range of the zeta potentials independently 
measured for an identical silicon nanowire-and-oil suspension using a ZetaPALS 
instrument. This consistency of the motion-based estimation and the independently 
measured zeta potentials indirectly confirms the basic model of the EP-based par-
ticle dynamics in Sect. 6.3.2.

As the zeta potential varies for the particles in different solvents or at different 
pH values, we calibrate 80 polystyrene microbeads suspended in the same heavy 
viscosity mineral oil using the motion-based estimation. As shown in Fig. 6.3b, the 
zeta potentials of the polystyrene microbeads have a range of −0.12 to 0.12 V with 
a mean value −0.0063 V and 0.0367 V one standard deviation. From the calibration 
results, the particles may experience a large range of positive- and negative-induced 
charges.

Next, we discuss the motion control method to steer micro- or nanoparticles with 
an offline calibration of the induced charges. The controller works for driving mul-
tiple particles independently and simultaneously with the knowledge of the zeta 
potentials  gained during the calibration. Then, we present the adaptive robust 

Fig. 6.3 (a) Comparison of the motion-based estimation and the independent measurement of zeta 
potentials (ζ) among 35 silicon nanowires for a silicon nanowire-and-oil suspension. The label “a” 
of the x axis is the half-length of the nanowires. Reproduced with permission [32]. 2020, IEEE. (b) 
Motion-based zeta potential calibration results for 80 polystyrene microbeads in the polystyrene- 
and- oil suspension
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control strategists to control particles, whose zeta potentials are unknown and may 
have various signs and magnitudes. Those uncertainties and variations in the zeta 
potential of micro- and nanoparticles make the online estimation of the unknown 
zeta potentials important to manipulate precisely and efficiently multiple individual 
particles simultaneously.

6.4.1  Nonlinear Feedback Control

To compensate for unmodeled disturbances such as EO-induced flow motions, a 
robust nonlinear feedback motion control strategy is developed to guarantee the 
path-following errors convergence to zero for individual particles [32, 57]. The non-
linear feedback controller is designed to manipulate particles with knowledge of the 
zeta potential values for each particle through the calibration process at the start of 
the experiments. Given the desired trajectories, an exponential convergence profile 
for the error dynamics is designed to obtain the control input. Considering the phys-
ical limit of the input electric-field amplitude, we solve the control problem using 
a nonlinear least-square method for the setpoint motion control and the path trac-
ing [57].

From Fig. 6.3a, the zeta potentials of the silicon nanowires from the same sample 
show large differences. The difference in the zeta potentials greatly affects the pre-
cise manipulation of multiple individual  particles. Therefore, we adopt a path- 
tracking control strategy [71] to adjust the desired velocity profile according to the 
tracking errors in real time. A potential function is used to generate the desired 
velocity that is parameterized by an auxiliary time variable. A self-placing time 
suspension technique is used to adjust the desired rate of the progression and then 
the velocity profile online at each time step. To get the desired velocity along the 
preplanned path, the path-tracing control strategy considers the tangential direction 
of the desired path, penalizes the tracking direction, and compensates for the pre-
dicted error. With the above design, we can prove that the path-following errors 
converge to zero [32].

Next, we show the experimental results of steering, orienting, and depositing 
micro- and nanowires on the device substrate to form desired patterns or assemblies 
using the controller design.

 Sequential Particle Control and Assembly

Figure 6.4 illustrates a sequence of snapshots of steering, orienting, and manipulat-
ing a single nanowire from location A in a fluid suspension to location B and, then, 
depositing it on the device substrate surface. First, the nanowire is steered from A to 
B by the nonlinear feedback motion control algorithm (Fig. 6.4a, b). Then, by turn-
ing on the ITO electrode on the top plate, an electric field along the vertical direction 
is generated such that the nanowire is aligned vertically and moving toward the 
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bottom surface (Fig. 6.4c). Finally, once the nanowire reaches the surface, the ITO 
electrode is turned off, and the electrodes on the bottom surface are turned on again 
to reorient and deposit the nanowire on the substrate in the desired direction, as 
shown in Fig.  6.4d. Figure  6.4e shows the overall trajectory of the nanowire by 
overlaying the image sequence that is shown in Fig. 6.4a–d [32].

Figure 6.5 demonstrates the use of the EP-based motion control and manipula-
tion to sequentially steer and deposit individual nanowires to form various geomet-
ric patterns on the device substrate surface. In Fig.  6.5a, three nanowires are 

(a)                                                 (b)                                                 (c)

(d) (e)

A

B

Fig. 6.4 Vertical positioning and deposition of a single nanowire on the device substrate. (a) The 
nanowire is at location A. (b) The nanowire is steered to location B. (c) Using the top ITO elec-
trode, the nanowire is aligned along the vertical direction and steered to touch the bottom surface. 
(d) By turning on the bottom electrodes again, the nanowire is reoriented and deposited on the 
substrate surface with the desired orientation. Because of the change in the focal plane of the 
microscope for the images, several other nanowires and objects on the bottom surface that are seen 
clearly in (d) are not seen in the other images. (e) Overlay trajectory of the entire nanowire motion. 
The triangular and empty circular marks indicate the starting and ending points of the nanowire. 
(Reproduced with permission [32]. 2020, IEEE)
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suspended in the fluid. Then, each of these three nanowires is sequentially steered 
and transferred to the substrate as shown in Fig. 6.5b using the procedure discussed 
above. Once the nanowire is settled down on the bottom substrate, it sticks to the 
surface because of the van der Waals interactions. The nanowire position and orien-
tation is no longer changed by the electric field when moving and reorienting the 
other nanowires. Thus, we can sequentially deposit nanowires to form a larger or 
more complicated pattern on the substrate surface [32].

Figure 6.5c–e demonstrates a few more examples of the use of electric-field- 
based forces to drive and steer multiple nanowires to form more complicated geo-
metric shapes. Figure 6.5c shows the result of moving six nanowires and depositing 
them in a straight line, and Fig. 6.5d shows the formation of a hexagonal pattern 

(a) (b)

(c) (d)                                         (e)

Fig. 6.5 Electric-field-based steering and manipulation of multiple nanowires to form different 
geometric patterns on the device substrate. (a) Initial positions of the three nanowires to form a 
straight line. (b) Final positions of these three nanowires after repositioning and depositing to align 
into a straight-line pattern. (c) A straight-line pattern using five nanowires. (d) A hexagonal pat-
tern. (e) Three cross-shape patterns. (Reproduced with permission [32]. 2020, IEEE)
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with multiple nanowires, while Fig.  6.5e demonstrates cross patterns formed by 
depositing three nanowires perpendicularly on top of three other aligned parti-
cles [32].

 Simultaneous Particle Control

Figure 6.6 shows a series of experimental results of steering multiple nanowires 
from different starting positions to target locations to form specific geometric 
shapes: a straight line with three nanowires (Fig. 6.6a); a square with four nanowires 
forming the corners (Fig. 6.6b); a circle with four nanowires at the 12, 3, 6, and 9 
o’clock positions with an additional nanowire at the center (Fig. 6.6c); and an equi-
lateral triangle with three nanowires at the vertices (Fig. 6.6d). Figure 6.6e further 
demonstrates that the motion planning and control methods can be used for continu-
ous tracking control of three nanowires along a circular trajectory. In these figures, 
we show the initial and final positions of these nanowires as well as overlaid tran-
sient positions. It is interesting to observe that under the proposed motion planning 
and control algorithms, the individual  nanowires can be steered in different and 
sometimes even opposite motion directions simultaneously (e.g., nanowires #1 and 
#2 in Fig. 6.6a) [57].

These experiments demonstrate the feasibility and performance of EP-based 
motion control for multiple simultaneous and individual particles. Experimental 
results show that the particles can be positioned with a spatial accuracy of 2 μm [32].

6.4.2  Adaptive Control

As discussed above, because the particles may exhibit a large range of zeta poten-
tials in the fluid suspension, it could lead to various dynamic behaviors for different 
particles. From Fig. 6.3, the particles may experience positive- and negative-induced 
charge in the media. The possibility of different charges means the proposed control 
scheme must control multiple particles simultaneously and precisely even with an 
opposite initial guess of the zeta potential from the true value.

The feedback controller design in the previous section does not include paramet-
ric uncertainties of multiple particles and relies on the offline calibration process to 
estimate the zeta potentials for each particle at the start of the manipulations. The 
online estimation of the particles’ zeta potentials enables more efficient and accu-
rate manipulation and eliminates the time-consuming calibration process before the 
manipulation.

A proper estimation of the zeta potentials is essential to design desired trajecto-
ries for the particles. The zeta potentials are important dynamic-model parameters 
for the motion planner. If the zeta potentials used to design the desired trajectories 
are much larger than the true values, then the desired movement could be too fast for 
the particles to track. If the zeta potentials are much smaller than the true values, 
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then the particles could oscillate around the desired trajectories. If some of the zeta 
potentials are larger and some are smaller, then the particles could easily fail to track 
the designed trajectories. Without the proper zeta potential estimation, designing 
appropriate trajectories for multiple individual but simultaneously controlled parti-
cles becomes difficult.

Instead of independent measurements of the mobilities using time-consuming 
instruments or complex calibration processes, it is possible to estimate unknown 
parameters online with adaptive control laws, making the control more precise and 
efficient. Unlike the previous feedback control schemes, which need  prior 
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Fig. 6.6 Overlaid nanowire trajectories to form different geometric patterns. All pictures are 
obtained by taking and overlaying the nanowire images at a series of time snapshots. All back-
ground images are removed to clearly present the nanowire trajectories. The “⊳” and “∘” marks 
indicate the nanowires’ initial and final positions, respectively. (a) A straight line. (b) A square. (c) 
A circle with one nanowire at the center. (d) An equilateral triangle. (e) Simultaneous tracking 
control of three nanowires to form a circle. (Reproduced with permission [57]. 2020, IEEE)
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knowledge of each particle’s zeta potentials in the suspension to precisely control 
the motion of the particles, we report an adaptive controller to estimate accurately 
the zeta potentials of the particles online [55, 62].

We apply model reference adaptive control [72] to identify the unknown mobili-
ties of the particles in the model and control their motion to follow the desired tra-
jectories. The adaptive controller estimates the unknown zeta potential of every 
particle online during the control process with the adaptive control strategy. The 
asymptotic stability and convergence of the adaptive controller are proved in the 
presence of parametric uncertainties by using a Lyapunov-based method. To stay 
within the physical capacity of the electric-field actuation, we adopt an intermediate 
variable and hyperbolic tangent function to design amplitude-limited input dynam-
ics in the adaptive control law.

Next, we demonstrate the manipulation of nanowires and microbeads through 
experiments. Even with input saturation, particles follow the desired trajectories 
simultaneously and precisely using the adaptive control scheme.

Figure 6.7a, b presents the experimental results of controlling a silicon nanowire 
and a silica microsphere. Figure 6.7c shows the overlaid trajectory of one silicon 
nanowire that tracks the desired trajectory in a straight-line pattern. Figure  6.7d 
shows the overlaid trajectories of two silicon nanowires to track two horizontal 
desired trajectories. Figure 6.7e presents the overlaid trajectories of two nanowires 
that travel along two vertical straight lines moving toward each other in opposite 
directions [55, 62].

To verify the accuracy of the online zeta potential estimate, offline calibration 
experiments are done to provide the ground truth value of the zeta potentials. From 
the experiments, the tracking errors of controlling particles are small when com-
pared to the motions of the particles. The online zeta potential estimation gradually 
converges to the calibration result. The experiment shows that the anisotropic 
mobility of the prolate spherical nanowire in its lateral direction is around 0.75 of 
that along its axial direction, which is close to the result of 0.83 stated in [68].

The experimental results confirm the adaptive controller’s performance to inde-
pendently manipulate single and multiple simultaneous particles with the input con-
straints. This similarity of the offline calibrated and online estimated zeta potentials 
confirms the effectiveness of the online estimation design.

6.4.3  Adaptive Tube Model Predictive Control

Considering the physical capacity of the electric-field actuation, model predictive 
control (MPC) can be used to address the constrained nonlinear problem of multiple 
particles’ manipulation because MPC can incorporate the input constraints [73]. 
However, the quality of the MPC depends substantially on the system model. The 
motion model of the particle discussed in Sect. 6.3 does not consider the effects in 
the complex fluid suspension system, e.g., boundary conditions, fluid motion, and 
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particle interactions. As a result, the observed experimental trajectory often drifts 
away from the simulated trajectory [56].

Tube MPC is an approximate strategy to address those limitations. A virtual tube 
is constructed offline, together with a robust control law, which can keep the parti-
cles in the tube. The fix-shaped tube moves along a desired nominal trajectory that 
is generated online [74]. However, the preconstructed tube needs prior knowledge 
of each particle’s zeta potential in the suspension, and the tube geometry is restricted 
for all operating conditions, which can lead to suboptimal performance [75].

The adaptive control law [55, 62] in Sect. 6.4.2 could steer multiple particles to 
move along the desired trajectories to the targets and estimate the unknown mobili-
ties online. However, the robustness of the system cannot be guaranteed because the 
disturbance is not considered during the controller design process. To incorporate 
those system uncertainties, the adaptive control law can be combined with the tube 
MPC approach to capture the uncertainties and potentially reduce the conservative-
ness of robust MPCs while providing robust stability guarantees [76].
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Fig. 6.7 (a) Trajectories comparison for one nanowire in the experiment. The tracking errors of 
controlling the nanowire remain in the range of [−0.5,0.5] μm. (b)Trajectories comparison for one 
silica microparticle with a diameter of 5 μm in the experiment. The tracking errors remain in the 
range of [−2,2] μm. (c) Overlaid trajectories of one silicon nanowire to track a straight-line trajec-
tory in the experiment. The tracking errors of the nanowire remain in the range of [−2, 4] μm. (d) 
Overlaid trajectories of two simultaneous nanowires to track two straight-line trajectories traveling 
in opposite directions in the experiment. The tracking errors of the two simultaneous nanowires 
remain in the range of [−5, 5] μm. (e) Overlaid trajectories of two nanowires that travel along two 
vertical straight lines in opposite directions in the experiment. The tracking errors stay in the range 
of [−2, 5] μm. The arrows indicate the moving directions of the two nanowires. The “∗” and “∘” 
markers indicate the nanowires’ initial and target positions, respectively. (Reproduced with per-
mission [55]. 2020, IEEE)
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 Adaptive Tube MPC Design

In [63, 64], an adaptive tube MPC is designed to estimate the unknown mobilities 
of the individual particles, construct dynamic tubes online, and address the coupled 
actuation from the global electric field with dynamic separated tubes constructed for 
each particle.

The adaptive tube MPC estimates the unknown mobilities of the particles online 
using the set membership identification method. The parameter estimation scheme 
is inspired by the work in [76]. Based on the estimate, the dynamic tubes of indi-
vidual particles are constructed and updated based on the bound of the external 
disturbance and the nonlinear dynamics. Because of the coupled actuation from the 
global electric fields, we construct the tubes for multiple particles under the cou-
pled, limited input. Instead of constructing a high-dimension tube for the coupled 
problem, we separate the tube formulation and construct different lower-dimension 
tubes for multiple particles while satisfying the coupled actuation for different par-
ticles. As a result, the computational cost decreases significantly, especially for a 
large number of particles. The tube geometry is updated based on the online esti-
mated unknown parameter set and nonlinear dynamics; therefore, less conservative 
tubes can be constructed to guarantee the robustness of the system. During the tube 
construction of the multiple particles, the open-loop reference trajectories are 
designed online by the nominal system. The input limitation is considered during 
the control process, and the tube MPC formulation guarantees robust constraint 
satisfaction for the closed-loop system. Finally, the tube MPC is proven to guaran-
tee recursive feasibility, and the estimated parameter set shows rapid convergence; 
therefore, the robustness of the system can be guaranteed [63, 64].

 Manipulation Capability

According to Eq. (6.1), the EP force at every particle varies with different zeta 
potentials and positions of the particles. We can expect that the places close to the 
edges of the electrodes have large velocity magnitudes but offer a narrow range of 
possibilities for manipulation. Because of the symmetrical layout of the N × N elec-
trode array, the manipulation capabilities of one cell with 2 × 2 electrodes with L = 
600 μm are investigated using numerical simulations.

As proposed in [63], the maximum disturbance d(q) under constraint satisfaction 
is evaluated using the shooting method. From the maximum disturbance magnitude 
for one particle in a 2 × 2 electrode cell, the motion of one particle in the center area 
is slower, but the particle can reject a larger magnitude of disturbance.

Similar to the Yoshikawa’s manipulability index [77], we introduce a quality 
measure for the manipulability of particles in a cell. The approach is based on ana-
lyzing the manipulability ellipsoid that is spanned by the singular vectors of the 
motion gain matrix. The manipulability measure is formulated as 

µ( ) ( ) det ( ) ( )q q B q B q= ( )d T . If we consider the average velocities of the particles 
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suspended in the oil, the agile and precise manipulation of one particle in a cell can 
be achieved even with up to 63% velocity disturbance in one control step.

Following the same method, we evaluate the maximum disturbance and the 
manipulability with different numbers of particles suspended in the mineral oil. The 
manipulability and the maximum bounds of external disturbance under constraint 
satisfaction are greatly affected by the number of particles. When the number of 
controlled particles increases, the maximum disturbance that the system can with-
stand decreases significantly. The manipulability decreases exponentially with an 
increase in the number of particles, which means that when the number of particles 
increases, the ability of the global field for arbitrary manipulation of the particles 
decreases dramatically.

In our previous work [32], we found that the maximum number of particles that 
can be simultaneously and independently controlled is limited by an upper bound 
that depends on the number of neighboring electrodes. For an N × N electrode array, 
the maximum number of the particles that can be simultaneously and independently 
steered at each time step is N2/2 without considering the uncertainties and physical 
limits of the electric fields. From the discussion above, after taking disturbance, 
input constraints, and uncertainties into consideration, the number of particles in 
each cell needs to be kept to two to achieve the agile simultaneous manipulation 
using EP forces generated by the N × N generic electrode array. If more particles 
need to be controlled in one cell, the trajectories of the particles need to be planned 
in the areas that achieve large manipulability. Those findings complement the exist-
ing work [63].

For multiple particles, the maximum disturbance and the manipulability are 
related to the relative position of the particles. The closer the particles are, the 
smaller the external disturbance the system can reject and, hence, the smaller 
manipulability the coupled field actuation can provide. From the numerical simula-
tion, the minimum distance between two particles needs to be kept at 120 μm to 
maintain 10% manipulability and up to 15% disturbance on the velocity of two 
simultaneous particles in the cell. When there are more than two particles, arbitrary 
manipulation of all particles becomes difficult when the system experiences distur-
bances that are larger than 10% and the maximum manipulability drops below 3%. 
These relations can be used to test the designed control and online motion planning 
algorithm in the sense of the software-in-the-loop simulations for precise, arbitrary, 
and independent manipulation of multiple particles.

 Experimental Result

In the experiments, we apply the adaptive tube MPC to drive the polystyrene micro-
beads and the silicon nanowires. We assume the target has been hit if the particle 
lands within 5 µm of the precise spot.

Figure 6.8a shows the experimental result of controlling one nanowire to reach 
the target region. Figure 6.8b shows the updated set for the unknown zeta potentials 
at different time steps. To validate the unknown parameter estimate, we calibrate the 
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zeta potentials offline after the experiment to get their true values. The true zeta 
potential values from the calibration are plotted in Fig. 6.8b. From the result, the 
zeta potential set converges to a small set around the true value in 3 s with the large 
disturbance bound, while the total manipulation time is 138  s. Furthermore, 
Fig. 6.8c, d shows the manipulation results for steering each polystyrene microbead 
to its target area. The experimental results confirm that the proposed controller satis-
fies the constraints robustly and steers the microbeads and the nanowires to their 
targets precisely with accurate zeta potential estimation.

Fig. 6.8 (a) Overlaid trajectories of one nanowire as manipulated in the experiments. The color- 
shaded areas are the dynamic tubes. (b) The zeta potential set estimation for the nanowire in (a). 
(c–d) Overlaid trajectories of manipulating one polystyrene bead in the experiment. (e) Overlaid 
trajectories for manipulating two nanowires simultaneously to form a horizontal line in the experi-
ments. The color-shaded areas are the dynamic tubes. (f) Zeta potential set estimations for the two 
simultaneous nanowires in the experiment as shown in (e), respectively. The “∗” marker indicates 
the nanowires’ initial positions, and the “∘” marker indicates the target areas. (Reproduced with 
permission [63]. 2020, IEEE)
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Next, we conduct experiments for controlling multiple particles in one cell using 
the proposed adaptive tube MPC. From the manipulability discussion, two particles 
need to be kept 120 μm distance away to maintain 10% manipulability and up to 
15% disturbance on the velocity of two simultaneous particles in the cell. Therefore, 
we control two nanowires to form a horizontal line and their target positions are 

120  μm apart. The disturbance bound is w w w∈ ∈ ≤{ }W R

2 0 2| .
∞

µm . 

Compared to the motion of the particles, the disturbance bound is 13% of the maxi-
mum state difference in one step. Figure 6.8e shows the overlaid trajectories of two 
nanowires to form a horizontal line in the experiments within the same cell con-
trolled by the coupled electric field. Figure 6.8f, g shows the online updated sets for 
the unknown zeta potentials at different time steps for the two simultaneously 

Fig. 6.8 (continued)
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manipulated nanowires in the experiment, respectively. The estimated zeta poten-
tials converge in 24 s, while the total manipulation time of the two simultaneous 
nanowires goes up to 524 s. The experimental results confirm the effectiveness of 
the proposed controller to manipulate multiple particles simultaneously under the 
effect of disturbance and unknown system parameters using coupled external 
fields [63].

In summary, the adaptive tube MPC is validated through experiments to manipu-
late multiple particles with uncertainties using coupled actuation. The recursive fea-
sibility of the scheme has been proven in [63]. The manipulability and performance 
of the proposed controller are analyzed. We analyze the manipulation capability and 
maximum disturbance that the system can reject for the different numbers of parti-
cles in one cell. We quantify the relative position between two particles to achieve 
certain manipulability. We evaluate the maximum number of particles that can be 
arbitrarily, independently, and simultaneously controlled for given disturbance 
bounds and system constraints. Experimental results of manipulating micro- and 
nanoparticles with different kinds and sizes validate the proposed algorithm that 
satisfies the constraints robustly and steers multiple particles to their targets pre-
cisely and simultaneously with accurate zeta potential estimation. Those findings 
complement the existing work and provide an approach to test the designed control 
and online motion planning algorithm for precise, arbitrary, and independent manip-
ulation of multiple particles [63].

6.5  EP-Based Particle Motion Planning

Motion planning of particles with a set of independently addressable electrodes is 
challenging because of its combinatorial optimization nature [78]. To generate opti-
mal and efficient trajectories for multiple particles under the coupled actuation, we 
propose heuristic [32], network flow [57], sampling [9, 55, 61], and supervised 
learning [58]-based motion planning algorithms to achieve the shortest-distance and 
minimum-time objectives.

6.5.1  Heuristic-Based Minimum-Time Motion Planning

In [32, 56, 59], we developed EP-based minimum-time motion planning algorithms 
to steer and drive a single nanowire suspended in a fluid. The motion planning prob-
lem is NP-hard. To reduce the computational complexity, we take advantage of the 
spatial symmetry properties of the electric field generated by the electrode array and 
design two heuristic algorithms based on the reduced search space and the reduced 
number of input actuations. The heuristic motion planning strategies coordinate 
electrodes in a combinatorial way to find time-optimal trajectories for the particles. 
We compare the heuristic algorithms with other well-known benchmark motion 
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planning approaches. The comparisons show that the heuristic algorithms signifi-
cantly reduce the computational complexity while obtaining suboptimal minimum- 
time trajectories.

6.5.2  Network Flow-Based Minimum-Distance 
Motion Planning

The heuristic search in Sect. 6.5.1 only works for planning one particle and cannot 
be applied to multiple particles due to the combinatorial complexity of the coupled 
electric-field actuation and potential collision of the multiple-particle problem. A 
network flow-based two-stage motion planning algorithm [57, 60] is then presented 
to generate the desired trajectories for multiple particles with minimum total travel-
ing distances. In [57, 60], we further provide the control-system properties that 
capture the relationship between the maximum number of the simultaneously and 
independently controllable particles and the given number of neighboring elec-
trodes and the physical input limitation.

The global-routing stage of the two-stage motion planning algorithm is built on 
the min-cost-max-flow (MCMF) problem [79, 80] to generate feasible 2  ×  2 
cells while allowing the simultaneous and independent motion control. The MCMF- 
based global-routing algorithm finds the minimum number of non-detour and non- 
overload cells for each particle and updates the global routes online using an A∗ 
[78]-like replanning structure.

After obtaining the sequenced cells for each particle, the second stage of the 
algorithm constructs the road map in the reduced search area to obtain the obstacle- 
avoiding optimal trajectory. A collision-free trajectory is generated among the 
selected cells using the visibility graph-based shortest path planning method and a 
rapidly exploring random tree (RRT) [78]-based collision-avoidance strategy along 
the shortest path. Results in [57, 60] demonstrate that the two-stage algorithm mini-
mizes the total travel distances for all the particles and reduces the computational 
complexity significantly when compared with the benchmark algorithms.

6.5.3  Sampling-Based Motion Planning

The two-stage planning approach discussed above takes advantage of the straight- 
line constraint to quickly generate the shortest-distance trajectories for multiple par-
ticles, but the total traveling time cannot be optimized. The performance of the 
two-stage algorithm can be further improved in the following aspect: First, as dem-
onstrated in [60], the shortest-distance trajectory does not demonstrate the shortest 
time. Indeed, the shortest traveling-time trajectory is not the straight line connecting 
the starting to target points because of the electric-field distribution. Therefore, it is 
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desirable to obtain the minimum-time trajectory for more efficient manipulation. 
Second, because of the straight-line constraint, the maximum number of particles 
that can be simultaneously steered in the two-stage algorithm is limited to an upper 
bound. It is desirable to find an alternative motion planner to relax such 
constraints.

To improve manipulation efficiency, sampling-based planners are discussed in 
[9, 55, 61] to minimize the total traveling time for multiple particles. The work in 
[61] considers a time-optimal motion planning strategy for multiple particles in 
fluid suspensions. Inspired by the sparse RRT [81] and RRT* [82] approaches, an 
improved sparse RRT*-based motion planning algorithm, SRRT*, is discussed to 
generate the asymptotically near-optimal minimum-time trajectories of multiple 
particles. The algorithm is not restricted to the time-optimal cost function, and any 
other additive cost (i.e., time, energy, distance, etc.) can be incorporated into the 
algorithm. Moreover, unlike the two-stage planning approach, the maximum num-
ber of particles that can be steered at one time is not limited by the upper bound that 
depends on the number of neighboring electrodes and the input constraints. The 
SRRT* algorithm takes the advantages of the rewiring strategy of the RRT* and the 
stable sparse structure of the sparse RRT to efficiently achieve the near-optimal 
trajectories with several heuristic techniques. From the performance evaluation, the 
SRRT* algorithm reduces the computational complexity significantly when com-
pared with the benchmark algorithm and guarantees the asymptotically near-time- 
optimal performance for multiple articles. Therefore, the SRRT* algorithm is 
capable of generating high-quality trajectories.

Because the SRRT* samples in the state space, a two-point boundary value prob-
lem (BVP) has to be solved in the state space of the underlying dynamical system, 
which limits the performance of the planners based on the RRT framework. To 
efficiently steer large numbers of particles online, the supervised learning-based 
algorithm in [58] shifts the intensive optimal-cost metric computation of the BVPs 
of the system dynamics to offline training using supervised learning to enable 
online-planning performance. The learning-based algorithm achieves superior com-
putational performance for up to seven nanowires in real time with one order quicker 
computational cost per iteration than the SRRT* algorithm.

However, the performance of the supervised learning algorithm greatly depends 
on the quality and quantity of the input dataset. The scheme takes advantage of the 
symmetry of the electric-field distribution to reduce the sample areas for data gen-
eration. For a large dimensional state space, it is computationally intractable to 
densely sample all the state space and solve for the corresponding optimal trajecto-
ries due to the curse of dimensionality. The algorithm is based on the assumption 
that the particles’ mobility properties are known. As a result, it is time-consuming 
to regenerate the dataset and retrain the network before the manipulation process 
because of different particles’ mobility properties. Therefore, an efficient, online 
replanning strategy with updating parametric uncertainties for manipulating multi-
ple simultaneous particles without preprocessing is needed.

We consider motion planners that have good anytime performance and conver-
gence ability toward an optimal solution. Anytime performance represents the 
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ability to find an initial trajectory, and it can be quantified by the computational time 
needed to find the first trajectory or a trajectory with quality approaching optimality. 
Without solving BVPs, the stable sparse RRT (SST) kinodynamic motion planning 
approaches sample from the input space and take advantage of the sparse structure 
to return a solution quickly and converge to a suboptimal solution. The SSTs, i.e., 
SST [81] and iSST [83], have achieved asymptotic optimality for kinodynamic 
planning using incremental sampling-based planners. However, the performance of 
these algorithms degrades as the dimension of the system increases.

Inspired by the SST and bidirectional RRT approaches, we further develop 
informed bidirectional SST-based anytime motion planning algorithms, Bi-iSST, 
Ref-iSST, and their variants in [9, 55]. The planners maintain two sparse trees to 
increase the probability of finding a solution and generate the asymptotically near- 
optimal trajectories for multiple agents sharing global fields. The algorithms guar-
antee anytime planning performance, which quickly generates feasible trajectories, 
to efficiently schedule large numbers of particles online according to the updating 
particle mobilities.

The Bi-iSST algorithms [55] take the bidirectional approach to speed up the 
searching process. The Bi-iSST and its variants, the opt-Bi-iSST and the exp-Bi- 
iSST, use the workspace information, heuristics, and optimization to effectively 
guide the search process. A novel connection process is proposed to connect two 
trees efficiently by applying an optimization procedure in the opt-Bi-iSST algo-
rithm. The exp-Bi-iSST algorithm employs another connection method that iterates 
and explores all the bang-bang control input space with the finite number of elec-
trodes to search for the minimum-time solution.

To evaluate the motion planners, we compare the anytime computational perfor-
mance in Fig. 6.9 and the average solution cost through time in Fig. 6.10 for two to 
six simultaneous particles among the iSST (benchmark), the Bi-iSST (without the 
connection process), the exp-Bi-iSST, and the opt-Bi-iSST algorithms.

Figure 6.9 illustrates the anytime computational performance of the algorithms, 
which shows the averaged success ratio of returning a feasible trajectory against 
time. The computational cost increases as the number of particles increases, but the 
opt-Bi-iSST algorithm still achieves 100% success given the same computational 
budget. In contrast, the state-of-the-art benchmark algorithm iSST is not suitable for 
online problem-solving in the application with more than two simultaneous parti-
cles. From the anytime performance comparison, the proposed opt-Bi-iSST algo-
rithm can perform online replanning to return a feasible solution within a properly 
selected period. This period is used as the prediction horizon in the integrated online 
manipulation scheme. The prediction horizon should be selected to be longer than 
the time of the planner to achieve a 100% successful ratio given the number of the 
particles.

To evaluate optimality, Fig. 6.10 compares solution costs through time among 
the optimal-time trajectories generated by the planners. From Fig. 6.10a, all three 
Bi-iSST-based algorithms converge to the near-optimal solution as the iSST bench-
mark is asymptotically near-optimal. Particularly, the opt-Bi-iSST algorithm out-
performs other algorithms in that (1) it converges to much more efficient trajectories 
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than the benchmark, (2) it generates near-time-optimal trajectories for more parti-
cles (up to six) while others fail when the particle number is four or more, and (3) 
its convergence speed is quicker than the other algorithms.

From Figs. 6.9 and 6.10, when compared with the state-of-the-art algorithms, the 
opt-Bi-iSST algorithm achieves the best anytime computational performance, 
quickly updates feasible solutions with the online estimated mobilities of multiple 
particles, and converges to a near-optimal, minimum-time solution to increase the 
efficiency of simultaneous manipulation of the particles.

To further improve the anytime performance of the opt-Bi-iSST, the Ref-iSST 
approach [9] uses the workspace information to quickly generate global-routing 
trajectories as references and then guides the search process more effectively by 
getting more accurate heuristics according to the global-routing reference trajec-
tory. Compared to the state-of-the-art algorithms, the Ref-iSST quickly updates fea-
sible solutions and converges to a near-optimal, minimum-time solution to increase 
the efficiency of the simultaneous manipulation of multiple micro- or nanoagents 
using global external fields.

In summary, without complex characterization of each particle’s mobility, the 
particles can be steered simultaneously and efficiently to achieve precisely con-
trolled positions without collisions. Compared with other RRT variants, the bidirec-
tional, informed kinodynamic planning algorithms: (1) sample from the finite input 
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Fig. 6.9 The success ratio of found solutions to planner attempts through time for two to six 
simultaneously moving nanowires. The nanowires’ initial and target positions are randomly cho-
sen but kept the same among all the compared algorithms. Every planner was given 30 opportuni-
ties to return a result within its computational budget. The lines show the mean value at each time 
instance for an overall evaluation. Ratios closer to one are better. The computational budgets for 
planning different numbers of nanowires are (a) 400, (b) 600, (c) 1000, (d) 5000, (e) 8000 itera-
tions, respectively. (Reproduced with permission [55]. 2020, IEEE)
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space to avoid solving the BVPs at each propagation step and to increase computa-
tional efficiency, (2) maintain two sparse trees with a linearized optimization-based 
connection process to increase the probability of finding a solution, and (3) use 
appropriate heuristics and workspace information to guide the exploration to focus 
on the useful subset of the state space.

Although we focus on the DC electric-field actuated multiple-micro-agent sys-
tem, the proposed informed kinodynamic planning strategies can be used in other 
robotics applications.

6.6  EP-Based Adaptive Manipulation Scheme 
of Micro- and Nanoparticles

In the end, we discuss the adaptive online manipulation scheme to estimate unknown 
parameters of the system and precisely manipulate multiple micro- and nanoparti-
cles simultaneously and independently under the coupled electric field with limited 
input voltages [55]. The adaptive manipulation scheme is built on and extended by 
the general manipulation scheme as shown in Fig. 6.2. The adaptive online manipu-
lation scheme consists not only of the motion planner (MP) and the adaptive motion 

Fig. 6.10 Average solution cost through time for two to six simultaneous nanowires. The plots 
show the statistical result from 30 runs per planner to update its best result within the computa-
tional budget. The lines show the mean value of all solutions at each time instance for an overall 
evaluation. Shaded areas are the one standard deviations among the 30 runs. Lower solution costs 
are better. We omit the data if the success ratio is lower than 0.2. (Reproduced with permission 
[55]. 2020, IEEE)
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controller (MC), but also the coordination between the MP and MC through a 
motion estimator (ME). Figure 6.11 illustrates the schematic of the integrated adap-
tive online manipulation system. The MC (i.e., the adaptive controllers in Sects. 
6.4.2 and 6.4.3) estimates the unknown zeta potentials in the system’s dynamic 
model, the ME predicts the positions of the particles for a given prediction horizon, 
and the MP (i.e., the bidirectional, informed kinodynamic planning algorithms dis-
cussed in Sect. 6.5.3) replans the near-optimal trajectories online based on the esti-
mated zeta potentials and predicted positions of particles.

The MP searches for the desired trajectory σ ∗( ); , ,t q qs t ΘΘ̂  according to the esti-
mated zeta potentials Θ̂Θ  and the predicted replanned positions q̂s . The MC tracks 
σ ∗( ); , ,t q qs t ΘΘ̂  and updates the zeta potentials Θ̂Θ  online. The ME estimates the zeta 
potentials using a motion-based data-driven approximation to guide the conver-
gence of Θ̂Θ  to the true values. The ME predicts q̂s , the start positions of the parti-
cles when the desired trajectory is replanned. The replan positions, q̂s , are predicted 
positions at the end of the prediction horizon according to the estimated zeta poten-
tials Θ̂Θ  and the predicted tracking error. The prediction horizon is a constant that is 
selected according to the statistical elevation of the MP’s anytime performance, as 
discussed in Sect. 6.5.3.

When any tracking error exceeds the predefined threshold or the estimated zeta 
potentials tend to converge, the ME predicts q̂s  at the prediction horizon, the MC 
steers the particles to the predicted q̂s , and the MP replans a new desired trajectory 
starting at q̂s  with the updated zeta potentials. The MP keeps sending the best- 
replanned trajectory back to the MC while refining the current one until the next 
replanning. The coordination of MP and MC through ME improves the real-time 
performance of the control system and allows the planner to converge to a better 
solution. MP is guaranteed to generate a feasible solution within the selected predic-
tion horizon using the updated q̂s  and Θ̂Θ ..  During tracking, the solution trajectory 
can be refined or updated by a less costly one.

Figure 6.12 shows the experimental result of the integrated adaptive online 
manipulation scheme. The prediction horizon is selected to be 20 s and the error 
threshold is ± 5 μm. Figure 6.12a shows the overlaid trajectories of one nanowire 
tracking the minimum-time trajectory planned by the motion planner opt-Bi-iSST 
in the experiment. The initial desired trajectory is faster than the actual mobilities of 
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Fig. 6.11 A diagram of 
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the nanowire; it is difficult for the nanowire to track the desired trajectory. The 
tracking errors keep increasing until they reach the error threshold at about 40 s. 
Once the tracking errors reach the error threshold, the motion planner receives the 
replanning request. The replan position q̂s  is predicted for the prediction horizon 
20 s by the motion estimator. The replan position is marked by a pink square in 
Fig. 6.12a. The current estimated zeta potentials are sent to the motion planner. The 
motion controller then starts to steer the nanowire to the replanned position. The 
actual position of the nanowire at 60 s is marked by a blue diamond in Fig. 6.12a. 
The tracking errors are presented in Fig. 6.12b, which remain in the range of [−1, 1] 
μm after the online replanning [55].

The experiment shows the feasibility and performance of the online adaptive 
manipulation scheme for precisely steering particles, tracking the desired trajecto-
ries under disturbances, estimating unknown parameters of the system, and updat-
ing the desired trajectories accordingly. The adaptive manipulation scheme enables 
more efficient and accurate manipulation of micro- and nanoparticles.

6.7  Conclusion

Micro- and nanoagents with functional components can be used in an extensive 
variety of applications, ranging from biomanipulation to targeted drug delivery. The 
automated, efficient, highly precise manipulation of nano- and microscale objects 
paves the way toward target-oriented drug delivery. Actuating these agents with a 
global electric or magnetic field is a great way of achieving wireless control. 
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Fig. 6.12 Overlaid trajectories of nanowires that track the minimum-time trajectory planning by 
the motion planner opt-Bi-iSST in the experiment. (a) One silicon nanowire tracks the online 
planned trajectories. The pink square indicates the predicted replan position. The blue diamond 
marks the nanowire position when the replanned trajectory is received. The tracking errors are 
shown in Fig. 6.12b. (b) The tracking errors of the nanowire in Fig. 6.12a. The marked points 
indicate the time (at 60  s) when the replanned trajectory is received by the motion controller. 
(Reproduced with permission [55]. 2020, IEEE)
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However, the field-based manipulation methods are severely hampered by the global 
and coupled influence of the global external actuation in the workspace, which lim-
its the capability to robustly control multiple micro- and nanoagents independently 
and simultaneously. To enable this capability, we have developed and demonstrated 
the EP-based manipulation strategies to simultaneously, independently, and pre-
cisely manipulate the motion of micro- and nanoparticles, estimate their unknown 
mobilities, and plan their desired trajectories online. The manipulation schemes 
address the coupled influence from the global electric field in the workspace and can 
be applied to the motion planning and control of an autonomous fleet of micro- and 
nanorobots, which have tremendous potentials in many fields, such as in biology, 
medicine, and advanced manufacturing.

While many solutions have been discussed, most of these potential applications 
call for high-throughput parallel manipulation in three dimensions. Such parallel 
manipulation is capable of precisely and reliably manipulating a huge number of 
small-scale agents and components of varying shapes and materials. The high- 
throughput parallel manipulation could facilitate better diagnoses or treatment, 
revolutionize the manufacture of scalable functional devices, transform cell manip-
ulation techniques, and improve on-target drug delivery, biopsy operations, and bio-
logical structures construction. Facing this largely unmet challenge, we have 
provided the first foundational step by developing effective motion control strate-
gies and efficient motion planning algorithms to simultaneously and independently 
manipulate multiple micro- and nanoparticles with different shapes and materials 
using a simple, scalable, and generic set of electrodes. We analyze the manipulation 
capability for the different numbers of particles in one atomic cell and evaluate the 
maximum number of particles that can be arbitrarily, independently, and simultane-
ously manipulated for given disturbance bounds and system constraints. Those find-
ings complement the existing work and provide an approach for scalable 
manipulation of multiple particles to perform parallel complex tasks with higher 
efficiency.
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Chapter 7
Magneto-Acoustic Hybrid Micro-/Nanorobot

Simon W. Sanchez and Jinxing Li

Future medical micro-/nanorobotics should be able to achieve efficient propulsion 
in harsh and complicated environments [1–12]. To do so, the micro-/nanorobotics 
need to harvest propelling forces with extremely high temporospatial resolution. 
Particularly, it is highly desired that micro-/nanorobotics are powered using bio-
compatible energy sources. Recently, the chemically powered micromotors have 
achieved a great success by showing the capacity to enable active and prolonged 
medicine delivery in living animals toward enhanced therapeutic efficacy [13–15]. 
Since these micromotors are mostly using onboard energy sources (Mg or Zn which 
can react with gastric or intestinal fluids), their lifetime is relatively short while the 
control and navigation have still not been explored in vivo. Alternatively, extensive 
efforts have been directed to the development of biocompatible fuel-free propulsion 
mechanisms [16–31]. Externally physical fields using optical, acoustic, or magnetic 
stimuli lead powerful navigation and actuation of micro-/nanorobotics. Expanding 
the capabilities and sophistication of such fuel-free nanomotors is imperative to 
design advanced micro-/nanorobotics for diverse biomedical applications (Fig. 7.1).

Among the various external fields, magnetic and acoustic fields play important 
roles in modern medicine. Magnetics are used in instruments such as the magnetic 
resonance imaging (MRI) machine, while transcranial magnetic stimulation (TMS) 
has shown diagnostic and therapeutic potential in the central nervous system with a 
wide variety of disease states in neurology and mental health. Acoustic fields with 
low amplitudes have been used for diagnostics and imaging. Meanwhile, many 
therapies use high-energy ultrasound for heating, activating, and fracturing tissues 
and structures within the body. Owing to their biocompatible energy transduction 
mechanism, magnetic and ultrasound propulsions have also led the operation of 
fuel-free nanomotors and hold considerable promise for biomedical applications, 
particularly in vivo ones.

Note: Results of this chapter are mainly based on the work published in: Li et al. Nano Lett. 2015, 
15, 7, 4814–4821; and Ahmed et al. Nature Commun. 2017, 8, 770.
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Hybrid micro-/nanorobots, which use multiple distinct power sources for 
nanoscale propulsion, could lead to complex regulation of individual and collective 
behavior for operation in complicated environments. Hybrid nanomotors pairing 
fuel-powered and fuel-free propulsions in a single nanovehicle have been described 
recently by Wang’s and Mallouk’s groups [32–34]. Meanwhile, because of the high 
versatility and maneuverability of magnetic and acoustic fields for fuel-free opera-
tion, magneto-acoustic hybrid micro-/nanorobotics recently emerged as a valuable 
option for the digitalized speed regulation and reversible control of micro-/
nanorobots.

The individual operation mode of magnetic and acoustic propulsion is briefly 
summarized in Fig. 7.2. Magnetic microrobot can mimic the helical or flexible fla-
gellum of bacteria propulsion using either a rotational or an oscillating magnetic 
field. The motion of helical microswimmers is explained by slender body theory 
[16, 35–37], which approximates the helical structure as a slender filament by a line 
distribution of singularity solutions [38, 39]. For steady-state motion, the externally 
applied forces and torques have to equal the drag on the swimmer. This is like how 
a corkscrew being driven through wood rotationally with a screwdriver when the 
resistance is too large. Quite a few designs have been explored for undulatory mag-
netic propulsion using oscillating magnetic fields, including multi-linked nano-
swimmers [40] and two-arm freestyle nanoswimmers [41]. Soft magnetic materials 
or ferrofluid droplets have recently been used to build shape-programmable mag-
netic miniature soft robots with attractive performance and reconfigurable actuation 
[42–44]. The acoustic propulsion is even more complicated and versatile. Standing 
waves, generated in resonant cavities, allow manipulation of objects by trapping 
them in the acoustic nodes [45]. Recently, such acoustic manipulation has been 
applied to precisely control a single microparticle/cell/organism along an arbitrary 
path within a single-layer microfluidic channel in two dimensions [46]. Steady 
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streaming around obstacles in an acoustically induced flow, either standing wave or 
traveling wave, can also be used to trap and precisely manipulate micro-/nanoscale 
objects [47, 48]. Recently, Fischer et al. demonstrated that 3D-printed surface pro-
file encoding the phase of the desired wave front can shape acoustic fields to be used 
as reflection elements in air to levitate dense solids and liquids within complex traps 
[49]. Recent experiments from the Mallouk and Wang groups also showed that 
standing acoustic waves are highly promising to induce the self-prolusion of rigid 
metallic structures in the direction perpendicular to the acoustic wave [20, 21]. The 
physical mechanism for such new actuation modes is assumed to be based on the 
interplay between inertial forces in the fluid and the geometrical asymmetry of the 
particle shape [50]. Steady streaming in the fluid, the inertial rectification of the 
time-periodic oscillating flow, generates steady stresses on the particle which, in 
general, do not average to zero, resulting in a finite propulsion speed along the axis 
of the symmetry of the particle and perpendicular to the oscillation direction [50]. 
Microstructure trapping air bubble can harness acoustic waves for propulsion at 
incredibly high speeds [51], while microstructure loaded with liquid that evaporates 
under focused ultrasound can lead a one-time high-speed shot to penetrate the bio-
logical tissue [52]. Recently, Nelson et al. described a new class of nanoswimmer 
propelled by the small-amplitude oscillation of a flagellum-like flexible tail in both 
standing and traveling acoustic waves [53]. Different from the rigid asymmetric 
microstructures, the artificial nanoswimmers are fabricated by multistep 

Vibration

N
S

Magnetics 

Acoustics 

Microstructure
induced streaming

N
S

Tumbling Oscillating field Rotational field

f1
f2

a b c d e

g h i k l

m

Acoustic manipulation Asymmetric steady
streaming

Attraction

Hybrid design

Structural resonance

Shape morphing

j

Bubble pulsates/
Liquid evaporation

f

Fig. 7.2 Magnetic and acoustic actuation modes for hybrid design. (a) Magnetic actuation modes 
including (b) direct magnetic attraction of magnetic structures; (c) magnetic structure tumbling on 
a surface; (d) undulatory magnetic actuation using oscillating magnetic field; (e) helical magnetic 
actuation under a rotational magnetic field; (f) shape-morphing microrobot induced by magnetic 
field. (g) Acoustic actuation modes including (h) acoustic manipulation by switching operation 
frequency; (i) “self-propelled” motion induced by asymmetry steady streaming; (j) acoustic field 
induced bubble pulsation or liquid evaporation in a microcavity; (k) nanomanipulation by stream-
ing induced by local microstructures; (l) structure resonance of a soft nanostructure; (m) an exam-
ple of magneto-acoustic hybrid nanorobot combing the asymmetric stead streaming and the helical 
actuation
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electrodeposition techniques, compromising a rigid bimetallic head and a flexible 
tail. The flexibility of the tail structures allows high-frequency oscillation during the 
acoustic excitation, which produce high propulsive forces.

As one can see from the above summary, the many modalities to use magnetic 
and acoustic fields for micro-/nanorobotic propulsion open the many opportunities 
to develop magneto-acoustic hybrid micro-/nanorobotics. Li et  al. describe the 
magneto- acoustic hybrid fuel-free nanomotor which can be powered by either a 
magnetic or ultrasound field [54]. To address the challenge of using the propulsion 
force from both magnetic and acoustic fields, the hybrid nanomotor is constructed 
from bi-segment nanomechanical elements, where a concave nanorod segment is 
essential to produce the asymmetric interplay between the nanostructure and the 
acoustic wave. Such concave end is connected to a nanohelical magnetic segment 
which was realized through a versatile template-assisted electrochemical deposition 
method followed by segment-selective chemical etching (Fig. 7.3b). The resulting 
nanostructures offer an impressive fuel-free magneto-acoustic hybrid nanomotor 
operation with the magnetic helical end serving for the magnetic propulsion and the 
concave nanorod for acoustic propulsion (Fig. 7.3a, bottom and top, respectively). 
The magneto-acoustic hybrid nanomotors can thus be powered by either the mag-
netic or ultrasound field and change their direction instantaneously upon alternating 
the applied fields. Changing the amplitude of the acoustic field or the frequency of 
the magnetic field leads to rapid speed regulation of such hybrid nanomotors.

Precise speed control of the hybrid nanomotor was achieved using an ultrasonic 
transducer at a resonant frequency of 2.66 MHz and two orthogonal Helmholtz coil 
pairs creating a rotational magnetic field frequency of 150  Hz. The hybrid 
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Fig. 7.3 (a) Scheme of the design of the magneto-acoustic hybrid nanomotor and its dual propul-
sion modes under the acoustic and magnetic fields. (b) Schematic illustration of the template- 
assisted fabrication of the bi-segment magneto-acoustic hybrid nanomotors. (c) SEM image of a 
magneto-acoustic hybrid nanomotor. Scale bar: 500 nm. (d) Quantitative velocity of the hybrid 
motor using magnetic frequencies of 100 Hz, 150 Hz, and 200 Hz and ultrasound voltage ampli-
tudes of 2 V, 4 V, and 6 V (number of tracked nanomotors; N = 20). All the speed data are averaged 
by 20 nanomotors under the same propulsion conditions. (e) Digital control of the hybrid motor 
speed by changing the actuation mode and the corresponding ultrasound voltage and rotational 
magnetic frequency alternately every 3 seconds using the following sequence: Mag 100 Hz, US 
2 V, Mag 150 Hz, US 4 V, Mag 200 Hz, US 6 V, Mag 150 Hz, US 4 V, Mag 100 Hz, US 2 V, Mag 
150 Hz, US 4 V, Mag 200 Hz, US 6 V, Mag 150 Hz
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nanomotor was proven to move in opposite directions along the nanowire axis under 
the dual modes using an external magnet for alignment. Under the magnetic mode, 
the hybrid nanomotor moves “forward” toward its Au end. Similarly, under the 
acoustic mode, the hybrid nanomotor moves “backward” toward its helical end. 
Brownian motion is observed in the absence of both acoustic and magnetic fields. 
Dynamic speed changes as well as the ability to repeatedly move in opposite direc-
tions illustrate the rapid response of the hybrid nanomotor to different external 
stimuli. Overall, the hybrid nanomotor offers an on-demand operation and direction 
switching with steady-state speeds.

The speed of chemically powered nanomotors can be controlled by parameters 
of the chemical environment, such as fuel concentration and temperature [55]. 
However, real-time and rapid speed regulation is still challenging for chemical- 
powered nanomotors. Since the hybrid nanomotor is completely fuel-free and pow-
ered by external fields, its speed could be controlled by changing the input parameters 
of the corresponding field. Under acoustic mode, a nanoparticle can be viewed as a 
body oscillating in a uniform oscillating velocity field [50]. Based on the physical 
mechanism of asymmetric steady fluid streaming, the inertial rectification of the 
time-periodic oscillating flow generates steady stresses on the nanomotor which, in 
general, do not average to zero, resulting in a finite propulsion speed along the axis 
of the symmetry of the particle and perpendicular to the oscillation direction. The 
dimensional propulsion speed of the nanomotor can be expressed as [50]:

 vu eR V v= ( )ε ⊥ 1 1,

 (7.1)

where ε is the dimensionless small shape parameter, Re is the Reynolds number, v(1,1) 
is the leading-order dimensionless propulsion speed, and V⊥ is the relative ampli-
tude of the particle oscillations which scales with the amplitude of the ultrasound 
field. Therefore, the speed of the hybrid nanomotors levitated in solution under a 
fixed ultrasound wave frequency can be readily controlled by changing the ampli-
tude of the driving voltage.

The speed of helical magnetic swimmers depends upon various geometric 
parameters (including the diameter) and the rotation frequency, in a complex man-
ner described in Eq. 7.2 [56, 57]:
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where ξ⊥ and ξ||are the drag coefficients perpendicular and parallel to the helical 
axis, θ is the helix angle, d is diameter of the helix, and ω is the rotational frequency. 
Therefore, the speed of the hybrid nanomotor in a certain fluid, operated in the mag-
netic mode, can be regulated by controlling the rotational frequency of the magnetic 
field. Overall, the speed of the new hybrid motor under the magnetic and ultrasound 
actuations could be controlled by controlling the rotation frequency of the magnetic 
field and the voltage amplitude applied on the piezoelectric transducer, respectively.
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The propulsion performance was tested using different input parameters of the 
individual modes. In the acoustic mode, the applied voltage was increased from 2 to 
4 to 6 with an observed speed increase from 8.1 to 16.4 to 22.3 μm/s, respectively, 
over 4 s periods in agreement with Eq. 7.1. Similarly, in the magnetic mode, the 
rotational frequency was increased from 100 to 150 to 200 Hz with an observed 
speed increase from 7.6 to 12.3 to 15.9 μm/s, respectively (Fig. 7.3d). A net speed 
of zero and an equilibrium state could be achieved by adjusting the ultrasound and 
magnetic propelling forces to be balanced. Overall, the data follows the theoretical 
predictions of Eqs. 7.1 and 7.2. The hybrid motor displayed rapid switching of its 
propulsion modes upon applying the corresponding actuation, a characteristic of an 
ideal hybrid motor. This capability was achieved by alternating the magnetic and 
acoustic fields (every 3 s) while also changing the corresponding ultrasound voltage 
and rotational magnetic frequency. The hybrid motor displayed an instantaneous 
switching between its dual modes with steady-state speeds increasing rapidly upon 
changing the input parameters. Careful analysis indicates that the hybrid motor can 
reverse its moving direction within less than 50 ms (Fig. 7.3e). In conclusion, rapid, 
on-demand, and programmable speed and direction control are achievable with the 
combination of acoustic and magnetic fields.

In order to test the critical role of the bi-segment configuration for optimal hybrid 
propulsion in both modes, the hybrid motor with that of its individual segments, an 
Au nanorod or a Pd nanospring (both coated with 10-nm Ni thin layer), was also 
tested. The results demonstrate that the magnetic nanospring structure can still lead 
to a useful hybrid operation. However, the hybrid spring-rod nanomotors can har-
vest and translate the propelled forces more efficiently. Overall, the bi-segment 
nanowire design of the hybrid nanomotor does not compromise the performance of 
the individual propulsion modes.

For practical biomedical applications of the new hybrid nanomotors, it is impor-
tant to test their propulsion behavior in different complex environments. It was 
observed that magneto-acoustic hybrid nanomotors exhibit slower speed in biologi-
cal medium such as serum and blood. These changes reflect the increased environ-
mental viscosity of these biofluids. Chemically powered nanomotors cannot operate 
in high ionic strength environments (such as seawater and blood) because these 
media interfere with their self-electrophoresis propulsion mechanism. While these 
environments affect the speed of the hybrid nanomotors, these motors still move 
efficiently in both modes in the different viscous fluids.

Collective behavior, a very common phenomenon in the biological world [58], 
inspired us to investigate how groups of the hybrid motors behave under the external 
field inputs. The acoustic field (frequency 618 kHz) is capable to trigger the stand-
ing wave formation which leads to the rapid assembly and aggregation of the hybrid 
nanomotors toward the acoustic field node. In contrast, the magnetic actuation 
induces disassembly of the aggregate hybrid motors and directs the directional 
motion of the nanomotor swarm. Such reversible assembly and directional swarm 
movement is achieved by alternating the acoustic and magnetic fields. This switch-
able collective behavior can be repeated with multiple cycles. Thus, with proper 
application of the acoustic and magnetic fields, a fully reversible swarm with 
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aggregation and dispersion of the nanomotors can be obtained. It is anticipated that 
the nanomotor swarm can be moved in a controlled way by varying the applied 
acoustic frequency which changes the location of the pressure nodes and leads to 
migration of the swarm to a new location.

The collective behavior of hybrid nanomotors in the presence of both the acous-
tic and magnetic fields (i.e., a “dual operation mode”) is particularly intriguing as 
three distinct states are observed (Fig.  7.4). Interestingly, unlike the directional 
swarm motion observed under the magnetic field alone or the stable aggregation 
under the acoustic field, a swarm vortex is formed when both of the fields are turned 
“on.” Turning the acoustic field “off” in such a state leads to directional moving 
swarm of the nanomotors under the rotational magnetic field. Applying the acoustic 
field again leads to rapid migration of the hybrid motors toward the original node 
position and re-formation of a swarm vortex, although the magnetic field is still 
“on.” Upon removal of the magnetic field, the acoustic field prevails, and a stable 
assembly is formed again. The three different states of the swarm vortex (when both 
fields “on”), directional swarm motion (only the Mag is “on”), and the stable assem-
bly (only the US “on”) are highly switchable and reversible (Fig. 7.4a).

Such flexible switching of the collective behavior results from the competition 
between the magnetic and acoustic forces. At steady state, the imposed propelling 
force is always counterbalanced by the Stokes drag force. From Eq. 7.2, one can 
note that the magnetic propelling force imposed on a hybrid nanomotor is always 
consistent at a fixed frequency. Under the acoustic actuation with a frequency of 
618 kHz, a plane standing wave field arises from the superposition of two waves 
(one is generated by the transducer, while the other is reflected by the cover slide) 
of equal wavelength and amplitude traveling in opposite directions. The interfer-
ence between the waves results in the formation of antinodes and nodes, with zero 
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Fig. 7.4 (a) Illustration of swarm vortex formation in a round boundary system: The hybrid nano-
motors display directional swarm motion when only the magnetic field is “on”; rapid re-formation 
of the swarm vortex upon turning the ultrasound field “on” again; a stable aggregation is formed 
when only the ultrasound field is turned “on.” (b) Normalized distribution of the acoustic force 
gradient Fus and magnetic force Fmag near the ultrasound pressure node in the acoustic cell. The 
magnetic force is considered to have a uniform distribution, shown by the gray plane
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levitation force at the pressure nodes. The acoustic force can be divided into the 
primary radiation force (PRF) and the secondary radiation force (SRF). The PRF, 
which is the main force in the field of acoustic waves, can be subdivided into an 
axial component Fz and a transverse component Fxy [59, 60]. The Fz component of 
the PRF is the force that drives the migration of microparticles to the nearest pres-
sure node or antinode plane, while the Fxy component leads to their aggregation 
within the nodal plane. The experiment depends on the theoretical understanding of 
the Fz component of the PRF which drives the nanomotor in a standing ultrasound 
wave field [59, 60].
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Here V is the nanomotor volume, z is the axial distance from the transducer to the 
node or antinode plane, λ is the wavelength, and Q is the acoustic contrast factor 
which is related to the particle fluid interactions. The acoustic energy density Eac is 
equal to the sum of the average potential and kinetic energy densities. As indicated 
from Eq. 7.3, the acoustic force exhibits a sinusoidal dependence of the axial dis-
tance from the transducer to the node or antinode plane. Therefore, the acoustic 
force drops rapidly near the node and becomes zero at the node (Fig. 7.4b). In this 
case, within a certain distance from the node position, the magnetic propelling force 
is larger than the acoustic radiation force. Once the nanomotor approaches the equi-
librium round boundary where the magnetic and acoustic forces become equal, the 
nanomotors can no longer achieve directional motion, and instead aggregate rapidly 
into a swarm vortex configuration with zero density in the center. Since the ultra-
sound radiation force boundaries are reflecting, the velocity perpendicular to the 
boundary is suppressed in the course of collisions with other nanomotors on the way 
back from the boundary [61]. As a consequence, the velocity parallel to the wall 
survives and becomes a natural attractor for the dynamics. The circular system 
boundaries conform perfectly to parallel velocity, resulting in a tight vortex forma-
tion. At the position beyond the equilibrium boundary, the increased acoustic force 
will dominate the motion of the nanomotor and tow the nanomotor again toward the 
node position. Further aggregation with magnetic field off is facilitated by the SRF, 
which is associated with the sound waves that are scattered by individual nanomo-
tors. The SRF is responsible for particle-particle interactions, making them either to 
attract or repel each other, as well as forming stable multiparticle spherical struc-
tures [59, 60]. Such diverse and unique collective behaviors, e.g., vortex formation 
and swarm motion, of the hybrid nanomotor system, can serve as a good model for 
complex open systems such as bacterial chemotaxis or cell migrations [61, 62].

The biocompatible and versatile propulsion enabled by the hybridization of mag-
netic and acoustic fields leads to great potential for actuation in complex biological 
structures and environments. Specifically, controlled propulsion within vascular 
environments offers exciting possibilities to access the whole body and to provide 
localized treatments for cardiovascular diseases. Precise control and motion of 
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micro- or nanoswimmers provide a pathway for targeted therapeutics and noninva-
sive surgery. Moving and navigation in such complicated environment requires pro-
pulsion mechanisms beyond two-dimensional settings with limited control at the 
boundaries. Ahmed et al. show a mechanism in which to use micro-sized particles 
in a microvascular environment that are capable to be propelled by the combination 
of magnetic and acoustic fields [63]. Such hybridization of magnetic and acoustic 
propulsion leads to three-dimensional control motion of reconfigurable particle 
assemblies moving along vessel wall mimicking a neutrophil rolling on a wall 
(Fig. 7.5a). A rolling motion is achieved by using micro-sized superparamagnetic 
particles in a channel after a rotational magnetic field is applied (Fig. 7.5b). The 
aggregations are formed due to the dipole-dipole interactions. When an acoustic 
field with an appropriate frequency is applied, the assembled particles migrate to the 
boundary in an acoustic field which resulted in a rolling motion along vessel wall. 
The assembled particles become dispersed again when the magnetic field is off.

Using a polydimethylsiloxane (PDMS)-based microchannel as the artificial vas-
culature system (Fig. 7.5c), the authors investigated the migration of the particles 
toward the sidewall of the channel by using various sized particles of different mate-
rial properties. There are several acoustic forces that can contribute to particle 
motion including acoustic radiation force and the streaming-induced drag. Of the 
acoustic radiation force, there are the primary and secondary radiation forces. The 
primary radiation force was observed to mainly contribute to migration. For small 
particles, the sidewall-induced streaming drag force dominates particle motion until 
a certain size is met then which the radiation force becomes dominant. This work 
illustrates a mechanism in which superparamagnetic particles self-aggregate and 

Fig. 7.5 Magneto-acoustic neutrophil-inspired microrobots [63]. (a) Neutrophil rolls on vascula-
ture before transmigrating into tissue. (b) Hybridization of magnetic and acoustic propulsion leads 
to three-dimensional control motion of reconfigurable particle assembles moving a vessel wall 
mimicking a neutrophil rolling on a wall. (c) A three-dimensional PDMS-based artificial vascula-
ture which can be navigated through by the magneto-acoustic neutrophil-inspired microrobots
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move along a boundary of a microchannel with a combined acoustic and magnetic 
actuation technique. This mechanism provides a foundation site-specific drug deliv-
ery and various other biomedical applications. The combined propulsion mecha-
nism with a high-resolution imaging technique for in vivo treatment could provide 
a way to treat various diseases in hard-to-reach locations. The biocompatible mag-
netic particles are advantageous over already established microswimmers with 
costly fabrication procedures and limited biocompatibility.

The use of the combination of magnetic and acoustic fields to power a hybrid 
device offers a wider scope of operation and holds substantial promise for designing 
smart nanovehicles that autonomously adapt and reconfigure their operation in 
response to changes in their surrounding environment. Addressing the distinct 
requirements of the magnetic and acoustic propulsions within a single nanoscale 
device requires high-precision fabrication techniques to make structures that can 
harvest both the magnetic and acoustic forces. The resulting hybrid nanomotor can 
take advantage of the propelling forces from both magnetic and acoustic fields for 
efficient fuel-free dual-mode hybrid motor operation. The speed and directionality 
of the hybrid nanomotors can be swiftly controlled by changing the parameters of 
the field inputs. The hybrid nanomotors can also achieve efficient propulsion in 
biological media and demonstrate impressive switchable collective behaviors. 
Dynamic and reversible change between a tight assembly, swarm motion, and 
swarm vortex state can be achieved in response to a change of the acoustic and/or 
magnetic actuations. Such multimode fuel-free propulsion capability offers a wider 
scope of operation and substantial promise for adaptive performance under various 
scenarios in dynamically changing environments. Such adaptive and hybrid opera-
tion provide a versatile route to precisely control a single or a large number of 
nanomotors which could not be achieved by using only one propulsion mode.

Overall, the magneto-acoustic hybrid nanomotors can function individually and 
collectively, with rapid switching between the magnetic and acoustic modes and 
precise temporal-spatial control and regulation. Future efforts will lead to intelligent 
hybrid vehicles to be coupled with conventional magnetic and ultrasound diagnostic 
devices with real-time autonomous mode switching in response to changing condi-
tions. Meanwhile, various medical functions, such as imaging and drug delivery, 
could be integrated on the nanomotors for multitask response and operation. Owing 
to their impressive performance, the new hybrid magneto-acoustic nanomotors are 
expected to advance the field of artificial nanomachines and to offer considerable 
promise for a broad range of practical applications ranging from nanoscale manipu-
lation to nanomedicine. Beyond hybrid actuation, researchers should also take 
advantage of the imaging functions of magnetics and acoustics to eventually achieve 
four-dimensional control and navigation of individual microrobot or a swarm of 
micro-/nanorobots in body, so that the “fantastic voyage” can be realized.
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Chapter 8
Colloidal Microrobotic Swarms

Qian Zou, Yibin Wang and Jiangfan Yu

8.1  Introduction

Swarms consisting of living animals widely exist throughout nature. Various types 
of patterns and structures are formed by thousands or even millions of individual 
creatures, purely through local communications, such as bacteria colonies, bird 
flocks and insect swarms. These animals can change their swarm patterns through 
communication, in order to adapt to the ambient environments they interact with. In 
the past two decades, researchers are dedicated in developing robotic swarms by 
learning from natural swarm intelligence, aiming to realize complex tasks that are 
overwhelming for a single robot. It is well known that macroscale robotic swarms 
have been applied in many areas, including cargo allocation, terrain mapping and 
entertainment industry, and the small-scale swarms consisting of a large number of 
microrobotic agents can also play important roles in critical areas, such as 
biomedicine.

The actuation and control strategies for individual untethered microrobots were 
developed two decades ago. Driven by external physical fields, microrobots are 
capable of performing complex tasks at the microscale, such as micromanipulation, 
targeted drug delivery and even biopsy [1–3]. Drugs or cells (e.g. stem cells) can be 
loaded onto microrobots, and using external fields, they are navigated to pass 
through constrained environments towards targeted locations for in vivo localized 
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therapies [4–8]. However, the capacity of loading drugs, in vivo imaging feedback 
signal strength, the capability of resisting flow and motion dexterity of an individual 
microrobot may meet critical limitations, owing to the constraints of their small 
sizes and volumes. Therefore, microrobotic swarms begin to attract worldwide 
extensive attention recently. By applying swarm control, drug dose that can be 
delivered at one time increases significantly [9, 10], and feedback signal of medical 
imaging systems [11], motion dexterity and robustness against external disturbances 
can be enhanced.

To date, to realize pattern control and motion control of a microrobotic swarm 
is still challenging [12–15], due to the inaccessibility of integrating onboard pro-
cessors, sensors and actuators onto each of microrobotic agents. Therefore, the 
physical and/or chemical among the agents needs to serve the role of “wireless 
communication” [16], which still requires further investigation. Colloidal sys-
tems are ideal simplified models to study swarm behaviours, because the systems 
are homogeneous, the agents are isotropic, and the agent-agent interactions can 
be modelled. To date, progresses have been made. Generating a stable pattern is 
the first step in swarm pattern control. Previously, it has been reported that func-
tionalized Janus particles could self-assemble into complex predefined lattices or 
synchronization- selected microtubes [17–19]. Controllable and reversible pro-
cess of forming ribbon-like and ring-like structures, using colloidal silica rods 
coated with hemicylindrical magnetic layers, have been reported [20]. In addi-
tion, optical fields [21, 22], ultrasound [23], magnetic fields [24, 25] and chemi-
cal signaling [26] are capable of triggering formation of microrobotic swarm 
behaviours.

After forming a stable swarm pattern, how to control its motion is another critical 
issue. Magnetic fields are widely used for the motion control of microrobotic 
swarms, due to its high precision, high response frequency and good penetration to 
biological tissues. By forming a dynamically stable swarm and realizing its transla-
tional locomotion as an entity, the targeting rate of delivery, motion flexibility and 
controllability can be enhanced. It has been reported that magnetic microparticles 
exhibited spontaneous formation of dynamic localized snake-like patterns in an 
alternating magnetic field [27]. The pattern was formed on a liquid-air interface, and 
its motion is controllable. After 2017, the controllability of microrobotic swarm 
features, e.g. generation, pattern reconfiguration and motion control, has been sig-
nificantly improved [28–30]. Two major research purposes are focused with the 
development of microrobotic swarms, i.e. fundamental investigation for guiding 
principles and rules that govern the swarm behaviours [31], and developing promis-
ing swarms that are practical for different applications, especially biomedical appli-
cations, such as minimally invasive surgeries [32, 33].

In this chapter, we will firstly summarize swarm behaviours driven by different 
external physical fields, including magnetic, electric, optical and acoustic fields. In 
addition, swarms triggered by chemical signaling will also be reviewed. Then, we 
will focus on two types of magnetic field-driven swarms, i.e. vortex-like swarms 
and ribbon-like swarms. The governing principles, control strategies and potential 
biomedical applications will also be reviewed.
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8.2  Field-Driven Microrobotic Swarms

Swarm behaviours of micro-/nanorobots driven by magnetic fields have been inten-
sively investigated. Tiny structures, such as magnetic particles, nanorods, helices 
and magnetotactic bacteria, have been used as microrobotic agents for swarms. 
Magnetic fields have fast response to input current, are easy to be tuned on-demand 
and have good penetration to biological tissues. Magnetotactic bacteria (MTB) with 
flagella can perform locomotion at low Reynolds number fluids, and due to the 
magnetosome chains inside their bodies, their moving direction can be controlled 
by tuning external magnetic fields. A swarm of MC-1 bacteria gathered using mag-
netic field gradients could perform micromanipulation and assembly of complex 
planar structures in fluids (Fig. 8.1A1), indicating the high precision of magnetic 
field-driven swarms [15]. The colloidal asters from suspended magnetic micropar-
ticles could be formed at liquid-liquid interfaces (Fig.  8.1A2), under a high- 
frequency oscillating magnetic field. The aster-like swarms could perform reversible 
pattern opening/closing and targeted locomotion. Similarly, the field can also trig-
ger the formation of snake-like swarms. They spontaneously broke the symmetry of 
surface flow and generated asymmetric vortices at their tips, and thus, they were 
capable of propelling themselves (Fig.  8.1A3). Recently, the patterns of particle 
swarms floating at an air-liquid interface could be controlled in a time-varying man-
ner, using arrays of permanent magnets [34]. The equilibrium of magnetic interac-
tions and surface tension was reached, which resulted in the swarm pattern 
generation (Fig. 8.1A4). The swarms were capable of passing through complex and 
confined environments and were highly reconfigurable for cooperative manipula-
tion tasks.

Electric fields can trigger swarm behaviours of polarized agents. The generation 
of electric field-driven swarms is significantly influenced by the electrical properties 
of the agents and their surround media. In general, the mechanisms of the swarm 
behaviours can be categorized into two types, i.e. electrostatic interactions and elec-
trohydrodynamics. Yan et al. reported various collective states of metal-dielectric 
Janus colloids were reconfigured by introducing electrostatic imbalance (Fig. 8.1B1) 
[35]. The phenomenon was caused due to the different polarization of metal and 
dielectric hemispheres colloids in AC electric fields. Dipolar interactions between 
particles were negligibly weak at low frequencies (~kHz), due to strong ionic 
screening effects. In this state, the particles were in a gas-like state. At moderate 
frequencies (20–50  kHz), ionic screening effects were reduced, and the dipolar 
repulsion between metallic hemispheres led to the formation of coherent swarms. 
At MHz-level frequencies, ions barely responded to high-frequency oscillating 
field, and thus the particles formed chains through head-to-tail dipolar interactions. 
In a sufficiently high-strength DC electric field, a kind of electrohydrodynamics 
phenomenon, i.e. Quincke rotation, will be induced when particles are less conduc-
tive compared with their surrounding liquid. The curved trajectories of the rolling 
particles resulted from their asymmetric shape, and the trajectory curvature was 
related with the applied electric field strength (Fig.  8.1B6). At a low particle 
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Fig. 8.1 (A) Magnetic field-driven swarms. (A1) Micromanipulation using a swarm of magneto-
tactic bacteria [15]. (A2) Self-assembled magnetic asters formed at a liquid-liquid interface [10]. 
(A3) Self-propulsion of a snake-like swarm [27]. (A4) Pattern formation of microrobots on a 
liquid- air interface driven by permanent magnets [34]. (B) Electric field-driven swarms. (B1) 
Swarms, chains and clusters formed by Janus particles [35]. (B2) Local ordering of pear-shaped 
particles in (i) “heads-out” vortex, with the particles oriented away from the vortex centre; (ii) 
“heads-in” vortex, with the particles oriented towards the vortex centre; and (iii) rotating flocks, 
with the particles synchronously pointing in one direction while the flock itself rotates [36]. (B3) 
Formation of sheet-like and chain-like patterns of polymer particles in electric fields [37]. (C) 
Optical field-driven swarms. (C1) Active TiO2/SiO2 Janus particles and passive silica particles 
form reversible crystal patterns due to the catalytic decomposition of hydrogen peroxide under UV 
light [38]. (C2) Reversible aggregation of functionalized gold nanoparticles induced by UV light, 
due to photoisomerization, which disassembles by applying visible light [39]. (C3) Negative and 
positive phototaxis of a hierarchical swarm at low and high UV light intensity, respectively [40]. 
(D) Acoustic-driven swarms. (D1) By applying a 3D-printed transmission hologram, desired phase 
information is encoded onto the hologram surface, and precise micromanipulation can be realized 
[41]. (D2) Controlled movement of a nanomotor swarm [23] . (D3) A particle swarm formed by a 
rotating magnetic field can move towards a wall in an acoustic field [42]. (D4) Experimental 
results of SSAW-assisted nanowire patterning technique [43]. (E) Swarms triggered by chemical 
signaling. (E1) Linear and circular swarms can be formed using rigid and soft DNA-functionalized 
microtubes, respectively, with the presence of linker DNA [44]. (E2) Reversible generation of gold 
microparticle swarms induced by adding or removing hydrazine [26]. (E3) Dynamic swarming of 
self-propelled gold colloids with half-spherical platinum covers. The coloured particles indicate 
the exchanges between different clusters [45]
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concentration, the particles formed a vortex swarm. They aligned their directions 
away from the vortex centre when electric field strength was lower while pointing 
towards the centre when the strength was higher. With a high particle concentration 
and a strong field strength, the particles formed rotating flocks. Charged polymer 
spheres exhibited different crystalline phases, due to the counterbalance between 
charge repulsion and dipolar attractions (89). Applying a uniaxial and a biaxial elec-
tric field, the particles were further self-assembled into strings (1D) and sheets (2D), 
respectively (Fig. 8.1B3) [37].

Microrobotic agents with light-sensitive properties can form swarms under spe-
cific optical stimuli. Local ionic concentration gradient induces diffusiophoretic 
attraction to trigger swarm behaviours, e.g. the assembly of passive silica particles 
onto active TiO2/SiO2 Janus particles to form dynamic crystals (Fig. 8.1C1) [38]. 
One of the key principles for assembling functionalized gold nanoparticles is pho-
toisomerization of azobenzene. Few azobenzene ligands can be decorated onto 
nanoparticles to enable their reversible formation of metastable crystals with the 
illumination of UV and visible light (Fig. 8.1C2). In addition, a high concentration 
of azobenzene ligands resulted in irreversible and permanently cross-linked struc-
tures [39]. Phototaxis is an intelligence existing in many natural creatures. Light- 
driven swarms mimicking phototactic behaviours have been reported recently. A 
hierarchical swarm consisting of a large TiO2 particle and several small SiO2 parti-
cles exhibiting positive or negative phototaxis was demonstrated, which depended 
on the direction and intensity of the applied UV light (Fig. 8.1C3) [40]. The particle 
swarm stopped moving or exhibited phototactic characteristics when UV light was 
vertical to the experimental plane or applied sideways, respectively.

Acoustic fields can also trigger swarm behaviours of microrobotic swarms. 
Through modifying acoustic waves, holographic techniques were applied for com-
plex patterning of microrobotic agents (Fig. 8.1D1) [41]. A 3D-printed transmission 
element whose material had a sound transmission speed different from the sur-
rounding medium was made for the hologram. The special structure reconstructed 
diffraction-limited acoustic pressure fields and changed the ultrasound waves. 
Manipulation with a precision at the microscale and assembly of particles into arbi-
trary static patterns were realized assisted by acoustic holograms. Reversible assem-
bly and controlled movement of chemically powered nanomotor swarms were 
demonstrated (Fig. 8.1D2) [23], as well as the separation of spherical Janus motors 
and Au-Pt nanowires. The applied acoustic pressure exerted by the acoustic fields is 
the main reason for the migration of the nanomotor swarms. By tuning the acoustic 
frequency, the moving direction can be controlled as well. Ahmed et al. reported the 
neutrophil-inspired propulsion of superparamagnetic microparticle swarms in a 
channel (Fig. 8.1D3) [42]. Superparamagnetic microparticles experienced dipole-
dipole interactions and aggregated into spinning swarms in a rotating magnetic 
field. Acoustic fields were applied in order to provide forces to pull the swarms to a 
solid boundary. Due to the wall effect, i.e., the viscosity near a solid boundary is 
larger than that far from it, the swarm was moved along the wall. Besides acoustic 
field gradient, standing surface acoustic wave (SSAW) was also used for nanopat-
terning tasks. Dispersed nanowires in suspension and on solid substrate can be 
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tuned to form patterns using SSAW [43]. The vibrations caused by SSAW induced 
a nonuniform charge distribution on the substrate, which generated electric fields 
from positive charges to negative charges. Because of dielectrophoresis effect, the 
metallic nanowires were aligned and patterned, e.g. parallel and perpendicular 
arrays (Fig. 8.1D4).

Besides the aforementioned physical interactions, chemical signaling is also an 
important method for regulating interactions among agents for swarm formation. 
Chemical-based or molecular-based binding, such as antibody-antigen and DNA- 
based binding, is highly selective. DNA-functionalized microtubes can move on a 
kinesin-coated substrate with the presence of adenosine triphosphate (ATP) [44]. 
When linker DNA was added, the microtubes moved towards each other and formed 
swarms with increasing sizes (Fig.  8.1E1). The larger swarms maintained their 
translational motion with a velocity close to that of individual microtubes. When 
flexible microtubes were applied, the swarms will perform circular motion, which 
has no crosstalk with mixed rigid microtubes, indicating the high selectivity of 
DNA-based linking. The concentration gradient of electrolytes enables ion 
exchanges, and in some cases, the diffusion coefficients (i.e. diffusing speed and 
diffusivity) of cations and anions are different. Therefore, a local electric field is 
generated, resulting in electrophoretic motion of the particles and electroosmotic 
motion of the fluid. Hydrazine can trigger reversible swarm behaviours of gold mic-
roparticles in hydrogen peroxide solution (Fig. 8.1E2) [26]. The reaction between 
hydrogen peroxide and hydrazine was catalysed by gold surface, and H+, N H2 5

+  and 
OH− were generated. The induced local electric field acted phoretically on the 
nearby gold particles (i.e. electrophoretic motion), pulling them towards the highest 
electrolyte concentration (centre of the swarm). Meanwhile, electroosmotic effect 
also pumped the fluid towards the particles. The combination of these two effects 
resulted in the formation of particle swarms. Gold microparticles half-coated with 
platinum layers will dynamically cluster with the presence of hydrogen peroxide 
(Fig.  8.1E3) [45]. Upon the addition of H2O2, particle clusters coexisting with 
spread particles (gas phase) appeared. The clusters dynamically merged and disas-
sembled with particles moving in and out.

8.3  Vortex-Like Swarms

In order to realize the formation of colloidal swarms, two critical types of interac-
tions can be utilized, i.e. medium-based interactions and field-induced agent-agent 
interactions. Medium-based interactions indicate the interactions exerted via fluid, 
interface and boundaries, while agent-agent interactions indicate the interactions 
exerted among different agents.

As our previously published results [30], theoretically, paramagnetic nanoparti-
cles are likely to perform a chain structure by attracting the adjacent particles. Thus, 
the nanoparticle chain is considered as the minimum block in the following analy-
sis. This minimum unit will generate a local fluidic vortex. Figure  8.2 shows 
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simulation results of this process. As shown in Fig. 8.2a, the flow velocity near two 
edges is higher than those near the centre where the velocity magnitude of flow is 
zero. The velocity field induced by individual rotating chains is shown by white 
lines. The following formula presents the vorticity 



ξ  of a flow field:
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where 
µ  denotes velocity distribution and ux, uy and uz are the three components of 

µ  along the three axes of Cartesian coordinates. If the flow is confined in a two- 
dimensional vortex, Eq. (8.1) can be simplified as follows:
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According to its definition, circulation Г is the line integral around a closed curve 
of the velocity field. Thus, it can be presented as:
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where A represents a reducible closed surface and C is the surface contour. The 
relationship between vorticity and the angular velocity of the vortex ω can be math-
ematically shown as ξ = 2ω. VPNS is regarded as the core region of the vortex with 
a rigid rotation. Thereby, we can estimate the vorticity of VPNS.

Fig. 8.2 Merging process of the vortices. (a) Local flow induced by a rotating particle chain with 
a frequency of 5 Hz, while the magnitudes of velocity field are illustrated by colour profile. (b)–(d) 
Paramagnetic nanoparticles are indicated by the grey circles, the red arrows represent induced 
velocity flows, the thicker red arrows denote vortex flows with higher velocity magnitude, and the 
yellow spots are the co-rotating centres of these chains
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8.3.1  Vortices Merging

The merging process of vortices which is induced by the rotating particle chains 
strictly determines the generation of a VPNS, as depicted in Fig. 8.2b–d. Firstly, the 
particle chains are dispersed in the fluid. They rotate around their chain centre when 
they are subjected to a rotating magnetic field, which leads to a vortex. This vortex 
generates long-range attracting forces which attract the adjacent chains. Therefore, 
the distances between each chains are reduced compared with original distance. 
Once the distance between two rotating chains is lower than a predefined threshold, 
they rotate around the same axis, and they begin to merge. Figure 8.2b, c shows the 
schematic illustration of the merging process. The pair of chains rotates around their 
centre. The thicker red arrows in Fig. 8.2c represent a stronger flow field after the 
merging of two vortices. Moreover, the vortex generated by the pair chains can also 
merge with other vortices, which leads to a huge system with dynamic equilibrium. 
This means more larger vortices will be generated after merging. In the internal part 
of a stable VPNS, the schematic depiction of forces exerted on ith chain is displayed 
in Fig. 8.3. These forces include a repulsive fluidic forces Fi+1

v  induced by short- 
range interaction within two vortices, a magnetic repulsive force Fi

r
+1  induced by 

i + 1th chain and an internal force Fi
a  inwardly generated by the vortex flow. The 

resultant force of the three dynamical-equilibrium forces is a centrifugal force 
which enables the rotation of the ith chain around the swarm centre.

If the separation distance d between two vortices is larger than the vortex core 
radius a, a slow viscous revolution is performed. Specifically, if the ratio of vortex 
core radius and distance is equal to a critical value (a/d)c = 0.3, the merging process 
of vortices starts. The value of proposed ratio a/d will determine this merging pro-
cess. Figure 8.4 shows a simulated merging phenomenon of two vortices and the 
distribution of two identical vortices. The advection of vorticity which is also known 
as the long-range attractive interaction propels the motion of vortices at the begin-
ning. They move towards each other and instantly deformed into prolate shapes 
when two vortices begin to contact. Simultaneously, a diffusion phenomenon drives 
the vorticity field into one distribution, which is depicted in Fig. 8.4b. Figure 8.4c 
illustrates a third stage where the vortices coalesce into an elliptical shape and two 
strong filaments of vorticity eject. As shown in Fig. 8.4d, a circular axisymmetric 
vortex is produced in the final stage. Meanwhile, the filaments steadily roll up 
around the vortex core and dissipate. The simulation results can strongly support the 
hypothesis of merging phenomenon and VPNS generation.

8.3.2  Minimum Particle Concentration of Generating a VPNS

The minimum particle concentration to generate a VPNS is easily estimated with a 
known critical value (a/d)c. The total mass M is computed as M = C0V0, where C0 is 
original suspension and V0 indicates the volume. Thus, the total volume of 
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Fig. 8.4 Simulation results of the merging process of two identical vortices. The vorticity field is 
shown using the colourmap. Initially, a/d = 0.3, vortices radius is 800 μm, and vorticities distribu-
tion is uniform. a denotes the core radius of each vortex, while d indicates the relative distance 
between two vortices. The direction of fluidic pressure at the points is illustrated by red arrows

Fig. 8.3 Interaction forces exerted on the ith chain by the i + 1th chain. The blue arrows are the 
inward fluidic force exerted by the major vortex stream, the yellow arrows denote a repulsive force 
by the short-range vortex-vortex interaction, and the green arrows represent a repulsive magnetic 
force
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nanoparticles is Vp = M/ρ, with the density of magnetite ρ. Then, the average volume 
of each nanoparticle chain is estimated using V r hc c� � 2 ; here, rc is cross-section 
radius, and h implies an estimated height with a Mason number model at 10 Hz [46]. 
Therefore, the total number of nanoparticle chains is computed as Nc = Vo/Vc under 
an assumption that the chains are uniformly and densely distributed. Finally, the 
minimum nanoparticle concentration is calculated to be 3.2 μg/mm2 using these 
parameters in Table 8.1.

8.4  Characteristics of a VPNS

It is significantly important to investigate the characteristics of a VPNS for tough 
robotics tasks. Those characteristics include the motion equation and the fluidic inter-
actions inside or outside the vortex core. Before introducing the equation of motion, 
the momentum equation in an internal frame of reference is expressed as follows:
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where u
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 is flow velocity distribution, P denotes a local pressure, ρ is a local fluid 
density, τ is stress tensor, D/Dt represents Lagrangian derivative, and the body 
forces per unit mass are indicated as 
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Table 8.1 Key parameters 
used in the calculation of the 
minimum nanoparticle 
concentration for 
generating a VPNS

Parameter Value

Co 4.5 μg/μl
Vo 12 μl
ρ 5180 kg/m3

rc 5 μm
h 50 μm
(a/d)c 0.3
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In this case, the flow is regarded as a Newtonian fluid with consistent density and 
viscosity. Thus, the second, fourth, fifth and seventh parts of Eq. (8.6) can be 
neglected. By using �� � �� � 2 u , a simplified equation is given as:
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where υ denotes fluidic kinetic viscosity. Despite of the mathematical expression of 
Equation [7], there is physical diffusion phenomenon. The Lamb-Oseen vortex is a 
typical example. During this diffusion process, a two-dimensional axisymmetric 
vortex is placed in an initially inviscid and infinite fluid. Based on Eq. (8.7), a clari-
fied equation is written in a following form:
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The Oseen vortex is two-dimensional, which means that ∇u  is confined into a 
two- dimensional plane. Since 



ξ  is perpendicular to this plane, the third term of Eq. 
(8.8) is considered as zero. Additionally, a radially directed �



�  is orthogonal to 
purely tangential 



u , which leads to a vanished second term. Therefore, Eq. (8.8) 
can be simplified as:
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The Poisson equation can be solved with a similarity variable solution ξz = f(η)/t, 
here, � �� r t/ , and r denotes the separation distance from the vortex core. The 
approximate solution is shown as following:
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where uθ denotes the tangential velocity distribution, R is the radius of the vortex 
core, and Г0 represents the original circulation of the vortex. The proposed model 
clearly illustrates the ambient flow generated by a VPNS for the following reasons: 
[1] because of fluid vorticity, the vorticity decays with the decreased distance to the 
VPNS core; [2] the inertia forces could be neglected, and the laminar Navier-Stokes 
equation can be applied in this model; [3] there are no axial or radial velocities gen-
erated in this model, and the rotating frequency is fixed.
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Since the core of VPNS is propelled by the external magnetic field, the vorticity 
of the core part will not decay. Thus, hypotheses that the VPNS core performs rigid 
rotation, vorticity maintains an identical value in the core part, and the velocity 
distribution and the distance to the core part have a linear relationship are pre-
defined. Thereby, the mathematical formula of vorticity and velocity distribution 
can be calculated as:
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The vortex can be demonstrated with the proposed model of tangential velocity 
and vorticity, as depicted in Fig. 8.5a, b, respectively. This model is used to analyse 
a VPNS with a radius of 8 × 10−4 m. The flow tangential velocity presents a linear 
increase and vorticity maintains constant in VPNS core (r < 8 × 10−4 m). However, 
the flow tangential velocity performs a gradual decrease, and the vorticity presents 
a rapid decline (approximately decrease to 1/s at 1.5 mm apart from the core centre). 
To straightforwardly illustrate the velocity distribution of the whole system, a sche-
matic diagram is depicted in Fig. 8.5c. The magnitude of the flow velocity is repre-
sented by the size of the arrows. The red arrows denote the velocity distribution in 
the vortex core, while the blue ones represent the same parameter in the ambient 

Fig. 8.5 Tangential velocity distribution (a) and vorticity distribution (b). (c) depicts the tangen-
tial velocity of vortex. The blue arrows denote the flow inside vortex core, while the red arrows 
represent that outside the core. The magnitude of flow velocity is denoted by the arrow size and the 
gradient of vortex vorticity is represented by coloured circles
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flow. As shown in Fig. 8.5a, c, we conclude that the tangential velocity of the flow 
reaches the maximum value approximately at the edge of VPNS core.

8.5  Pattern Transformation of VPNS

8.5.1  Core Size Modification

It is necessary to alter the core size of VPNS if it encounters a complex fluidic envi-
ronment such as there are some microchannels with various diameters. Theoretically, 

we know the circulation is an integration given by � � �
��u ld

c

. Thus, if we take the 
derivative:
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Based on Kelvin’s theorem:
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where fc is the Coriolis parameter and An denotes the area of the vortex. By takingthe 
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According to the circulation conservation, the circulation of VPNS maintains the 
same value although the size is changing:

 2 22
0 0 0

2� � � �ru f r r u f r� � �c c  (8.17)

where u0 and r0, respectively, represent the initial tangential flow velocity and the 
initial radius of the vortex core. Thus, the mathematical relationship between the 
coverage area of the pattern and the rotating frequency can be expressed by:
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Notably, the experimental section will discuss the comparison and analysis 
between the theoretical model and experimental results.
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8.5.2  Spread State

Since a VPNS is able of performing pattern swelling, they can be utilized as recon-
figurable robotic end effector. As previously illustrated in Fig.  8.2, these chains 
perform a dynamic balance inside a stable VPNS. This is because the three major 
forces, namely, the magnetic repulsive forces, vortex short-range interactions which 
are activated by single-chain rotation and inward vortex forces induced by the major 
vortex, are dynamically balanced. The swarm swelling is merely confined by inward 
vortex forces which maintain the vortex-like pattern of the swarm. The vorticity and 
inward forces have an approximately linear relationship. This means that reducing 
vorticity will cause a decrease of inward forces, which will further cause a decrease 
of rotating frequency. The magnetic forces dominate the behaviour of this particle 
swarm when the inward forces decline, which means that the VPNS pattern is capa-
ble of swelling with high flexibility.

However, long chains will develop if we only reduce the rotating frequency of 
the input magnetic field ff. This is due to the attractive interactions between head-to- 
tail chains. These long chains will cause predominantly modified vortices and a 
vanishment of vortex-like swarm. Increasing the input magnetic field ff is one of 
those approaches to avoid this situation. Their rotating frequency fcr declines due to 
the step-out behaviour of rotating chains, which will cause the change of inward 
vortex forces. Thereby, it is required to investigate the relationship between the 
input magnetic field ff and the rotating frequency fcr. This enables the estimation of 
swelling area of a VPNS in the spread state.

To estimate the rotating frequency of a step-out paramagnetic particle chain, a 
schematic demonstration is shown in Fig. 8.6. At the initial stage, the long axis of 
the chain coincides with the direction of the external magnetic field at position 1 
(P1) depicted in Fig. 8.6a. The field and chain rotate with angular velocity ωf and ωc, 
respectively. When magnetic field rotates θf and reaches position 2 (P2), the direc-
tion of the chain is coincidently perpendicular to the direction of magnetic field. 
This leads to a 90° phase lag. When θ1 exceeds 90°, the chain performs a counter-
wise rotation due to the paramagnetic nature of the particles, which means that the 
chain rotates in a reverse direction compared with its original direction. Meanwhile, 
the magnetic field maintains the same direction which is clockwise (shown in 
Fig. 8.6b). Eventually, the chain and the magnetic field obtain coincidence again. 
The reverse angle of the chain is θb, which is depicted in Fig. 8.6c. A whole step-out 
cycle is demonstrated using Fig. 8.6. We predefine t1, t2 as the time where the phase 
lag changes from position 1 to position 2 and from position 2 to position 4 and θp as 
the rotating angle of the chains. Thus, they can be expanded as the following 
equations:
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To obtain the relationship between input rotating frequency and the inward vor-
tex forces, it is necessary to make the following assumptions: [1] the inward vortex 
forces are proportional to the rotating frequency of the vortex fv; [2] the vortex and 
the input rotating frequency have a linear relationship.

Fig. 8.6 Step-out rotating process of a paramagnetic nanoparticle chain. The green arrows indi-
cate the angular velocity of particle chain ωc, while the blue ones denote the rotating magnetic field 
ωf. The direction of magnetic field is denoted by red dotted arrows, and the particle chain at the last 
moment is represented by the lighter grey particles. The chain rotates θc, whereas the field rotates 
θf in (a). In (a)–(b), θ1 and θ2 denote the phase lag at different moments. The chain rotates reversely 
with an angle θb, shown in (c)
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We use COMSOL to conduct the simulation during which the short chains are 
considered as single particles. At the beginning, magnetic repulsive forces will be 
exerted between the particles. Meanwhile, the pattern will swell because the high 
input rotating frequencies cause the decline of inward vortex forces. Therefore, we 
can estimate the change of inward vortex force by combining Eq. (8.23) and the 
proposed hypotheses. When the chain rotates at their step-out frequencies (20 Hz), 
it reaches the maximum inward vortex force. During the simulation, we apply an 
inward vortex force to balance the magnetic repulsive forces when the input rotating 
frequency is 20 Hz. The reason on applying this inward force is to maintain the 
particles confined in the original regions. Consequently, we can estimate the maxi-
mum inward vortex forces. Additionally, they can also be estimated utilizing the 
changing ratio of the applied rotating frequencies since they are proportional to the 
rotating frequency of VPNS. Figure 8.7 shows the results of changing regions with 
different inward forces applied. These forces can be regarded as the inward vortex 
forces. Practically, the input rotating frequency ff is not identical to the rotating fre-
quency fv of a VPNS and, mostly, ff > fv. Therefore, these two values should be cali-
brated rather than directly applying the input rotating frequency ff. Section 5.3 will 
introduce the calibration approaches. Both curves of simulation and experimental 
results climb with the increase of input rotating frequency after this calibration. 
Before the input frequency reaches 70 Hz, the curve of simulation presents a linear 
increase. It levels out after the frequency reaches 70 Hz. Similarly, the curve of 
experimental results performs a climb when the frequency is low (20–45 Hz), and it 
gradually maintains the approximately same value when the frequency presents a 
continuous increase. Both simulation results and experimental results reach a value 
of 2.7 when the frequency reaches 80 Hz. Table 8.2 shows the core parameter which 
is applied in the simulation process, such as magnetic susceptibility χp, permeability 
μ0, the volume of the particles Vp and the magnetic field strength B.

Fig. 8.7 Experimental and simulation results of changing ratio of pattern area in spread state. The 
area when input rotating frequency is 20 Hz is represented by S0
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8.6  Experimental Results and Discussion

8.6.1  Generating a Vortex-Like Swarm

Figure 8.8 illustrates a generation process of a VPNS, where the nanoparticles are 
initially dispersed in the empty workspace. Then, we apply a rotating magnetic field. 
Firstly, it can be observed that the particle chain performs a self-rotation and next a 
highly concentrated region of particles is generated. Finally, a VPNS with dynamic 
equilibrium forms. We can also observe a self-rotation of particle chain in the periph-
eral area of the particle swarm. Meanwhile, they rotate around the vortex centre with 
the approximately equal radius. This is because the radial components of the interac-
tion forces are dynamically balanced. When time t reaches 80s, the majority of par-
ticle chains aggregate into the vortex core, as shown in Fig.  8.8. However, some 
chains fail to be attracted due to the fluidic influence. Moreover, these particle chains 
are not attracted as a solid entity inside the cortex core. During the centripetal attrac-
tion process, some can be successfully attracted into the core, while the others are 
ejected because of centrifugal forces. To conclude, the vortex is a dynamically bal-
anced system, which closely matches the theories discussed in Sect. 2.

Region I of Fig.  8.8 shows that the nanoparticles induce vortices using weak 
fluidic interactions at low rotating frequency (e.g. 2  Hz). This means that the 
nanoparticle can only perform chain-like structure. However, the coverage area 
does not shrink which is shown in the inset (6 mT, 2 Hz). The fluidic inward forces 
steadily increase when the frequencies reach 3  Hz. Region II (blue square) in 
Fig.  8.8 well illustrates this stage. The particle chains tend to aggregate into a 
smaller area with approximately 40% of them ejected. Simultaneously, the swarm is 
unstable due to their loose aggregation inside the VPNS, which is discussed previ-
ously. The VPNS forms in the region III, in which most particle chains are success-
fully aggregated. Lower strengths (4 mT) of magnetic field lead to a narrow range 
(3.5–5 Hz) of rotating frequency, while larger strengths (10 mT) can enlarge the 
range (4–10 Hz) of rotating frequency. When the strengths are higher than the upper 
red dotted line (region IV), the VPNS forms with much more loss again. This is 
because the fluidic forces are not capable of aggregating the majority of nanoparti-
cle chains, which cause a smaller core. In region V, the nanoparticles tend to form 
multiple vortex-like swarms with a continuous increase of rotating frequency. This 
is because there is no dominating vortex that forms with the fluidic forces and chain 
lengths decrease. Consequently, some multiple vortices with much smaller size form.

Table 8.2 Key parameters 
used in the simulation to 
estimate the swelling pattern 
areas in spread state

Parameter Value

λp 0.8
Original area of VPNS 3.6 × 10–7 mm2

μ0 1.257 × 10–6 V·s/(A·m)
B 10–3 T
Vp 2.12 × 10–14 m3
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8.6.2  Characterization of a VPNS

We conduct the aggregation process in region III in which the nanoparticles are suc-
cessfully aggregated with different initial concentrations of particles and rotating 
frequencies to evaluate the effectiveness of this proposed approach. In fact, the same 
amount of particles and the same fixed initial conditions such as rotating frequen-
cies, field strength and total amount of particles will lead to the same final areas of 
the patterns. Thus, different initial concentrations of nanoparticles cause different 
final areas of pattern, as illustrated in Fig. 8.8c. However, the curves maintain con-
stant with the increase of initial particle concentration. The increasing rate of these 
curves is lower than 10%. The small increasing rate demonstrates that the final areas 
are weakly coupled with the initial concentrations, which shows the high efficiency 
of this method in aggregating dispersed paramagnetic nanoparticles. A lower initial 
concentration of particles leads to a larger initial coverage area if the amount of 
particles is equal. Since the fluidic forces are too low to successfully aggregate the 
particles in the peripheral region, the curves increase slightly.

As shown in Fig. 8.8c, the maximum rotating frequency 8 Hz leads to the mini-
mum pattern, while the minimum rotating frequency 6 Hz leads to maximum final 
area. Circulation conservation which is expressed in Eq. (8.15) is a good 

Fig. 8.8 (a) The generation process of a VPNS. (b) A successful formation of a dynamically bal-
anced VPNS. It presents four different states of swarm, namely, successful aggregation, aggrega-
tion with loss, failure to aggregate and multiple vortices formation, shown in different icons. The 
red and yellow dotted curves are highlighted as boundaries of these four states. The figure insets 
show the experimental results. (c) The relationship between the initial concentrations and the final 
areas under the rotating fields with frequencies of 6, 7 and 8 Hz. The strength of magnetic field is 
valued as 8 mT and the data points fit the lines. (d) The aggregation periods with different initial 
concentrations and input rotating frequencies

Q. Zou, Y. Wang and J. Yu



197

explanation of these results. Figure 8.8d shows the aggregation periods of the vor-
tex-like swarm with different initial nanoparticle concentration. A higher initial par-
ticle concentration causes shorter average distance between particle chains. This 
also leads to the decrease of aggregation periods with initial particle concentration 
among the whole particle concentration range. Thus, it takes less time to attract 
particle chains towards each other before the merging process. The curves will grad-
ually keep the equal value with initial concentration increases. Unfortunately, the 
results present some uncertainties due to the random assembly process. The uncer-
tainties include different amounts of particle loss and measurement error of cover-
age areas. To statistically depict the principles of particle aggregation process, we 
use scatter diagrams and linear fitting. The self-merging process of two independent 
VPNSs is conducted to validate the simulation results. Figure 8.9 shows the experi-
mental results. In the initial stage, a magnetic field which is located in region V 
(Fig. 8.8a) is applied and particles have a low suspended concentration (5 μg/mm2). 
Two self- governed VPNSs have been generated during the experiments. The rela-
tive distance between the two VPNSs can reach the critical value (a/d)c, illustrated 
in Fig.  8.8b. The distance of them will decrease gradually. The attractive fluidic 
interactions cause the deformation of them before they start to contact with each 
other. This is demonstrated in Fig. 8.8c. Figure 8.8d, e illustrates the merging pro-
cess of the two swarms when they begin to contact. The merged swarm presents a 
prolate shape. The difference between long axis and short axis of the swarm per-
forms a gradual decrease. An axisymmetric circular VPNS is finally generated. This 
means the simulation results closely match the experimental results.

Fig. 8.9 Self-merging process of two individual VPNSs. The magnetic field strength is 7.5 mT, 
the rotating frequency is 8 Hz, and the scale bar is 500 μm
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8.6.3  Pattern Transformation of a VPNS

 Change of Core Size

Using the blue curve in Fig. 8.10, the change of pattern area has been demonstrated. 
The final pattern area of swarm decreases with the rotating frequency increasing 
from 5 to 10 Hz. We use red circles to label the experimental results. The differences 
between the experimental data and the model are slightly low (approximately 5%) 
at lower rotating frequency (< 6 Hz). However, they reach more than 20% if the 
input rotating frequency is larger than 7 Hz. The inconsistency of rotating frequency 
causes this phenomenon. We assume that the frequency of rotating vortex fv and the 
input frequency ff are identically valued with a constant fαin the mathematical model. 
To induce a vortex with a frequency of fv = fα, the input frequency of magnetic field 
should be larger than the threshold fα. Thus, the experimental rotating frequency 
should be higher than those of the model for any changing ratio of pattern area.

The original mathematical equation is required to be modified if we demand a 
better estimation for changing ratio. It is difficult to attain the analytical model since 
the difference between the frequency of rotating vortex fv and the input frequency ff 
is the main error. Thus, it is calibrated using experimental data shown in Fig. 8.11. 
The reflection between two frequencies is given by the linear fitting lines. The 
model is modified by unifying two frequencies (fv and ff) based on the previous 
relationship. It is also illustrated using yellow curves in Fig. 8.11. The changing 
ratio can be estimated using this modified model with a higher performance among 
all frequency ranges.

Fig. 8.10 The relationship between the pattern area and the input rotating frequency. The blue 
curve indicates the original model, and the yellow curve denotes the modified model. The red 
circles represent the experimental data. S0 denotes the coverage area at rotating frequency of 5 Hz
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 Spread State of VPNS

The pattern area is strongly relevant to the input frequency of magnetic field if a 
stable VPNS is generated. Figure 8.12 depicts the results in the frequency range of 
0–90 Hz. Initially, the paramagnetic particles are dispersed and a VPNS is generated 
gradually. We predefine the original coverage area as S0 and we choose 5 Hz as the 
original rotating frequency. With the increase of rotating frequency, the pattern area 
shrinks to 0.65S0. Then, the VPNS encounter a stable period with the rotating fre-
quency ranging from 10 to 20 Hz. During this period, the pattern area keeps approx-
imately same size. A VPNS with a high particle concentration forms within this 
frequency range, which is illustrated in the corresponding inset in Fig.  8.12. 
Interestingly, the VPNS performs a spread state when the rotating frequency exceeds 
20 Hz (from 20 to 70 Hz). It swells three times larger than its initial area (from 
0.65S0 to 1.85S0). A spindle-like pattern forms which is shown in the Fig. 8.12 inset. 
The frequency range where an effective VPNS can be generated with a stable con-
tour and dynamically balanced characteristics is shown in Fig. 8.13 using red region. 
The step-out behaviour of particle chain causes a significant decrease of inward 
vortex forces during this spread state. Thus, we can observe some vital features of a 
dynamically balanced VPNS in this state. For example, few nanoparticle chains 
rotate around the vortex centre, the swarm contour is unstable, and it is difficult to 
remain the vortex-like structure during locomotion.

In fact, during the spread state, a high input frequency can propel a VPNS to 
enter the spread state, and reversely, the particle swarm can reform an effective 
VPNS once the input frequency is lower than 20 Hz. This reversed state is shown in 

Fig. 8.11 Calibrated results between the input frequency and the rotating frequency of a 
VPNS. The relationship of them under field strength of 10 mT, 7.5 mT and 6 mT is denoted by 
green, blue and red lines
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Fig. 8.13a1–a6. We apply a rotating magnetic field with 8 Hz frequency to generate 
a VPNS, which is demonstrated in Fig. 8.13a1. The rotating frequency increases to 
25 Hz at t = 30 s, which can trigger the spread state. Figure 8.13a2 shows that the 
VPNS pattern presents an immediate swelling after triggering. The swarm contour 

Fig. 8.13 Experimental results. (a1)–(a6) show the reversible state, (b1)–(b6) denote the merging 
process of two VPNSs, and (c1)–(c6) represent the splitting process of a merged VPNS. The field 
strength is 7.5 mT and the scale bar is 600 μm

Fig. 8.12 The relationship between the pattern area and the input frequency. The red region rep-
resents a dynamically balanced VPNS which is assembled by paramagnetic nanoparticles with a 
stable contour. The spread state is denoted by the blue region. Three insets show the pattern area 
when the input rotating frequency is 5, 20 and 80 Hz with a field strength of 7.5 mT
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becomes extremely unstable and shows a gear-like pattern when the input frequency 
continuously increases to 40 Hz at t = 32 s. This phenomenon is shown in Fig. 8.13a3, 
a4. At the final stage, the VPNS recovers the original state and presents a stable 
circular structure.

The parameter of the actuating rotating magnetic field locates in region V in 
Fig. 8.8 in the aggregation process, which leads to the generation of multiple vortex- 
like swarms. Motion control and path planning can be easily implemented if those 
vortex-like swarms can be merged into one dominating swarm. Figure 8.13b1–b6 
shows this merging process. We apply a 12 Hz input rotating frequency, and the 
originally dispersed particles are transferred to two VPNSs. The condition of critical 
value (a/d)c is not reached since the self-merging phenomenon cannot remain more 
than 60 s. Therefore, we require a new strategy to merge the multiple vortices during 
the simulation. The input frequency reaches 40 Hz, and the pattern swells signifi-
cantly at t = 2 s. Afterwards, the critical situation of the merging process during 
which two swarms start to contact with each other appears, which is demonstrated 
in Fig. 8.13b3, b4. The merging process completes after the input frequency declines 
to 6 Hz, illustrated in Fig. 8.13b5, b6.

As stated previously, the merging process is reversible. Figure 8.13c1–c6 dem-
onstrates the reversely splitting process of merging. During this process, a domi-
nating VPNS is split into two individual nanoparticle swarms with smaller size. To 
trigger the spread state, we apply an elliptically rotating magnetic field with an 
80 Hz frequency. The strength along the short axis is three times higher than the 
strength along the long axis. This field can also enlarge the pattern area. 
Figure 8.13c2, c3 depicts the generation of a strip-shaped pattern. With the field 
frequency decreasing to 12 Hz, a circular rotating field forms again after t = 6 s. 
Figure 8.13c4 shows the distortion of the pattern. In fact, the spread state presents 
a shorter period if the recover frequency is low (8 Hz). This causes that the pattern 
will not be distorted and start to rotate around its centre. By applying a larger 
recover frequency, we can observe the splitting process. During this process, the 
particle chains shorten, and the influence range of vortex force is smaller. As illus-
trated in Fig. 8.13c5, c6, the swarm in different regions tends to aggregate locally. 
Finally, two VPNSs form.

8.6.4  Morphology of Swarm Pattern During Locomotion

 Motion in a Synchronized Fashion

When an object starts to contact a wall, the drag coefficient increases. This causes 
unbalanced fluidic interaction forces which are exerted on different regions of this 
object. Therefore, the motion velocity of the main part of the object is larger than 
those of the other parts. By increasing the pitch angle of the input rotating fre-
quency, the two-dimensional locomotion can be realized. Notably, the velocity of a 
moving VPNS and its morphology are significantly determined by the pitch angle, 
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which is depicted in Fig. 8.14. The nanoparticle chains fail to form in an in-plane 
fluidic vortex if the value of pitch angle is 90°. The paramagnetic nanoparticle chain 
will attract each other head-to-tail in the tumbling motion. Thereby, there are many 
chains with different lengths. This causes different moving velocities of chains. 
Figure 8.14a1, a2 demonstrates an enlarged swarm pattern. The VPNS pattern can-
not be remained and the vortex steadily decays if the value of pitch angle decreased 
to 14°. This is shown in Fig. 8.14b1, b2. If the pitch angle further decreases to 10°, 
the VPNS recovers its original morphology and a dynamic equilibrium can be 
remained in motion. As demonstrated in Fig. 8.14c1, c2, the majority of particle 
chains are confined inside the vortex core and move with a synchronized fashion 
when the value of pitch angle is lower than 2°. Figure 8.14b shows the changing 
ratios of the coverage area of swarm pattern. These ratios are propelled by rotating 
frequency with different values of pitch angle: 90°, 14° and 2°. The coverage area 
which can make tumbling motion presents a significant swelling over 90% in 1 s 
with a constant increasing rate. The coverage area performs a slow increase in 0.5 s 
and presents an equal increasing rate which is discussed before when the pitch angle 
is 14°. The dynamically balanced state cannot be remained since the vortical shape 
is unstable. Thus, this causes irregular fluidic interaction forces and a large loss of 
nanoparticles which is simultaneously out of control. The changing range of cover-
age area is less than 5% which explains a stable VPNS during the motion.

Fig. 8.14 Changes of swarm pattern morphology during the locomotion. The red circles in (a1), 
(b1) and (c1) show the original swarm shape, while the red dotted circles in (a2), (b2) and (c2) 
denote the final areas. The blue dotted circles in (a2), (b2) and (c2) show the original locations of 
the swarm. Spread particles in the green region are not initially located in the swarm; thus the 
region is not included into the area of the swarm. Schematic illustrations in (a1), (b1) and (c1) 
demonstrate the relationship between the direction of the applied magnetic field and the direction 
of the translational locomotion of the swarm. The VPNS moves perpendicular to the inclination 
direction of the magnetic field. The areal change in different motion modes with time is shown in 
(d), and the moving velocity of a VPNS with different pitch angles is shown in (e)
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By controlling the morphology of VPNS, the delivery of nanoparticles can be 
realized synchronously. Next section will well demonstrate the critical input param-
eters. Using a larger pitch angle to actuate a swarm can lead to an elongated pattern 
and a higher translational velocity. However, this enlarged pattern will cause a low 
access rate and precision. Thus, it is necessary to actuate a particle swarm as a 
VPNS because the pattern is under control in the motion. Additionally, it can gener-
ate a higher access rate for a targeted delivery.

Figure 8.14e shows the velocities of a mobile VPNS. We have applied a rotating 
field with different frequencies and pitch angles to propel the VPNS. The transla-
tional velocities perform a linearly increasing relationship with its pitch angle. As 
shown in Fig. 8.14e, we can conclude that the translational velocity and the rotating 
frequency are loosely coupled. This is because a higher frequency splits chains into 
shorter chains, which make a constant translational velocity. Although the increased 
rotating frequency can make a faster velocity, the split chains dominate 
predominantly.

 Tuneable Trapping Forces of VPNSs

The majority of particles will be constrained inside the core of VPNS since they are 
restricted by the fluidic trapping forces generated by VPNS. Therefore, the move-
ment of the swarm can be considered as the motion of entire swarm. Moreover, it is 
required to investigate the fluidic trapping forces, because they affect the input 
parameters which influence the morphology of the swarm during locomotion. 
Multiple polystyrene marker microparticles are introduced to illustrate the tuneable 
trapping forces of VPNSs. Figure 8.15 shows the results. As shown in Fig. 8.15a1, 
b1, c1 and d1, the propelled VPNSs approach and trap the polystyrene marker mic-
roparticles which are randomly distributed. Due to the fluidic interaction, the VPNS 
will attract the microparticles. Figure 8.15a2, b2, c2 and d2 shows that the mic-
roparticles are trapped into the VPNSs’ core. The parameters of propelling magnetic 
field used to collect microparticles in four cases are equal: the field strength is 6 Hz, 
the rotating frequency is 8 Hz, and the pitch angle is 5°. Figure 8.15a1–a3 demon-
strates a successful trapping and transporting of multiple microparticles. The param-
eters of magnetic field in the transportation process are equal to those parameter 
during the collecting process. Since the VPNS maintains stable state, all cargos are 
successfully trapped by the VPNS during the motion. Then the input rotating fre-
quency is decreased to 4 Hz and the other parameters remain having the same value. 
Figure 8.15b3 indicates that the inward vortex forces is reduced. This is because two 
microparticles leak from the core while three microparticles are initially trapped 
into the core. Increasing rotating frequency can enhance the inward trapping forces 
based on the comparisons of Fig. 8.15a1–a3 and b1–b3.

To increase the motion velocity of VPNS, the pitch angle is increased to 5°. 
Meanwhile, the field strength and rotating frequency remain the equal value in the 
case of Fig. 8.15a2, a3. However, it is incapable to trap all microparticles. Two mic-
roparticles eject from the core of vortex, which is depicted in Fig. 8.15c3. Comparing 
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Fig. 8.15c1–c3 with a1–a3, the trapping capability of the VPNS is affected by the 
motion velocity of the background flow, and the stability of the vortical structure is 
weakened by a high velocity of the flow.

Furthermore, Fig. 8.15d1–d3 shows that microparticles with different inertia are 
applied. All the parameters of input magnetic field are equal to those parameters in 
the case of Fig. 8.15b3–b4 after collecting all smaller microparticles. As a result, the 
mobile velocity of VPNSs is equal (V4 = V2). Figure 8.15d3 illustrates that no mic-
roparticles eject from the core of VPNS. It is difficult to identify these small mic-
roparticles since nanoparticle swarm exists. It is necessary to apply a uniform 
magnetic field which is perpendicular to the experimental plane if we require an 
improvement of observation, shown in Fig. 8.15d3. The microparticles still remain 
inside the swarm. The microparticles with smaller inertial coefficients have a higher 
tendency to be trapped by the same VPNS by analysing Fig. 8.15d1–d3 and b1–b3. 
The experimental results closely match the results presented by mathematically 
analytical model and simulation. Therefore, the synchronized locomotion of VPNS 
can be ensured by higher input frequencies, smaller moving velocities and nanoscale 
of building blocks of the nanoparticle swarm.

 Locomotion in a Channel

The VPNS can easily penetrate through a branched channel because of the morphol-
ogy stability of a mobile VPNS. This process is illustrated in Fig. 8.16. A VPNS 
navigates from the left reservoir to the target one. As demonstrated in Fig. 8.16a1, it 
first locates at the entrance of a semicircle-shaped channel with two branches. Then, 
Fig.  8.16a2–a5 shows that it penetrates through the channel. The green spots in 
Fig.  8.16b1–b5 show the real-time locations of the VPNS in the channel. 
Furthermore, it is required for a VPNS to penetrate through an angled channel, 

Fig. 8.15 Investigating the behaviours of non-magnetic marker microparticles under different 
conditions of magnetic fields with experiments to validate the trapping forces of VPNSs. The blue 
circles show the randomly distributed microparticles, red circles denote the leaking microparticles 
from the VPNS core, and the green circles are the trapped microparticles by the VPNS. The red 
arrows represent the velocity of VPNSs. The scale bar is 800 μm and the scale bar of the inset 
is 500 μm
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which is shown in Fig. 8.16c1–c5, and Fig. 8.16d1–d5 shows the channel. According 
to the figures proposed, the majority of nanoparticles can successfully reach the 
targeted reservoir although there are few fragments left inside the channel. An 
image processing application is utilized to compute the access rate of VPNS. We 
compare the areas of particle clusters reaching the target and those left inside the 
channel. Consequently, the particle swarm which can be regarded as a vortex-like 
entity has an extremely high accessing rate. It can, respectively, reach 91.6% and 
96.8% for different cases in the semi-circular and angled channels.

We apply tumbling magnetic fields to propel the nanoparticle chains, during 
which the swarms elongate remarkably. The branches of channels cause extremely 
low access rate. Thus, few particles can reach target reservoir. Moreover, the access 
rate is lower than 10% in semi-circular channels, while it reaches 50% in the angled 
channel. These results show that the generation of dynamically balanced vortex-like 
swarm can ensure a high accuracy and precision of drug delivery for the target 
delivery applications.

 Discussion on Imaging Modality

The proposed model can be used for imaging applications. Clinical MRI systems 
have following advantages, such as visualization of soft tissues and reduction of 
ionizing radiation exposure. In vivo particle tracking can be implemented due to its 

Fig. 8.16 Illustrations of propelling swarms to penetrate through two different microchannels. 
The VPNSs in semicircle-shaped and angled channels are shown by (a1)–(a5) and (c1)–(c5), 
respectively. (b1)–(b5) and (d1)–(d2) indicate an overall view of the semicircle-shaped and angled 
branched channels. The corresponding real-time locations of swarms are represented by green 
spots with an 800 μm scale bar
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high resolution. However, it also presents some drawbacks. For example, the rota-
tion and translation of the particle swarm will be obstructed by its strong magnetic 
field. Thus, performing imaging of the motion is difficult. Practically, integration of 
additional coils is necessary to generate a rotating field with a constant field strength. 
Similarly, X-ray imaging can also cause some challenges for tracking VPNSs 
in vivo. The electromagnetic coils should be placed between the X-ray generator 
and receiver. However, the magnetic field will cause the distortion of the coils, 
which deteriorates the performance of X-ray imaging [47]. Moreover, although 
X-ray imaging can guarantee a milli-scale resolution, the long-time radiation expo-
sure may be detrimental to patients. Hence, ultrasound imaging is regarded as an 
alternative approach for in vivo imaging. Ultrasound imaging uses two-dimensional 
ultrasound feedback to track the trajectory of objects by planning and steering the 
path to avoid dynamic obstacles [48]. Its resolution can reach 1–2 mm. It also has 
some merits such as low cost and avoidance of ionizing radiation. The approach for 
generating VPNS may be used to improve the imaging performance of ultrasound 
imaging. This is because the swarm size is capable to reach the tracking limitation 
by enlarging the amount of particles or applying particles with larger size.

8.7  Conclusion

This paper has discussed pattern generation, reversible merging, VPNSs splitting 
and navigated locomotion. The particles in VPNS chains make the swarm move as 
a dynamic entity because they perform synchronized motions. The models of gen-
eration process, the responses of the VPNS to the input frequency of the rotating 
magnetic fields and the spread state are independently illustrated. Notably, the cor-
responding experimental results closely match the models. The change of VPNS 
patterns such as the reversible merging process has been demonstrated. They can be 
flexibly controlled by applying magnetic field. Moreover, if the magnetic field has a 
small pitch angle, a VPNS can be actuated as a dynamic entity with a stable pattern. 
The trapping forces are illustrated with analysis and simulation of non-magnetic 
spheres’ behaviour. It will critically affect the synchronized locomotion of the par-
ticle swarm. Finally, this paper demonstrates the penetration of VPNSs through the 
different channels with high accessing rates. The exploration of VPNS enables a 
fundamental investigation of microrobotic swarm behaviours. It can also be used for 
in vivo targeted drug delivery.
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Chapter 9
Shape-Programmable Magnetic Miniature 
Robots: A Critical Review

Chelsea Shan Xian Ng, Changyu Xu, Zilin Yang, and Guo Zhan Lum

9.1  Introduction

Shape-programmable robots are a new generation of soft machines that can produce 
desirable time-varying deformations upon command [1, 2]. A significant advantage 
of these robots is that they possess considerably higher degrees-of-freedom, agility, 
and adaptability than their traditional rigid counterparts [3–5]. As a result, shape- 
programmable robots have great potential to realize unprecedented mechanical 
functionalities [6–10], attracting substantial attention in the robotics community.

The shape-programmable robots are especially desirable at micro-/millimeter 
length scales because they can be much more dexterous and functional than tradi-
tional rigid miniature robots [6, 7, 11, 12]. For instance, shape-programmable min-
iature robots can be programmed to produce various modes of untethered soft-bodied 
locomotion, which allow them to negotiate across highly unstructured terrains [7, 
11]. Such dexterity is therefore significantly higher than those of the untethered, 
rigid miniature robots, which have difficulties operating in such complicated envi-
ronments [11, 12]. Likewise, these soft miniature robots are also able to realize 
mechanical functions that are unattainable by their rigid counterparts, and this has 
in turn enhanced their manipulation capabilities significantly [13, 14]. Examples of 
such functions include but are not limited to active gripping [15–17], reversible 
anchoring mechanisms [18], controllable cargo delivery mechanisms [19], and 
highly efficient fluid manipulations [6, 20]. It is highly desirable to create small- 
scale, shape-programmable robots because such devices can perform a wide range 
of small-scale manipulation tasks in highly confined and enclosed spaces [7, 15]. 
Due to this unique ability, scientists and engineers have hypothesized that such 
robots will have the potential to revolutionize biomedical applications such as 
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minimally invasive surgery [21, 22] and targeted drug delivery [19, 23–25]. These 
miniature soft devices can also enable unprecedented bioengineering [14] and lab- 
on- chip applications [15, 26].

In general, shape-programmable miniature robots can be actuated by various 
stimuli such as magnetic fields [6, 7, 15, 27, 28], light [29–32], heat [17, 33–36], 
electric fields [37–39], chemicals [40–43], or pressure [44–46]. Magnetic actuation 
is especially promising among these methods because it offers more control param-
eters to the small robots [6, 47]. Unlike actuation methods such as heat, pressure, 
and chemicals, the actuating magnetic fields can be specified not only in magnitude 
but also in their directions and spatial gradients [5, 47–49]. Due to having more 
control parameters, the shape-programmable magnetic miniature robots have shown 
to be the most functional among the small-scale soft robots [6, 7]. Furthermore, 
since the actuating magnetic fields can harmlessly penetrate most biological materi-
als [21, 22, 50], this type of robots is especially promising and compatible for bio-
medical applications [21, 22].

To create shape-programmable miniature robots that can be magnetically actu-
ated, it is essential to first endow a desired magnetization profile into their bodies. A 
magnetization profile can be approximated as a collection of magnetic dipoles that 
are embedded in the robots’ body. Based on the prescribed magnetization profile, 
the robots will experience a distribution of magnetic torques and forces along their 
bodies when actuating magnetic fields are applied. These induced torques and 
forces will in turn produce a spatially varying stress in the robots’ body, allowing 
them to deform into another shape. By temporally varying the actuating magnetic 
field, shape-programmable magnetic miniature robots can therefore generate a 
series of time-varying shapes to enable their desired functionalities. In this chapter, 
we will review the fundamental actuation principles of shape-programmable mag-
netic robots that are in the micro-/millimeter length scales. A few notable shape- 
programmable robots in the centimeter length scale will also be included for a more 
complete discussion. We will also provide critical analyses on the key advance-
ments and challenges in this technology. As we give an in-depth and detailed analy-
sis of shape-programmable magnetic miniature robots, the contents here are 
therefore different from existing reviews that provide general discussions across a 
broad range of soft robots [3, 4, 11, 13, 51–53]. Our discussions are also signifi-
cantly different from reviews that focus specifically on the applications or actuation 
principles of small-scale robots [5, 14, 21, 22, 54].

The organization of this book chapter is as follows: we first discuss the funda-
mental theory of shape-programmable magnetic miniature robots in Sect. 9.2. 
Subsequently, we highlight the key advancements of these robots in terms of their 
programming and fabrication methods in Sect. 9.3. This will be followed by Sect. 
9.4, in which we discuss their achievable locomotion and mechanical functional-
ities. Additional discussions will be provided in Sect. 9.5, and Sect. 9.6 will con-
clude this chapter.
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9.2  Theory

When shape-programmable robots are endowed with a desired magnetization pro-
file, they will be able to produce a series of time-varying shapes when temporal 
actuating magnetic fields are applied. To allow scientists and engineers to better 
design and control these robots, it is essential to understand their physics. Hence, 
the fundamental actuation principles of shape-programmable magnetic miniature 
robots are derived, discussed, and explained in this section.

9.2.1  General Deformation Mechanics

When an external magnetic field 


B( )  is applied to the shape-programmable mag-
netic miniature robots, these robots will be able to deform and adopt another shape. 
Here we will analyze such phenomenon under quasi-static conditions, and the pre-
sented analysis will be general and applicable for shape-programmable robots that 
can produce 2D/3D deformations. Practical constraints will also be incorporated in 
our derivations. For instance, we assume that 



B  and its spatial gradients can be 
specified independently while obeying Gauss’s law and Ampere’s law [48, 49]. 
Unless specified otherwise, actuating magnetic fields will refer to both 



B  and its 
spatial gradients in the subsequent discussions. We also assume that the actuating 
magnetic fields are uniform across the robots’ body as it will be difficult to create 
spatially variant fields at small-scale [48, 49].

To facilitate our discussions, we first explicitly express the magnetic field as 


B B B Bx y z

T
= ( ) , where the subscripts x, y, and z represent the Cartesian spatial 

coordinates of the global frame (Fig. 9.1a). Due to Gauss’s law, the divergence of 


B  
is always zero, and this implies that [48, 55]:
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Similarly, Ampere’s law dictates that when the workspace of the robot has no 
electrical current flowing through and if there is no rate of change of electric field 
with respect to time, the curl of 



B  will be a null vector [48, 56]. This implies that:
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(9.2)

The constraints by Eqs. 9.1 and 9.2 indicate that only five out of nine spatial 
gradients of 



B  are independent. By having these five independent spatial gradients 
and the three components of 



B , the actuating magnetic fields are able to provide a 
total of eight independent control parameters [48, 49]. This is a significant 
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advantage over other actuation methods such as heat, pressure, and chemicals 
because they can only tune the intensity of their actuating signals [5]. By having 
more control parameters, magnetic actuation will be able to offer higher degrees-of-
freedom to their shape-programmable robots, potentially allowing them to realize 
more sophisticated mechanical functionalities [6, 7, 15].

Once the actuating magnetic fields are applied in the workspace, they will inter-
act with the robot’s magnetization profile (



M ) to produce spatially varying stress 
along the robot’s body, allowing the robot to deform into another shape. By subject-
ing the robot to a time-varying, actuating magnetic field, the robot will therefore be 
able to generate a series of shapes across time (t), e.g., when t = t1, t2, …, tn (Fig. 9.1a- 
i). To understand the interaction between the actuating magnetic fields and 



M , we 
first assign a material coordinate frame (



X ) to the robot so that 


M  can be defined 
as a function of 



X  (Fig. 9.1a). When the robot undergoes deformation, each mate-
rial point of the robot will be mapped to a corresponding point in the spatial coordi-
nates of the global frame (



x ) (Fig. 9.1a-i). The mathematical relationship between 


X  and 


x  can be represented by a smooth deformation mapping function (χ):

B 
Infinitesimal element 

A i)

Actuation

( = )

… …

Shape-programmable 
magnetic robot

N
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ii)

Undeformed 
configuration

Deformed 
configuration

Material 
coordinate 

frame 

Spatial 
coordinate 
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Fig. 9.1 Actuating principles of shape-programmable magnetic miniature robots. (a) (i) By apply-
ing temporally varying, actuating magnetic fields, the shape-programmable robot with a desired 
magnetization profile 



M( )  will generate a series of time-varying shapes. (ii) The deformation 
kinematics of the robot subjected to traction and displacement boundary conditions. (b) Analysis 
of a fix-free beam when it is under magnetic actuation
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x X= ( )χ .
 (9.3)

Using the definition of χ, the deformation gradient tensor F can be defined as [6]:

 F = Grad ,χ  (9.4)

where the operator, Grad, represents the gradient operator with respect to 


X . Based 
on the deformation gradient tensor, the robot’s magnetization profile in its deformed 
configuration, 

 

M Xc ( ) , can be computed as [6, 57]:

 
 

M J Mc =
−1F ,  (9.5)

where J is the Jacobian of deformation gradient and it can be expressed as 
J  =    det  (F). Using Eq.  9.5, the potential magnetic energy (per volume) of the 
deformed robot with reference to its material coordinate configuration, Wr, magnetic, 
can be computed as [56, 57]:

 
W M BJ M Br c, • •magnetic .= − = −

   

F
 (9.6)

Without any loss of generality, here we will assume that the shape- programmable 
robot has hard magnetic properties, and thus its magnetization is independent of 



B
. It is noteworthy that Eq. 9.6 is also applicable for robots with soft magnetic proper-
ties, but 



M  will be a function of 


B  in such scenarios.
In addition to Wr, magnetic, the deformed shape-programmable robot will also be 

able to store elastic potential energy. Such elastic energy (per volume) will be a 
function of F, and it can be represented by Wr, elastic with reference to the robot’s 
material coordinate configuration. Depending on the material of the robot, Wr, elastic 
can be computed by hyperelastic models such as the neo-Hookean [57, 58], Ogden 
[59], or Mooney–Rivlin models [60]. The summation of Wr, magnetic and Wr, elastic will 
form the Helmholtz free energy density (Wr) [56–58, 61]:

 
W W Wr r r= +, ,magnetic elastic .  (9.7)

The robot’s first Piola–Kirchhoff stress tensor, P, can therefore be computed by 
partial differentiating the Helmholtz free energy density with respect to F [57, 61]:
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where the operator ⨂ denotes the dyadic product. The stress tensor, P, is the stress 
experienced by the robot, expressed in the spatial coordinate frame but based on the 
robot’s undeformed configuration. Because it will be more intuitive to analyze the 
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constitutive model with respect to the deformed configuration of the robot, the first 
Piola–Kirchhoff stress tensor will be converted into the Cauchy stress tensor (σ) via 
the following mapping:
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∂

∂
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If there are other body forces such as gravity acting on the robot, these forces and 
σ will have to satisfy the following quasi-static conditions:

 div fbσ + =


0,  (9.10)

where 


fb  denotes the body force (per unit volume), expressed in the spatial coordi-
nate frame and based on the robot’s deformed configuration. Note that 



fb  will not 
include the distributed magnetic forces that are applied to the robot since the effects 
of these magnetic forces have already been accounted for by the divergence 
of σ [57].

Equation 9.10 represents the governing equation of the shape-programmable 
magnetic robot in which F and χ can be solved based on the boundary conditions of 
the robot. In general, the robot can be subjected to displacement and traction bound-
ary conditions [56, 57]:
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where ∂ΩT and ∂ΩD represent the boundaries where the traction and displacement 
boundary conditions are implemented, respectively (Fig. 9.1a-ii). The vector 



n  is 
the normal vector of the surface, and the vector 



u  represents the displacement vec-
tor induced by the deformation of the robot. The remaining vectors in Eq. 9.11, 



Ts  
and 

��u , represent the required traction forces and displacements at their respective 
boundaries. Equations 9.10 and 9.11 form the general boundary value problem for 
shape- programmable magnetic miniature robots. Once F and χ are solved from this 
boundary value problem, the shape of the deformed robot will be revealed. In gen-
eral, it will be difficult to analytically solve this boundary value problem with a 
given set of 



M  and actuating magnetic fields. Hence, numerical methods are typi-
cally employed to solve such boundary value problems. As an example, Zhao et al. 
have proposed a nonlinear finite element analysis to solve this boundary value prob-
lem [57]. Specifically, they have adopted the neo-Hookean model to compute Wr, 

elastic and assume that their robots have hard magnetic properties. By repeatedly solv-
ing the boundary value problem of Eqs. 9.10 and 9.11 with a 



B  discretized in small 
time steps, the numerical solution of Zhao et al. is able to reveal the time-varying 
shapes of their robots [57]. The simulation results of Zhao et al. are promising as 
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they agree well with experimental data [57]. Therefore, this suggests that the phys-
ics of shape-programmable magnetic robots can be modeled well, and it has the 
potential to guide scientists and engineers in designing and controlling such 
devices [57].

9.2.2  Deformation Mechanics of Shape-Programmable 
Magnetic Robots with Beam-Like Configurations

While the derivations in Sect. 9.2.1 are general, they can be further simplified in 
various scenarios. Here we will discuss how such simplifications can be accom-
plished when the shape-programmable robots assume beam-like configurations, 
since such highly functional devices have been very popular in recent years [6, 7, 
62–64]. To make the discussions general, our analysis will be on beams with large 
deflections. In order to simplify our discussions, we will replace the tensor notations 
with simpler matrices and vectors in the subsequent derivations. Furthermore, 
instead of deriving the physics via the energy approach, we will use the more intui-
tive Newton-Euler approach here. Without any loss of generality, we will use a fix- 
free beam and a global spatial coordinate frame to explain the physics of such 
devices (Fig. 9.1b). We will also assume that the beam has a uniform width and its 
total length is L to further simplify this discussion.

The deformations of a large-deflection, magnetic beam can be fully described by 
its angular deflections, θs(s), where s is a spatial variable along the beam’s length 
(Fig. 9.1b). In the undeformed configuration, the robot’s magnetization profile can 
be expressed as 



M s( )  in its material coordinate frame. Since bending is the domi-
nant deformation of the beam, the robot will experience negligible stretch. Thus, 
this implies that the deformation gradient of the robot can be simplified into:
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where Rz represents the standard rotational matrix about the global coordinate 
frame’s z-axis. When the robot undergoes a deformation, its magnetization profile 
in the deformed configuration, 



M sc ( ) , can be computed as [6]:

 

 

M Mc s= ( )Rz .θ
 (9.13)

When the actuating magnetic fields are applied, an arbitrary infinitesimal ele-
ment of the deformed robot will experience the following magnetic wrench 
(Fig. 9.1b):
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The variable τ represents the induced magnetic torque (per volume), while fx and 
fy represent the x-axis and y-axis components of the magnetic force (per volume), 
respectively. In quasi-static conditions, the force balance equation for the infinitesi-
mal element can be expressed as:
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where A represents the cross-sectional area of the beam, while v(s) and h(s) repre-
sent the internal horizontal and vertical forces within the beam, respectively. Using 
the free end boundary conditions, Eq. 9.15 can therefore be rewritten as:
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In a similar fashion, the torque balance equation for the infinitesimal element can 
be expressed as:
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where Mb represents the bending moment of the beam. Based on the Euler–Bernoulli 
beam theory, the mathematical relationship between the beam’s deformation and 
bending moment can be expressed as:
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where E and I represent the beam’s Young’s modulus and second moment of area, 
respectively. By substituting Eqs. 9.16 and 9.18 into Eq. 9.17, the governing equa-
tion for the magnetic beam can therefore be rearranged as [6]:
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The deformation of the robot, θs, can be determined by solving Eq. 9.19 with the 
fix-free boundary conditions:
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Equations 9.19 and 9.20 form the boundary value problem for shape- programmable 
magnetic beams with fix-free boundary conditions. Similar to the general deforma-
tion mechanism, the time-varying shapes of such shape- programmable magnetic 
beams can be determined by repeatedly solving the boundary value problem of 
Eqs.  9.19 and 9.20 numerically with an actuating magnetic field discretized with 
small time steps. As demonstrated in various works [6, 7, 62], the physics indicated 
by Eqs. 9.19 and 9.20 is able to accurately predict the time- varying shapes of various 
shape-programmable magnetic miniature robots with beam-like configurations. A 
critical advantage of the boundary value problem of Eqs. 9.19 and 9.20 over the gen-
eral one in Eqs. 9.10 and 9.11 is that the simpler beam mechanics can be solved much 
quicker because the numerical solution can converge easier. Although we have only 
presented the deformation mechanics of shape-programmable magnetic beams with 
fix-free boundary conditions, the boundary value problem of such robots can be 
derived similarly when they have different boundary conditions.

9.2.3  Rigid-Body Motion

If a shape-programmable magnetic miniature robot is untethered, it is also able to 
execute rigid-body motions in its deformed configuration. For instance, it will be 
possible to apply a magnetic torque (



T ) to rotate the deformed robot:
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where 


m  and V are the net magnetic moment and volume of the deformed robot, 
respectively. In general, the deformed robot will rotate continuously until its net 
magnetic moment is aligned with the external 



B [48, 49]. By exploiting this phe-
nomenon, the deformed robot can therefore be rotated into its desired orientation 
via controlling the direction of 



B . Likewise, magnetic forces (


F ) can also be 
applied to translate the shape-programmable miniature robot:
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Applying 


T  and 


F  to the shape-programmable magnetic miniature robots can 
potentially be highly advantageous because this can enhance the robots’ agility sig-
nificantly. For example, shape-programmable magnetic robots, which can execute 
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jumping locomotion, can potentially jump higher and further after 


F  is applied [7]. 
Indeed, by allowing shape-programmable magnetic miniature robots to execute 
rigid-body motions, these soft machines are able to develop highly dexterous loco-
motive strategies, which can negotiate across various unstructured environments [7].

9.3  Programming and Fabrication Methods

Shape-programmable magnetic miniature robots have made tremendous progress in 
the last decade, especially in terms of their programming and fabrication methods. 
While programming conventionally involves the fabrication process in the literature 
[12, 65], here programming only refers to the process of identifying the required 



M  
and actuating magnetic fields of the robots. We have distinguished fabrication from 
programming so as to make our discussions clearer. In this section, we discuss the 
key advancements of shape-programmable magnetic miniature robots in their pro-
gramming and fabrication methods.

9.3.1  Programming Methods

To successfully realize the desired functionalities of shape-programmable magnetic 
miniature robots, it is critical to program their magnetization profiles and actuating 
magnetic fields correctly [6]. However, scientists and engineers are only able to rely 
solely on their intuition to approximate such programming processes before 2016 
[65–74], because the physics of these machines is not well-understood then. As the 
programming process of such machines can be highly complicated, scientists and 
engineers have thus tried to simplify this process by adopting simple magnetization 
profiles and actuating magnetic fields when they design and control these robots. 
For instance, majority of the shape-programmable magnetic miniature robots are 
endowed with either uniform magnetization profiles [69, 71, 72, 74, 75] or discrete 
profiles that are assembled by several magnets [16, 28], as it is difficult to deduce 
the effects of having continuous, non-uniform magnetization profiles. Likewise, 
their actuating magnetic fields are relatively simple with either 2D rotating fields 
[62, 66] or magnetic fields that are discretized with a few time steps [65]. Although 
such simplifications can indeed create feasible shape-programmable magnetic min-
iature robots, the generated time-varying shapes of these devices are relatively sim-
ple, and thus they can only achieve limited functionalities [28, 65–68, 74, 76]. One 
of the most notable shape-programmable magnetic miniature robots that is created 
via human intuition will be the Taylor swimming sheet constructed by Diller et al. 
in 2014 [62]. By endowing the swimming sheet with a continuous harmonic mag-
netization profile, this robot is able to realize an undulating travelling wave along its 
body when subjected to a rotating 



B . This generated undulation can be exploited as 
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an effective swimming gait, which can enable the robot to maneuver on an air-water 
interface as well as on the bed of the reservoir [62]. It is of great significance to cre-
ate the Taylor swimming sheet because the locomotion of this classical, hypotheti-
cal device is highly desirable but difficult to realize. To be more precise, scientists 
and engineers took 63 years to successfully construct this device after its theoretical 
inception [62, 77]. Although human intuition may have the potential to create func-
tional devices such as the Taylor swimming sheet, it is challenging to rely on such 
unsystematic programming methods to expand the functionalities of shape- 
programmable magnetic miniature robots.

In 2016, the universal programming methodology of Lum et al. signifies a key 
advancement in this research area [6]. A critical advantage of this programming 
methodology is that it has significant potential to surpass the barriers of human 
intuition since it can allow computers to automatically generate the required 



M  and 
actuating magnetic fields of these robots (Fig. 9.2) [6]. The universal programming 
methodology of Lum et  al. has made two major contributions for shape- 
programmable magnetic miniature robots. First, they lay the foundation for the 
physics of this class of robots by using a fix-free, large deflection beam to explain 
their actuation principles [6], i.e., the physics that is presented in Sect. 9.2.2. They 
have also provided the first step toward deriving the general deformation model of 
these robots, i.e., the physics formulated in Sect. 9.2.1 [6]. Second, based on their 
developed theoretical model, Lum et  al. have also proposed a computational 
approach that can replace human intuition with machine intelligence in the pro-
gramming process [6]. To implement this computational approach, the 



M  and actu-
ating magnetic fields of the robots are first represented by corresponding sets of 
Fourier series. Based on this representation, a numerical optimization is then per-
formed to determine the optimal Fourier coefficients, which can allow the robots to 
realize their desired time-varying shapes. During the optimization process, the gen-
erated time-varying shapes of the robots are predicted based on their theoretical 

= 

= 

= 

= 
= 

Desired time-varying 
shapes

Actuating 
magnetic fields

Magnetization 
profile ( )

Computational 
approach

• Represent and 
actuating magnetic 
fields with Fourier 
series

• Conduct numerical 
optimization to 
identify optimal 
Fourier coefficients

N
S

Fig. 9.2 The process of programming the magnetization profile and actuating magnetic fields of 
the robot (illustrated with a fix-free beam). The left shows an arbitrary beam with a series of 
desired time-varying shapes. By using the computational approach (center), the required magneti-
zation profile and actuating magnetic fields (right) can be automatically generated
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model. Once the Fourier coefficients are solved, the required 


M  and actuating mag-
netic fields will be automatically generated. A critical advantage of using the Fourier 
series representation is that it encompasses all possible mathematical functions, 
enabling the computational approach to be universal. Indeed, by using the universal 
programming methodology, Lum et al. are able to create a wide range of shape- 
programmable magnetic miniature robots such as a jellyfish-like robot, a sperm-like 
robot, and an artificial cilium [6]. Some of these robots have highly complicated 



M  
and actuating magnetic fields, which are challenging to deduce via human intuition. 
While all the robots created by Lum et al. have assumed beam-shaped configura-
tions [6], there is theoretically no loss of generality to use this universal program-
ming methodology to deduce the required 



M  and actuating magnetic fields of such 
robots when they have 3D geometries. Since 2016, the work of Lum et al. has also 
inspired various other computational approaches [78, 79]. A notable example of 
such works will be the computational approach proposed by Wu et al. in which they 
explore the feasibility of representing the 



M  of the robots with discrete voxels [78].
While the universal programming methodology of Lum et al. is promising, it is 

unable to produce all types of time-varying shapes for their robots [6]. This is due 
to the assumption that the magnetization profiles and actuating magnetic fields of 
these shape-programmable robots are temporally and spatially invariant, respec-
tively [6]. Since recent developments have shown that it is feasible to reprogram the 
magnetization profile of the robots under in situ conditions [80, 81], the universal 
programming methodology of Lum et al. can therefore be potentially enhanced by 
relaxing the constraints on the robots’ 



M . If this can be achieved, it will be possible 
to program this class of robots to realize a larger range of time-varying shapes, 
potentially allowing them to enhance their abilities significantly. Furthermore, 
depending on the complexity of the robots’ time-varying shapes, the numerical 
solutions obtained via computational approaches may be trapped in a local optimum 
[6]. This is especially true if the desired time-varying shapes of the robots are very 
complicated as this will make the optimization process highly non-convex [6]. 
While Lum et al. have proposed a multi-step optimization process to mitigate such 
issues [6], it will be interesting to further investigate alternative numerical tech-
niques in the future so as to increase the chances of identifying the global solution 
via such computational approaches.

The developments in theory and the introduction of computational approaches 
have significantly advanced the programming process of shape-programmable mag-
netic miniature robots. As a result, it is now possible to program a wide range of 
shape-programmable magnetic miniature robots. Nonetheless, the programming 
process of such robots can still potentially be improved by making the optimization 
processes more efficient and accounting for the effects of reprogrammable magne-
tization profiles in the future.
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9.3.2  Fabrication Methods

Over the last two decades, various fabrication methods have been developed toward 
constructing shape-programmable magnetic miniature robots with their desired 
geometry and programmed magnetization profiles. In general, it is favorable to con-
struct these robots with soft materials such as elastomers [6, 27, 62, 82] and hydro-
gels [65] because this can allow the robots to achieve their desired deformations 
more easily. To enable magnetic actuation, these soft materials are typically embed-
ded with nano/micro magnetic particles. These magnetic particles can have either 
hard magnetic properties with high remanence or soft magnetic properties with low 
remanence [83, 84]. Robots embedded with hard magnetic particles are easier to 
analyze than those with soft magnetic properties because their magnetization pro-
files are independent of the actuating magnetic fields.

Molding is a popular method to construct shape-programmable robots with hard 
magnetic properties according to their desired planar geometries [6, 7, 27, 62]. 
Once the robots are molded, they are fitted into a jig before being magnetized by a 
strong, uniform magnetic field (1.1–1.7 T) [6, 7, 15, 62]. This magnetization pro-
cess will allow the robots to obtain their desired direction-varying 



M  after they are 
removed from the jig. As an example, the harmonic magnetization profile of the 
Taylor swimming sheet is obtained after it is magnetized with a cylindrical jig [62]. 
Although most robots have been constructed with 2D direction-varying magnetiza-
tion profile using this fabrication method, this method can also endow robots with 
3D direction-varying magnetization profile [27]. In 2016, Lum et al. expand this 
fabrication method via a two-step, laser-based molding process, allowing robots 
with beam-shaped configurations to possess 2D direction- and magnitude-varying 


M  (Fig. 9.3a) [6]. Before these beams are magnetized in their jigs, the two-step 
molding process allows a heterogeneous distribution of magnetic and non-magnetic 
particles along the in-plane axis of their body. As a result, regions with a higher 
concentration of magnetic particles will have a larger magnetization magnitude 
after the robots are magnetized. This fabrication method is highly efficient as it 
allows Lum et al. to build a variety of highly functional shape-programmable robots 
with beam-shaped configurations [6]. While the two-step, laser-based molding pro-
cess by Lum et al. is effective, this magnitude-varying method cannot be applied to 
robots that have 3D geometry as the distribution of magnetic particles along all axes 
of the robots cannot be tuned [6]. Therefore, it will be interesting to further enhance 
this fabrication method so that they can eventually create shape-programmable min-
iature robots that have 3D geometries and 3D magnetization profiles, which can 
vary in both direction and magnitude in the future.

The molding method can be further extended to shape-programmable magnetic 
miniature robots that can be decomposed into smaller discrete components [15, 16, 
28]. These components can be molded and magnetized separately and thereafter 
assembled and bonded together to form a robot with 3D geometry and an overall 3D 
magnetization profile [16]. While this method has only been demonstrated to create 
robots with direction-varying magnetization profiles [15, 16, 28], there is no loss of 
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generality to use this fabrication method to create robots with 3D geometry and 3D 
magnetization profiles that can vary in both direction and magnitude. A potential 
limitation of this fabrication method, however, is that the assembly process is typi-
cally performed manually [15, 16, 28]. As a result, it will become increasingly dif-
ficult to assemble the components at smaller scale. Indeed, robots fabricated via 
such methods are typically in the millimeter length scale [15, 16, 28], and it will be 
difficult to scale them down. In the future, it will be interesting to investigate the 
feasibility of automating the assembly process with high precision positioning 
stages [85–89], as this can potentially enhance such fabrication methods and allow 
them to construct smaller robots.

Sequential lithographic patterning is another efficient method to fabricate shape- 
programmable magnetic miniature robots (Fig. 9.3b) [12, 65, 90]. A unique charac-
teristic of this method is that it can produce complex 3D direction-varying 
magnetization profiles in planar geometries at micrometer-scale [12, 65]. This type 
of fabrication method is first proposed by Kim et al. in 2011 [65]. To construct the 
robots, superparamagnetic nanoparticles (particles with soft magnetic properties) 
are first immersed into a solution of photocurable polymer. Before the solution 
undergoes polymerization, the superparamagnetic nanoparticles are aligned with 
external magnetic fields to define their preferred magnetic axis. Subsequently, UV 
light is shone on selective regions in the solution, inducing photopolymerization 
and fixing the alignment of the nanoparticles in these regions. This photopolymer-
ization process is repeated until all the selected regions in the solution are endowed 
with a corresponding preferred magnetic axis. Eventually, all these polymerized 
regions will form a shape-programmable robot, which has an effective, direction- 
varying magnetization profile. In 2018, Xu et al. have investigated the feasibility of 
using the lithographic patterning method to create shape-programmable miniature 
robots with hard magnetic properties [12]. By replacing the superparamagnetic par-
ticles with NdFeB microparticles during the fabrication process (Fig.  9.3b), Xu 
et  al. are able to create various shape-programmable robots with hard magnetic 
properties, including, but not limited to, a crawling robot, a swimmer, and a mobile 
gripper [12]. A significant advantage of having hard magnetic particles is that they 
allow the robots to be more deterministic than their counterparts with embedded 
soft magnetic particles. In general, while sequential lithographic patterning can 
endow 3D direction-varying magnetization profiles to the robots, they cannot create 
magnitude-varying profiles since the immersed magnetic particles are uniformly 
distributed before polymerization. Furthermore, it remains a great challenge to 
extend such fabrication methods to construct shape-programmable magnetic robots 
with 3D geometries. This fabrication method is also unable to achieve high resolu-
tion of 2D magnetization profiles. As an example, the smallest magnetization fea-
ture size achievable by the robots of Xu et al. are reported to be 250 μm × 250 μm 
in the polymerized plane [12].

In contrast to sequential lithographic patterning, fabrication methods based on 3D 
printing technology is an effective strategy to construct shape-programmable mag-
netic miniature robots with 3D geometries [79, 82, 91]. In 2018, Kim et al. use direct 
ink writing to 3D-print shape-programmable miniature robots with an elastomer 
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composite embedded with ferromagnetic microparticles [82]. During the printing 
process, the microparticles are aligned according to the direction of an external mag-
netic field near the dispensing nozzle (Fig. 9.3c). Based on this fabrication method, 
Kim et al. have created various shape-programmable miniature robots with 3D geom-
etries and 2D direction-varying magnetization profiles. However, the resolution of 
these robots is limited by the diameter of the dispensing nozzle, which is reported to 
be 410 μm [82]. In 2020, Wu et al. have further improved this 3D printing method 
such that it can be used to construct robots with 2D direction- and magnitude-varying 
profiles [78]. Although the magnetization direction of this 3D printing method is lim-
ited in the nozzle-moving plane, it can potentially be extended to print 3D direction-
varying magnetization profiles by changing the applied magnetic field during printing. 
While 3D printing arguably possesses the most flexibility in the constructing shape-
programmable magnetic miniature robots, the challenge remains to improve the 
printing resolution such that this fabrication method can create smaller robots.

While current fabrication methods can construct a wide range of shape- 
programmable magnetic miniature robots, it is still an open challenge to create 
robots with 3D geometries and 3D magnetization profiles (both direction- and 
magnitude- varying) at high resolution. If this critical challenge can be resolved in 
the future, shape-programmable robots can potentially be fabricated with far less 
constraints, allowing scientists and engineers to fully capitalize this technology.

9.4  Locomotion and Mechanical Functionalities

Due to the advancement in programming and fabrication methods, a wide range of 
shape-programmable magnetic miniature robots have been created over the last 
decade. In this section, we discuss the key advancements of such robots in terms of 
their untethered soft-bodied locomotion and mechanical functionalities.

9.4.1  Locomotion

To execute medical treatments such as minimally invasive surgery and targeted drug 
delivery, it is essential for untethered miniature robots to have the abilities to navi-
gate in the highly unstructured environments within the human body [11]. Due to 
this critical requirement, many shape-programmable magnetic miniature robots 
have been programmed to produce time-varying shapes, which can enable various 
types of untethered soft-bodied locomotion to significantly enhance their dexterity 
[92]. While the effectiveness of these soft-bodied locomotion can be enhanced with 
magnetic gradient-based pulling forces, using such forces exclusively will be detri-
mental as the dynamics of such actuation method is inherently unstable [7, 48]. 
Here we highlight the key terrestrial, aquatic, and amphibious locomotive gaits pro-
ducible by shape-programmable magnetic miniature robots.
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Two-anchor crawling is a simple but effective soft locomotive gait, which can 
allow inchworms and caterpillars to cross uneven terrains or move up inclined sur-
faces [30, 93]. Inspired by this mode of locomotion, Wu et al. have programmed a 
beam-shaped robot to mimic such a crawling gait [78]. Under a strong 



B  (150 mT), 
the robot bends its middle segment to a height while anchoring its front and rear 
ends to the ground [78]. Because the frictional forces at the rear end is higher than 
the front end, the robot can produce a net displacement forward when 



B  is gradu-
ally switched off to allow the robot to recover its original shape (Fig.  9.4a). By 
repeating these time-varying shapes, the robot can execute an effective two-anchor 
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Fig. 9.4 Terrestrial and aquatic locomotive gaits of shape-programmable magnetic robots. Blue 
dashed arrows indicate direction of motion. (a) A magnetically actuated robot with a two-anchor 
crawling gait. Scale bar: 5 mm. (b) A legged magnetic robot overcomes an obstacle much taller 
than itself. Scale bar: 5 mm. (c) A miniature robot that performs undulatory motions to swim on 
the water surface. Scale bar: 1 mm. (d) An undulating magnetic robot that can swim on the water 
surface to follow a planar trajectory and trace a “CMU” logo. Scale bar: 5 mm. (e) A magnetic 
miniature robot that can perform scallop-like motion by varying the magnitude of 



B . (i) At a low 


B , the scallop robot opens. (ii) The scallop robot closes when a high 


B  is applied. (iii) The robot 
swims in non-Newtonian fluid with a reciprocal gait. Scale bar: 200 μm. ((a) Adapted under CC 
BY 4.0 [78]. (b) Adapted under CC BY 4.0 [94]. (c, d) Adapted with permission [62]. Copyright 
2014, AIP Publishing. (e) Adapted under CC BY 4.0 [28])
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crawling locomotion (approximately 5 mm s−1 or 0.2 body length per second) [78]. 
Although the robot of Wu et  al. is in the centimeter-scale (25 mm in length), in 
theory this two-anchor crawling gait can potentially be applied to smaller robots. 
While the two-anchor crawling gait is promising, its effectiveness is highly depen-
dent on the surface properties of the terrain that the robot moves on [7]. In certain 
scenarios where the terrain is unable to provide sufficient friction to the robot, unde-
sirable effects such as slipping may occur, which in turn will reduce the net dis-
placement produced per stride and therefore lower the robot’s crawling speed [7].

In contrast to two-anchor crawling, walking via legs will be a more reliable ter-
restrial locomotion as such gaits are less sensitive toward the surface properties of 
the terrain [12, 20, 94]. Seeing the potential of such locomotion, Lu et  al. have 
programmed a shape-programmable magnetic miniature robot that can walk and 
steer itself across various dry and wet terrains [94]. This soft robot has numerous 
tapered legs that are connected to a body. These soft legs are programmed to deform 
and swing like a pendulum and thereby advance their contact points on the ground. 
Repeating these swinging motions allows the robot to enable a walking locomotion 
[94]. One notable advantage of the robot is that the compliance of its legs can drasti-
cally enhance its robustness, enabling it to overcome various obstacles, such as 
walking over steep barriers that are eightfold of its height (Fig.  9.4b) [94]. 
Furthermore, the superhydrophobic property of the legs helps to reduce the adhe-
sion between the robot and the substrate, allowing the robot to move across wet 
surfaces effectively [94, 95]. While the work of Lu et al. is promising, the perfor-
mance of their walking robot is not optimized yet as the time-varying shapes gener-
ated by the legs are coupled with one another. In the future, if each soft leg of the 
robot can be controlled independently, walking robots can potentially improve their 
robustness and adaptability to their terrestrial environments. In addition, the walk-
ing robot of Lu et al. is relatively large in size (17 mm in length) [94], and thus it 
will be interesting to apply this walking gait to smaller robots that in the future.

Due to scaling laws, miniature robots generally have to operate in low Reynolds 
number regimes when they are immersed within aqueous environments [28, 50, 77, 
96, 97]. Under such regimes, the inertia effects of the robots are negligible com-
pared to the viscous forces induced by the fluids [28, 50, 77, 96, 97]. As a result, 
many shape-programmable magnetic miniature robots have obeyed the scallop the-
orem and adopted non-reciprocal gaits to generate propulsion [62, 77, 96, 97]. In 
general, non-reciprocal gaits refer to a series of motions that are non-identical when 
reversed. One notable non-reciprocal swimming gait of shape-programmable mag-
netic miniature robots will be undulating swimming. By generating a travelling 
wave along the body, various robots such as the sperm-like robot or the Taylor 
swimming sheets [6, 62], are able to produce an effective undulating swimming gait 
that can navigate across aqueous environments. Such swimming locomotion is 
highly efficient. For instance, a Taylor swimming sheet of 5.9 mm in length can 
swim up to 17 body lengths per second on the water surface (Fig.  9.4c) [62]. 
Furthermore, this locomotive gait can be controlled well as the robots are able to 
track complex, planar paths (Fig. 9.4d). However, miniature robots with undulatory 
swimming gaits have not demonstrated the ability to precisely track 3D paths in the 
fluid bulk yet.
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Roboticists have also explored alternative modes of swimming for shape- 
programmable magnetic miniature robots. For example, Qiu et  al. have enabled 
their millimeter-scale robot to swim with a reciprocal, scallop-like gait by exploiting 
the shear-thinning or shear-thickening effects of non-Newtonian fluids (Fig. 9.4e) 
[28]. This is a highly significant demonstration because it shows that small robots 
can potentially exploit the unique rheological properties of non- Newtonian bodily 
fluids (such as blood [98, 99] and mucus [100–102]) and swim in the human body 
with reciprocal gaits. In addition, some shape-programmable magnetic miniature 
robots have also adopted reciprocal pulsatile gaits to swim in aqueous media like a 
jellyfish [6, 7]. By periodically ingesting and discharging fluids, these robots can 
achieve high momentum and generate sufficient inertial effects to propel themselves 
in an aqueous medium [6, 7]. The robots can reach high velocities of 2.7–18.1 body 
lengths per second in water, effectively allowing them to swim in moderate Reynolds 
number regimes (39–421) [7]. However, as sufficient inertial effects are required for 
enabling this pulsatile swimming gait, it is difficult to shrink the size of the robot 
down as this can further reduce their inertial effects [28, 50, 77, 96, 97].

A miniature robot that can transit reversibly between terrestrial and aquatic 
environments will be highly desirable for various biomedical applications as the 
robot will be able to navigate well in the human body. Heading along this direc-
tion, Hu et al. have created amphibious miniature robots, which can execute vari-
ous modes of soft-bodied locomotion [7]. These millimeter-scale robots are 
programmed to be able to roll, perform two-anchor and undulating crawling, jump 
over large obstacles, and swim on the water surface and within the fluid bulk with 
their undulatory and pulsatile gaits, respectively (Fig. 9.5). It is favorable for min-
iature soft robots to adopt a rolling locomotion due to its fast speed and relative 
ease of actuation [103–105]. By applying a strong 



B  of 20 mT, the robots of Hu 
et al. can adopt a “C”-shape configuration while possessing a net magnetic moment. 
Thereafter, rotating 



B  will induce a rigid-body rotation that will make the 
deformed robots roll (approximately 150–213 mm s−1) (Fig. 9.5a) [7]. However, 
rolling may not be ideal for moving on highly complex and unstructured terrain. To 
move across uneven terrains, these robots can instead choose to move with a two-
anchor crawling gait, although at a slower speed (approximately 8–65.5 mm s−1) 
(Fig. 9.5b) [7]. The robots can also jump over obstacles that are larger than them-
selves. By generating a fast shape- change from a flat configuration into an inverted 
“C”-shape, the two free ends of the robots can strike the ground with a large impul-
sive force and therefore allow them to gain sufficient vertical momentum and jump 
up. Based on these time-varying shapes, a 5-mm-long robot will be able to jump 
up to 12.2 mm (Fig. 9.5c) [7]. To achieve directional jumping, the robots can first 
adopt a “C”-shape configuration under an external 



B . When 


B  is quickly changed 
to another direction, the robots can simultaneously undergo rigid-body rotation 
and deformation such that they can strike the ground and gain horizontal and verti-
cal momentum for the jumping locomotion (Fig. 9.5d). When the robots encounter 
narrow channels, they can perform undulatory motion to crawl through these 
obstacles. For instance, a 5-mm-long robot can crawl through a tunnel that has a 
cross-sectional area of 0.645 mm × 2.55 mm at a high speed of approximately 4 
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body lengths per second (Fig. 9.5e) [7]. The same undulatory motion can also be 
used to swim on the water surface (Fig.  9.5f) [7]. In addition, these robot can 
immerse themselves into the fluid bulk and swim with a periodic, jellyfish-like 
motion at moderate Reynolds number regimes (39–421) (Fig. 9.5g) [7]. The per-
formance of some soft locomotive gaits, such as jumping, may be further enhanced 
by applying appropriate magnetic spatial gradients. For example, the jumping 
height of a 3.7-mm-long robot can be increased to approximately 2.2-fold once a 
magnetic force is applied against gravity [7]. These soft locomotive gaits have 
proven to be very effective as the robots can successfully negotiate across the liq-
uid-solid environment of a stomach phantom with ease, and this signifies the 
robots’ high dexterity and potential for biomedical applications [7].

While the amphibious robots proposed by Hu et al. can perform multiple soft 
locomotive gaits, each gait is still not optimized [7]. For instance, it is difficult to 
control the robots at high rolling speed because the free ends of the robots may 
strike the ground too hard and produce undesired jumping motions [7]. The lateral 
and vertical jumping distance can also be better controlled [7]. In the future, if each 
of the soft locomotive gaits can be optimized, these amphibious robots can become 
much more dexterous and robust, and this can potentially be a significant step 
toward revolutionizing minimally invasive medical treatments.
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Fig. 9.5 An amphibious, magnetic miniature robot with multimodal locomotive gaits. Blue dashed 
arrows indicate direction of motion. (a) Rolling locomotion facilitated by the deformed “C”-shape 
of the robot. (b) The sequence of time-varying shapes and orientation control to achieve two- 
anchor crawling. (c) A magnetic miniature robot jumps straight up by quickly deforming into an 
inverted “C”-shape. (d) Directional jumping of a magnetic miniature robot. (e) Undulatory crawl-
ing through a narrow channel. (f) Undulatory swimming along the water surface. (g) Jellyfish-like, 
periodic swimming in the fluid bulk. Scale bars: 1  mm. ((a–g) Adapted with permission [7]. 
Copyright 2018, Springer Nature)
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9.4.2  Mechanical Functionalities

In addition to having soft-bodied locomotion, shape-programmable magnetic min-
iature robots have also developed various critical mechanical functionalities that are 
essential for biomedical applications [6, 15, 18, 19]. For instance, the shape- 
programmable magnetic miniature robot of Miyashita et al. shows great potential in 
administering treatments for internal stomach wounds [106]. The millimeter-scale 
robot of Miyashita et al. is made with drug-containing layers, and it can be folded 
up from a planar configuration like an origami. To enter the human body, a patient 
can ingest this biodegradable robot after it is encapsulated in an ice cube. Upon 
reaching the stomach, the ice melts, and the robot regains its mobility to perform 
soft-bodied, stick-slip locomotion. The mobile robot can be commanded to move 
toward the wound in the stomach and assume its planar configuration to patch the 
wound. As the robot’s drug-containing layer degrades, drugs are released to the 
wound. After the drugs are transferred and the treatment is completed, this robot can 
then be fully dissolved by the stomach acid to end its mission. While the experi-
ments of Miyashita et al. are conducted with an in vitro stomach phantom [106], 
their shape-programmable magnetic miniature robot illustrates the feasibility of 
using such robotic technologies for medical treatments. In recent developments, 
Wang et al. have also created a shape-programmable magnetic miniature robot that 
has an effective anchoring mechanism [18]. It is advantageous to develop such 
anchoring mechanism as various minimally invasive medical treatments may require 
the small robots to stay within the human body over a prolonged period of time. 
Examples of such treatments would include the administration of drugs to an intes-
tinal infection or cancer site, as well as the facilitation of effective physical contra-
ception in the fallopian tube [107]. The robot of Wang et al. is programmed and 
fabricated in such a way that it is able to move in highly confined spaces in its origi-
nal configuration [18]. Once the robot reaches the desired anchoring location, it can 
actively expand its cross-sectional area and press against the surroundings to create 
a self-locking mechanism. Using such an anchoring mechanism, the robot is able to 
stay in static equilibrium and maintain its position at the desired location. Upon 
command, the robot can also reversibly reduce its cross-sectional area and disen-
gage from the surroundings. While the robot of Wang et al. has introduced a valu-
able function for small-scale robotic technologies, it has a relatively large size 
(17.8 mm in length), and this may hinder its deployment for medical applications 
[18]. In the future, it will be interesting to construct such robots at smaller scales.

Shape-programmable magnetic miniature robots can also function as active, 
immobile scaffolds that can transfer drugs or cells to their surroundings via mag-
netic actuation [19, 108, 109]. The efficiency of such active scaffolds is significantly 
higher than traditional porous scaffolds, which can only perform such mass trans-
fers via passive molecular diffusion, material degradation, and cell migration [19]. 
A notable example of such active scaffolds is shown by Zhao et al., where their 
immobile scaffolds can be controlled to reduce their volume by 70% via compres-
sion (Fig. 9.6a, b) [19]. By continuously alternating the volume of the scaffolds 
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between their compressed and original configurations, these devices are able to 
enhance their mass transfers considerably. For example, these active scaffolds are 
able to increase the amount of released drugs (mitoxantrone) by sevenfold over a 
period of 3 h when they undergo 120 cycles of such periodic deformations in every 
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30-min interval [19]. Similar benefits have also been observed when the scaffolds 
perform such time-varying deformations to transfer plasmid DNA and chemokine 
(SDF-1α) [19]. The high mass transfer efficiency of such scaffolds therefore dem-
onstrates the potential of deploying shape-programmable magnetic miniature robots 
for both biomedical and bioengineering applications.

Having the ability to perform 3D pick-and-place operations can be highly advan-
tageous for shape-programmable magnetic miniature robots. Using such abilities, 
these shape-programmable robots can potentially enable a vast range of lab-on-chip 
applications that require 3D assembly of heterogeneous metamaterials, and they can 
potentially also construct medical devices inside the human body [15]. To allow 
shape-programmable magnetic miniature robots to perform 3D pick-and-place 
operations, Diller and Sitti have programmed a mobile gripper, which can actively 
grab 3D objects and transport them to their desired destinations via stick-slip loco-
motion or magnetic gradient-based pulling [15]. By exploiting such mechanical 
functionalities, this mobile gripper is able to accomplish various 3D pick-and-place 
operations, such as assembling a spatial four-bar linkage device (Fig. 9.6c). The 
demonstrations of Diller and Sitti mark a significant advancement for small-scale 
robotic technologies as previous miniature robots can at most perform 2D assembly 
tasks [110–114]. Despite the advancements of the mobile gripper, this device has 
two critical limitations [15]. First, the assembly speed is very slow as the mobile 
gripper requires 98 min to assemble the four-bar linkage device [15]. As a result, it 
will be necessary to increase the dexterity of such mobile grippers so that their 
manipulation capabilities can be further enhanced in the future. Second, the grip-
ping surfaces of this mobile gripper are not optimized in terms of their geometries 
and stiffness [15]. Hence, it can only grasp a limited range of objects. To address 
this limitation, various other types of mobile grippers have been developed over the 
past few years such that their gripping surfaces can establish better contact with 
their manipulated objects and enhance their grasping performances [26, 115]. 
Nonetheless, as such enhancements are done via human intuition, it is still possible 
to further optimize the geometries and stiffness of such gripping surfaces in the 
future via numerical optimization methods. If such optimization can be performed 
successfully, this can potentially allow mobile grippers to better conform to the 
geometries of their manipulated objects, establish better contact, and enhance their 
grasping functionalities considerably.

Inspired by the motions of natural cilia, various shape-programmable magnetic 
miniature robots have been programmed to adopt similar time-varying shapes as 
this can allow them to operate as microfluidic pumps for a diverse range of lab-on- 
chip applications [6, 20, 116, 117]. It is highly desirable to adopt such motions 
because natural cilia are highly efficient in transporting biological fluids at small- 
scale, i.e., in low Reynolds number regimes [20, 116–118]. In 2016, the immobile 
artificial cilium created by Lum et al. represents a key advancement for such devices 
as this robot is able to generate a series of time-varying shapes that closely mimic 
the non-reciprocal power and recovery strokes of its biological counterpart 
(Fig. 9.6d) [6]. Since the work of Lum et al., Gu et al. have recently created an array 
of immobile artificial cilia, where each cilium is also able to generate similar, 
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non- reciprocal power and recovery strokes [20]. As the 


M  of each cilium is pro-
grammed to be different, the array of artificial cilia is able to coordinate with one 
another and produce effective metachronal waves when they are actuated by a rotat-
ing 



B . The creation of such metachronal waves is highly critical because they can 
enable the artificial cilia array to significantly enhance its pumping efficiency [20, 
116, 117]. While the artificial cilia array of Gu et al. shows great promise, its overall 
size is relatively large (about 8 cm in length). As a result, it will be interesting to 
explore the feasibility of reducing the size of such devices in the future. If this can 
be accomplished, shape-programmable magnetic miniature robots will have signifi-
cant impact in microfluidic devices as they show great potential to mix or transport 
biological fluids at low Reynolds number regimes [118].

9.5  Discussion

Due to the advancements in theory and programming methods [6, 57], it is theoreti-
cally possible to program miniature soft robots with high resolution of 3D geometry 
and 3D direction- and magnitude-varying magnetization profiles. It will be highly 
desirable to make such robots because they would have the potential to realize a 
much more diverse range of locomotive gaits and functionalities compared to the 
existing miniature robots. Despite the potential benefits of such 3D robots, it remains 
a great challenge to use the available fabrication methods to successfully construct 
such complicated machines [6, 12, 82], especially if their desired geometry and 
magnetization profile are highly complex. To fully capitalize on the potential of 
shape-programmable magnetic miniature robots, it is therefore essential to explore 
novel fabrication methods.

Having the ability to control a swarm of untethered, shape-programmable mag-
netic miniature robots can potentially enhance their efficiency and enable new 
mechanical functionalities [119–121]. For instance, a swarm of collaborative robots 
will be able to deliver a much higher quantity of drugs to a disease area compared 
to an individual robot, and this can potentially enhance the efficiency of drug deliv-
ery significantly [122]. Despite the desirable features of swarm control, it is very 
difficult to implement such control strategies for shape-programmable magnetic 
miniature robots. One notable challenge in implementing swarm control is that the 
actuating magnetic fields are uniform across all the robots in the workspace [48, 
49]. As a result, it will be difficult to independently control each individual robot in 
a swarm using such global control signals. In view of this challenge, Zhang and 
Diller have created two shape-programmable swimmers that have distinct 



M [76]. 
Due to having different magnetization profiles, each swimmer responds differently 
to the actuating magnetic fields and thus exhibits distinct swimming patterns on the 
water surface [76]. While such strategies allow Zhang and Diller to effectively con-
trol two shape-programmable robots, they have not demonstrated independent con-
trol for a larger team of robots [76]. In the future, it will be interesting to investigate 
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the feasibility of using a combination of actuation methods to control shape- 
programmable miniature robots so that a larger number of such devices can collabo-
rate with one another to achieve higher functionality [22, 47, 123].

A key requirement for shape-programmable magnetic miniature robots to realize 
their targeted biomedical applications is to have an effective visual feedback sys-
tem, which can track the robots’ position and orientation when they are operating in 
enclosed spaces [7, 21]. Such feedback is critical because it ensures that the unteth-
ered robots are performing the treatments at the correct location in the human body 
[21]. Of the available visual systems, ultrasound medical imaging systems have 
been shown to be a promising solution for providing such feedback [7, 21]. A sig-
nificant advantage of the ultrasound medical imaging systems is that they are very 
compatible with shape-programmable magnetic miniature robots as there is mini-
mal interference between the actuating magnetic fields and ultrasound feedback [7, 
124, 125]. Indeed, Hu et al. have shown that their shape-programmable magnetic 
miniature robots can be tracked well in real-time when it executes multimodal soft- 
bodied locomotion in an enclosed ex vivo biological phantom [7]. The demonstra-
tion of Hu et  al. is therefore highly significant as it represents a substantial 
advancement toward using shape-programmable robotic technologies for biomedi-
cal applications. We envision that with further advancements in actuation and visual 
feedback systems, shape-programmable magnetic miniature robots will have sig-
nificant potential to transform a vast range of minimally invasive medical treatments 
in the future.

9.6  Conclusion

This chapter reviews the key advancements and challenges for shape-programmable 
magnetic miniature robots. To make our discussions complete, we have analyzed 
different aspects of such machines, including their fundamental actuation princi-
ples, programming and fabrication methods, locomotive gaits, and mechanical 
functionalities. It is highly desirable to advance the science of shape-programmable 
magnetic miniature robots as these machines can be programmed to be much more 
dexterous and functional than their rigid counterparts [6, 7, 11, 12]. Due to these 
unique advantages, shape-programmable magnetic miniature robots have signifi-
cant potential to create a paradigm shift across a broad range of applications pertain-
ing to biomedicine, bioengineering, and lab-on-chip technology [14, 15, 21, 22]. We 
envision that the analyses and discussion here will be able to inspire scientists and 
engineers to make shape-programmable magnetic miniature robots much more 
capable in the future.
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Chapter 10
In Vitro Biosensing Using  
Micro-/Nanomachines

Jinhong Gao, Ke Yuan, and Li Zhang

10.1  Introduction

The concept of biosensing involves a large mixture of research endeavor and many 
practical applications [1]. In this chapter, we focus on in vitro biosensing whose 
application realms are limited to outside of living body of human and animals [2]. 
With the progress of globalization, the widely expanded industrialization and trans-
oceanic transportation of human and goods have dramatically posed many tough 
challenges to the living standards of human as well as the high-performance and 
cost-/time-efficient biosensing technologies [3]. The industry has produced a large 
amount of hazardous pollutants (as by-products of industry and farming), such as 
heavy metal ions, toxins, pesticides, and biohazardous matters. Those substances 
are highly toxic and making serious threats to the ecosystem of earth and our health 
when accumulated in human bodies [4]. On the other hand, the rapid communica-
tion of human and goods have inevitably elevated the risk of the arise and spread of 
new diseases (in the worst case, a pandemic may spark). In 2019, COVID-19 broke 
out and spread across the world in a short time. The outbreak of this fatal virus has 
caused hundreds of thousands of infections and thousands of deaths and trillions of 
economic losses, threating the health of human and economy of whole world [5]. 
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The quick detection of viruses and determination of infection have rapidly become 
a hot topic and drawn lots of attention in terms of biosensing [6]. Traditional in vitro 
biosensing methods usually include mass spectrum (MS), nuclear magnetic reso-
nance (NMR), polymerase chain reaction (PCR), and high-performance liquid 
chromatography (HPLC) to directly evaluate toxic substances or indirectly probe 
the presence of those toxic substances and their changes [7]. These methods are 
powerful and highly reproducible and have low limit of detection (LOD), but need 
tedious preparation and purification of sample, sophisticated and expensive instru-
ments, costly probes, and qualified personnel operation. In the past decades, many 
researchers have been endeavoring to address above issues by developing various 
devices or systems and low-cost electrochemical and optical probes that are able to 
sense and monitor these toxic compounds and pathogen [8]. Among those methods, 
the micro-/nanomachine-based methods have significantly impacted the field of 
in vitro biosensing due to not only the excellent selectivity and sensitivity but also 
the enhanced detection resolution and miniaturized detection devices [9].

Inspired by the natural micro-/nanomachines (such as sperms or kinesins), artifi-
cial micro-/nanomachines, a type of micro-/nanoscale robots or devices, have been 
developed due to vigorous advances in micro-/nanofabrication and microelectronics 
[10]. These artificial micro/nanomachines can swim in different fluids by converting 
diverse types of energies into mechanical motion or directly harnessing living 
microorganisms [11]. Due to their ultra-small dimensions and active motile prop-
erty, these mimicked micro-/micromachines have proven their advantages in vari-
ous tasks and applications when compared to their passive counterparts [12]. These 
tasks and applications include targeted drug delivery [9a, 13], cancer bioimaging 
and therapy, [14] manipulation and isolation of cells [13a, 14b, 15], micro-/nanosur-
gery [16], and in vitro biosensing [11c, 17]. In the past decades, various types of 
micro-/nanomachines (ranging from 1D wire structures and tubular structures to 
Janus spherical structures to delicate 3D structures [18]) with different fabrication 
strategies, materials, and mechanisms of propulsion (i.e., chemical energies, hydro-
gen peroxide, urea; energies from external fields, light, magnetic field, ultrasound) 
have been forged and used in above fields [19]. Moreover, by tailoring the surface 
functionalization of micro-/nanomachines, the motion behaviors and multiple prop-
erties of these intricated devices can be further tuned to meet their various applica-
tion requirements. Particularly, in the field of in vitro biosensing, the controllable 
and efficient motions of the artificial micro-/nanomachines can greatly enhance 
fluid transport and accelerate recognition process in these bioassays, which is dra-
matically fitted with the requirement of real-time in situ identification and monitor-
ing of analytes, and on-demand transport and separation of analytical targets in the 
realm of biosensing [9a, c, d, 10a].

The objective of this chapter is to highlight recent progress and future possibili-
ties and challenges in developing advanced micro-/nanomachines for in vitro bio-
sensing applications. Particular interests would be given to the main fields of in vitro 
biosensing: (1) in vitro detection and monitoring of hazardous or important chemi-
cal and biological components, (2) intracellular monitoring of life-important prop-
erties and molecules, and (3) pathogens and biomarker discrimination based on 
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micro-/nanomachines. The recent proof-of-concept studies exemplify the versatility 
of micro-/nanomachines and are indicative of their wide range potential in in vitro 
applications. In the next section of this chapter, we would first review propulsion 
and functionalization strategies of micro-/nanomachines, along which the manufac-
turing and micro-/nanofabrication of these intricated devices would also be covered. 
Next, the sensing mechanisms of these functional micro-/nanomachines would be 
systematically summarized, and the in vitro biosensing of these versatile micro-/
nanomachines in three main fields as mentioned above would be presented to illus-
trate how the controllable and efficient movement of functional micro-/nanoma-
chines add a new and powerful dimension to monitoring and sensing of analytes by 
providing fast or even real-time response, location-confined or in situ monitoring, as 
well as high accuracy and selectivity to analytes. Finally, existing challenges and 
perspectives of micro-/nanomachines would be further discussed before a brief 
conclusion.

10.2  Propulsion, Function of Micro-/Nanomachines

10.2.1  Propulsion of Micro-/Nanomachines

Similar to their macroscale counterparts, micro/nanomachines work by converting 
other forms of energy into mechanical motion. However, constrained by the time 
reversal symmetry that applies in the low Reynolds number regime, synthetic 
micro-/nanomachines typically cannot mimic their macroscale partners directly and 
have not moving parts [20]. Additionally, due to the inherent Brownian motion com-
ing from the scaling-down effect, it is no an easy task to precisely control the motion 
of micro-/nanomachines [21]. A wide range of micro-/nanomachines based on dif-
ferent propulsion mechanisms have been developed in past years. The potential 
mechanism harnessed for the movement can be divided into three major classifica-
tions: (1) chemically catalytic propulsion [9a, 11b, 17b], (2) actuation by external 
fields [13b, 19a, b, e], and (3) propulsions based on biohybrid designs [13c, 22]. The 
first two ways involve exposing the synthetic micro-/nanomachines to a field or 
gradient, either chemical gradient or external sound or magnetic field to break time- 
reversal symmetry and power micro-/nanomachines. The third method, on the other 
hand, takes advantages of biological motors (i.e., sperm, flagella bacteria) to steer 
biohybrid micro-/nanomachines, which would combine the outstanding properties 
of artificial materials and high mobility and biocompatibility of these natural 
motors. Compared with the hybridized synthetic micro-/nanomachines, the propul-
sion motion of pure artificial micro-/nanomachines is more stable and less affected 
by external conditions such as temperature and solvent conditions due to the char-
acteristic mechanism of propulsion.

The first method is based on the generation of local gradients of chemical/electri-
cal potential or gas bubbles. The local gradients of chemical/electrical potential or 
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bubbles can be obtained (1) by the catalytic decomposition of fuel/medium mole-
cules on the surface of micro-/nanomachines and (2) spontaneous and irreversible 
chemical reactions between medium and composition of micro-/nanomachines. 
Such a propulsion mechanism requires some specific pairs of fuel or medium and 
specific composition of the outer layer of micro-/nanomachines. The typical pairs of 
fuel (or substrate) and catalysts include hydrogen peroxide (H2O2) and their catalyst 
(i.e., noble metal or catalase) as well as glucose/urea and their respective enzymes. 
Two independent early research established that bimetallic metal microrods moved 
autonomously in hydrogen peroxide solutions [23]. As shown in Fig.  10.1a, the 
mechanism by which these micromachines are propelled was verified, using both 
experimental and simulation methods, as to be self-electrophoresis [24]. The key-
point of the mechanism is that micromachine particles generate chemical gradients 
of ions through bipolar electrochemical reactions at the two ends of the rods, result-
ing in an electric field between two ends and inducing motion of the micromachine 
through electrophoresis. Although micro-/nanomachines based on hydrogen perox-
ide fuel can move at a quite high speed and perform different types of motion, they 
are limited to some application fields due to the inherent toxicity of this toxic per-
oxide, and all of them are limited by access to fuel in the medium.

Second, the spontaneous and irreversible chemical reaction pair of medium and 
composition may include acid or water and active metal (i.e., zinc and magnesium). 

Fig. 10.1 Different propulsion mechanisms of micro-/nanomachines. (a) A schematic illustrating 
self-electrophoresis propulsion of bimetallic Pt-Au nanorods in H2O2 solution, reproduced with 
permission, Copyright 2016, American Chemical Society [24]; (b) schematic of motion hydrogen- 
driven PANI-Zn micro-rocket in an acidic environment, reproduced with permission, Copyright 
2012, American Chemical Society [26]; (c) SEM image of artificial bacterial flagella array (the 
scale-bar: 10 μm) reproduced with permission [29]
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Such design not only circumvents the need for external fuel and is more bio-friendly 
but also provides selective micro-/nanomachines activation only in particular envi-
ronments [25]. Inspired by the aforementioned reaction pairs, Wang and co-workers 
developed novel motile micro-/nanomachines based on zinc (Zn) or magnesium 
(Mg) chemical reaction with acid [16a, 26]. Also, Gao et al. prepared a polyaniline 
(PANI)/Zn double-layer hollow tubular motor, which shows good motion in the 
gastric acid environment (Fig. 10.1b).

Third, the biohybrid artificial micro-/nanomachine could harness various types 
of flagellated organisms and show great flexibility. Moreover, the motile cells inte-
grated in the biohybrid systems do not need to be cultivated and are able to swim in 
highly viscous media and are completely bio-friendly [22]. Magdanz et al. had com-
bined magnetic microtube and sperm to develop sperm-flagella-driven micro- bio- 
robot [27]. Nevertheless, both chemical- and biohybrid-based artificial micro-/
nanomachines can only move in a quasi-random manner, and the inherent lack of a 
defined trajectory can only be alleviated by including a magnetic component (e.g., 
nickel) in their structures and under the guidance of an external magnetic field [28].

In order to circumvent the hindrances of lack of defined trajectory and need for 
fuel from circumstance, actuation with energies from external fields shows consid-
erable promise for remote navigation in complex biological fluids and hard-to- 
access locations [14c, 19b, e]. These externally powered micro-/nanomachines, 
using mainly magnetic, ultrasound, and light energies to drive their motion, have 
gained great interest in biomedical applications due to their independence of the 
chemical compositions of the medium. Thus, higher biocompatibility and easy-to- 
steer and defined trajectory under the control of external fields can be realized. As 
the magnetic fields can penetrate the human body to wirelessly control these micro-
devices without harming cells and tissues, micro-/nanomachines powered and actu-
ated by magnetic fields have gained particular interest. In a pioneered work, a 
special type of magnetic helical microswimmer (artificial bacterial flagella, ABF), 
which can perform micrometer precision movement for 3D navigation, has been 
proposed (Fig.  10.1c) [29]. Under low-strength rotating magnetic fields (much 
lower than that of MRI setup), these tiny micromachines would translate rotational 
movement into linear motion in a controlled manner [30]. Furthermore, Felfoul 
et al. demonstrated that significantly improved delivery efficiency of drug nanocar-
riers to tumor hypoxic regions of limited accessibility can be achieved by harness-
ing the magneto-aerotactic behavior of selected bacteria swarms [31]. Similar to 
magnetic propulsion, acoustic forces propulsion has also shown high biocompati-
bility, deep tissue penetration, and easy-to-program properties, and micro/nanoma-
chines actuated by acoustic forces have been widely utilized in various biomedical 
applications, including biosensing and drug delivery. Mallouk and colleagues at 
Penn State University demonstrated for the first time that ultrasound (US) propelled 
nanomachine made of gold nanowire can move in a directional manner and spin 
inside HeLa cells without leading to any damage [32]. These US-powered NW 
nanomachines show great promises for payload delivery in a single cellular level 
and biosensing in living cell which will be discussed in the following sections [13b, 
33]. However, both magnetic actuation and US actuation are equipment dependent, 
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and the strengths of these propulsions are limited, compared to the bubble or chemi-
cal potential-based method.

In short, various propulsion mechanisms have been developed and utilized to 
actuate micro-/nanomachines for different applications. To further widen practical 
applications of micro-/nanomachines, more endeavors should be devoted to over-
coming their disadvantages and further exploring and exploiting their respective 
advantages.

10.2.2  Chemical-, Biological-, and Self-Functionalization 
of Micro-/Nanomachines

Besides the different propulsion methods, the artificial micro-/nanomachines can 
further be classified according to their building block materials and shapes. In the 
past years, much efforts have been devoted to developing various types of micro-/
nanomachines with diverse shapes (from the simplest 1D structure to Janus spheri-
cal structure and tubular micro-/nanostructures) [18] and different materials, for 
example, noble metal species (Au, Ag), inorganic materials (SiO2, Fe3O4), polymers 
(poly(3,4-ethylenedioxythiophene), polyaniline, and polypyrrole), and metal- 
organic frameworks (MOFs) [9d, 25b, 30, 34]. The prototype of micro-/nanoma-
chines with different structures and shapes can only accomplish simple moving 
function; to make these micro-/nanostructures complete more complicated tasks, 
additional functionalization is indispensable. The purpose for functionalization of 
micro-/nanomachines can be categorized as follows: (1) to improve biocompatibil-
ity of synthetical micro-/nanomachines for their biomedical applications [25b]; (2) 
to label these stuffs, for example, fluorescent markers so that they can be traced in 
their working environment [14a, 17b, 25b]; (3) to endow specific functions to these 
tiny machines, especially to interact with or bind to analytes [9d, 13b, 16a, 17b]; (4) 
to improve the controllability or steer function of these tiny machines [28a, 30, 32]; 
and (5) to load cargo onto these transporters, such as delivery of drugs to target to 
cancer or infection area [11c, 13c, 15–16]. To meet such diverse purpose of func-
tionalization, various kinds of functionalization methods have been developed dur-
ing recent years and can be classified as follows: (1) chemical modification, (2) 
biological modification, and (3) self-functionalization.

Chemical modification or functionalization is the most convenient and widely 
used technology in the field of micro-/nanomachines for applications of cargo deliv-
ery, drug release, bioimaging, and environmental remediation. A majority of chemi-
cal modifications is targeted to change the surface properties of micro-/nanomachines, 
for example, to make these stuff more hydrophilic (more biocompatible) or more 
slippery to easily pass viscous environment [34b]. In 2018, Wu et al. demonstrated 
their slippery, helical magnetic micropropellers,  that can be actively propelled 
through the vitreous humor to reach the retina for intravitreal delivery [35]. These 
novel microvehicles are equipped with a liquefied layer coating of perfluorocarbon 
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molecules to minimize adhesion to the surrounding biopolymeric network. To 
endow the ABFs with different wettabilities, Wang et al. modified magnetic helical 
microswimmers with a series of thiols/thioethers with different hydrophilic/hydro-
phobic moieties, and they found that surface wettability has a huge effect on the 
swimming behavior of ABFs in aqueous media (deionized water and biologically 
relevant solutions) (Fig.  10.2a). [36]. Furthermore, Gao et  al. and Wang et  al., 
respectively, demonstrated Janus micromotors and functionalized microtube-based 
micromachines for capture and removal of oil droplets from contaminated water, 
both utilizing long-chain alkanethiols to tune the hydrophobicity of their artificial 
micro-/nanomachines [36, 37]. To be able to see and track the  micro-/

Fig. 10.2 Functionalization of micro-/nanomachines. (a) Schematic of the interaction between 
water and ABFs with different surface wettabilities, reproduced with permission, Copyright 2018, 
American Chemical Society [36]; (b) Illustration of hybrid bio-membrane functionalized nanoro-
bots for removal of hazardous biological agents, reproduced with permission, Copyright 2018, 
American Association for the Advancement of Science [42]; (c) Schematic of fabrication of mul-
tifunctional biohybrid microrobots comprised of Spirulina microalgae and Fe3O4 nanoparticles, 
reproduced with permission, Copyright 2017, American Association for the Advancement of 
Science [14a]; (d) Schematic of the fabrication of biohybrid adsorbents comprised of fungi spores 
and Fe3O4 nanoparticles, reproduced with permission, Copyright 2018, Wiley-VCH [45]
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nanomachines, especially in vivo, some tracer agents like red light emitting dyes 
(Nile red), positron, or gamma emitters have been modified into micro-/nanoma-
chines. Vilela et al. labeled their catalytic self-propelled, gold surface micromotors 
with positron-emitting isotope iodine-124 via chemisorption with a radio-chemical 
yield of 76 ± 4% and quantitatively tracked the swarms of such micromotors inside 
the phantom tubes using a positron-emission tomography (PET) in combination 
with X-ray computed tomography (CT) [38].

However, chemical functionalization is generally limited by the toxicity of 
chemical agents, the vulnerability of interference from the actual environment, and 
the lack of specific interaction with biomolecules or organisms. To alleviate the lack 
of specific interaction with biomolecules or organisms, various biorecognition 
motifs with high affinity and specificity including aptamers, lectins, and antibodies 
have been widely employed for the functionalization of the micro-/nanomachines, 
especially in the field of biomolecules biosensing and hazardous cargo or pollutant 
removal [25b, 33, 39]. Interestingly, the function of biomacromolecules immobi-
lized on the surface of micro-/nanomachines can be altered and even enhanced 
when these micro-/nanomachines move in solution. Maria-Hormigos et al. devel-
oped magnetically propelled micromachines functionalized with β-galactosidase to 
degrade lactose in raw milk samples [40]. Compared to static counterparts and free 
enzymes, actively moving micromotors showed improved removal efficiency of lac-
tose in raw milk samples, which should be contributed to the produced dynamic 
movement and the associated fluid mixing. The micromotor/enzyme hybrid can be 
reused, with only ~11% loss of enzyme activity in two successive cycles, showing 
their competitiveness in the biochemical process acceleration. To further improve 
their biocompatibility and avoid recognition by the immune system, Wang’s team 
first proposed a biocompatible erythrocyte membrane-coated gold nanomotor acti-
vated and driven under ultrasound operations [41]. These red blood cells (RBCs) 
membrane-coated gold nanomotors could navigate effectively in diluted whole 
blood with high stability and biocompatibility. Furthermore, these membrane- 
coated nanomotor have been used to absorb membrane targeted toxins, which are 
defined as “motor sponges.” The motor sponges under ultrasound propelled have 
shown ~30% more effective than the regular toxin sponges without motion indi-
cated in quantitative hemolysis analysis, highlighting the application of neutraliza-
tion of membrane-damaging toxins accelerated by large-scale collective motion of 
RBC membrane-coated nanomotors. In addition, Zhang et al. recently reported an 
ultrasound-propelled nanomachines coated with dual-cell membranes (including 
erythrocyte and platelet membranes), showing higher efficiency in targeting platelet- 
adhering pathogens and neutralization of toxins [42] (Fig. 10.2b).

The aforementioned chemical and biological strategies for functionalization of 
micro-/nanomachines are general bottom-up and require expensive chemical and 
biological reagents, elaborate organic synthetic technique, as well as cumbersome 
and dangerous post-treatment procedures [43]. Furthermore, multiple steps of func-
tionalization are needed on the same micro-/nanomachines to achieve multiple sur-
face functionalities, dramatically limiting the large-scale manufacturing micro-/
nanomachines for practical applications. Various natural biological materials with 
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abundant functional groups would endow micro-/nanomachines with multiple func-
tionalities and make the batch fabrication of high versatile micro-/nanomachine 
possible [44]. For the first time, our group has prepared multifunctional microrobots 
by exploiting the inherent functionality of Spirulina microalgae, a natural multi-
functional organism with innate autofluorescence microalgae and intrinsic cytotox-
icity to cancer cells [14a]. Using a biohybrid process with magnetite suspensions, 
these multifunctional microrobots would be propelled in the external magnetic 
field. Their strong red autofluorescence under green light illumination could be 
employed for in vivo fluorescence imaging in the subcutaneous tissue and the intra-
peritoneal cavity of nude mice. The biohybrid Spirulina-templated microrobots can 
induce apoptosis of SiHa and HepG2 cancer cell, which can be contributed to cyto-
toxic phycocyanin released from the Spirulina matter under ultrasonication-induced 
degradation (Fig. 10.2c). Thereafter, we developed a kind of magnetically propelled 
biohybrid microrobot based on the hydrothermally treated fungi spores as adsorbent 
and Fe3O4 nanoparticles as magnetic component. The obtained biohybrid adsor-
bents can effectively adsorb and remove heavy metal ions due to rich functional 
groups and porous structure on biological components [45] (Fig. 10.2d). Under the 
stimulation of external magnetic fields, these biohybrid adsorbents can swarm con-
trollably and conduct efficient adsorption and rapid removal of various heavy metal 
ions from the contaminated water. We believe that the self-functionalization of 
micro-/nanomachines by further exploring more available and novel biological 
sources would be a highly promising way to bridge the gap between the micro-/
nanomachines and real-world applications.

10.3  Micro-/Nanomachines for Sensing

10.3.1  Sensing Mechanisms of Micro-/Nanomachines

The emerging utilization of micro-/nanomachines has greatly impacted various bio-
sensing applications and even precise diagnosis of diseases, providing a new para-
digm for modern analytic chemistry. Combined with autonomous motion and 
effective recognition and capture of target analytes through various functionaliza-
tions aforementioned, these synthetical micro-/nanomachines realize “on-the-fly”-
specific biomolecular sensing in the sample of complex biological media [9, 10b, 
11a, 21b]. The continuous movement of the synthetic micro-/nanomachines can 
lead to efficient solution mixing in clinical samples with microliter volume, achiev-
ing greatly enhanced binding efficiency of targets and remarkable improvements in 
the sensitivity and speed of biological assays for heavy metal ions, proteins, nucleic 
acids, and even cancer cells. Furthermore, these artificial micro-/nanomachines are 
capable of in situ detection of untreated samples, which shows great advantage and 
benefit to the practical detection in the field by eliminating the need for cumbersome 
sample preparation (such as sample cleaning and component separation). The 
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sensing strategies of versatile micro-/nanomachines can be categorized as (1) 
motion or velocity change induced by binding of analytes target to micro/nanoma-
chines [17b, 46] and (2) external signal change, in most cases fluorescence turn-on 
or turn-off, of micro-/nanomachines due to targeted recognition [33, 39a, 47]. The 
concept of motion-based sensing using micro-/nanomachines was first introduced 
by Wang and co-workers in 2009 for detection of silver ions which would be further 
discussed in the later section of this chapter [46]. Besides, the accelerated micro- 
mixing from the motion of micro-/nanomachines, which favors chemical reaction 
rate and enhances receptor and analytes binding, would benefit traditional sensing 
setups, such as immunoassay and electro-chemiluminescent assay.

Currently, a large number of micro-/nanomachines with different morphologies, 
including Janus spherical, rod-like, tubular, and helical shape, and propelled by 
various powers, including chemical, ultrasound, and magnetic energies, have been 
prepared as sensors. These high-performance biosensors based on well-designed 
micro-/nanomachines have been used for diverse analyte targets with different rec-
ognition methods or units, like antibodies [48], aptamers [39], and lectins [49] deco-
rated on their surface. Here, we emphasize their applications in three fields: (1) 
in vitro detection for chemical and biological agents, including hazardous heavy 
metal ions, dangerous organic pollutants, and some toxins released from microbes; 
(2) intracellular monitoring of life-important properties and molecules, like viscos-
ity inside the cell and expression level of key micro-RNAs (miRNAs) ; and (3) 
pathogen and biomarker discrimination based on micro-/nanomachines. For all 
three fields, several examples are demonstrated and discussed.

10.3.2  In Vitro Detection for Chemical and Biological Agent

As by-products of the rapid industrialization and globalization, toxic chemicals 
especially inorganic heavy metal ions and organic molecules have posed great 
threats to both environment and human health. In the past years, a number of artifi-
cial micro-/nanomachines using motion-based sensing as a transduction mechanism 
have been developed to determine many types of hazardous heavy metal ions. Such 
detection was based on the changes in the swimming behavior (i.e., speeds and 
trajectories) in the presence of analytes. The first work that used this strategy was 
developed by Wang and his co-workers in 2009 [46]. In this work, they observed a 
fivefold increase in speed of catalytic bimetallic Au-Pt nanorods upon Ag+ addition 
when navigating in H2O2 solution containing (Fig. 10.3a) and found that other heavy 
metal analytes, such as Pb2+ and Cd2+, have an adverse effect on the speeds due to 
the poisoning effects. The authors attributed this acceleration of micromotors to the 
superficial reduction of Ag+ and subsequent deposition onto the nanomotors due to 
reduction effect of H2O2. The deposition of silver on the surface of micromachines 
would enhance their catalytic properties. To prove their hypothesis, they compared 
the dynamics of passive and active nanowires (gold nanowires and Au-Pt nanomo-
tors, respectively) in a silver ion gradient with experiments and Brownian dynamics 
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simulations, respectively. Based on these results, they elucidated the diffusion- 
phoretic motion mechanism of acceleration of the active micromotors in the pres-
ence of silver ion, providing a reliable Langevin model for analyzing the accelerated 
detection. Similarly, by exploiting the negative effect of Pb2+ on the motion of arti-
ficial inorganic tubular microrobots, Pumera and co-workers probed the presence of 
Pb2+ in water with a good specificity [50].

Utilizing the release of the surfactant and the resultant Marangoni effect, Liu 
et al. have demonstrated the successful fabrication of micro-/nanomachines for pH 
and glucose sensing [51]. In the first case, they developed a spindle-like microma-
chine for motion-based pH sensing using biodegradable polycaprolactone material 
[51a, b]. These environment-friendly micromachines can move autonomously on 
water surface for up to 40 min and exhibit motion-based pH sensing in response to 
variations of surface tension triggered by pH-dependent surfactant release. In the 
second case, they reported a fish-like micromachine capable of motion-based glu-
cose sensing [51c]. Using boronic acid as glucose binding component, a correlation 
between the moving velocity of the micromotor and the glucose concentration was 
established. Such a motion-based pH or glucose detection may find their applica-
tions in the monitoring of reflux of gastric acid and diabetes (Fig. 10.3b).

The motion behavior of micro-/nanomachines can also be regulated by control-
ling the catalytical activity of inorganic catalysts or enzymes [51b, 52]. Su et al. 

Fig. 10.3 In vitro detection of chemical and biological agents by micro-/nanomachines. (a) left, 
the average speed of Au-Pt nanomotor in the present of different metal ions; right, schematics of 
Ag+ ion induced enhancement of Au-Pt nanomotor speed, Reproduced with permission, Copyright 
2009, American Chemical Society [46]; (b) Schematic of the fish-like motor and its autonomous 
movement triggered by glucose, Reproduced with permission, Copyright 2017, Royal Society of 
Chemistry [51c]; (c) Schematic for “on-the-fly” fluorescent detection of nerve agent DCP based on 
Janus micromotor and corresponding detection mechanism of the reaction between fluorescein-
amine and DCP, Reproduced with permission, Copyright 2015, Royal Society of Chemistry [53]; 
(d) Schematic of Mg/Pt Janus micromotor-assisted enhanced electrochemical detection of glucose 
in human serum, Reproduced with permission, Copyright 2019, American Chemical Society [55]
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proposed motion-based pH sensing using cartridge-case-like micromotor by 
exploiting the accessibility of substrate to catalyst [51 b]. The micromachine con-
sisted of a swellable gelatin shell and platinum NPs decorated on the shell’s inner 
surface. These micromachines can autonomously move in the aqueous solution with 
H2O2 fuel. The pH-dependent “open and close” feature of gelatin material in micro-
machines impacted the catalytic activity of platinum NPs by regulating the acces-
sibility of H2O2 to platinum NPs. An increase in the pH of the solution would lead 
to a monotonic increase in velocity of the micromachine. Similarly, by utilizing the 
inhibition effect of nerve-agent on catalase activity (resulting in lower bubble- 
generation frequency), Singh et  al. developed a catalase-based micromotor for 
motion-based sensing of nerve-agent vapor plumes, sarin simulant diethyl chloro-
phosphate (DCP) [52]. The motion-based vapor detection strategy shows high 
promise for combating chemical warfare agents (CWA).

Micro-/nanomotors can also be further functionalized with external signal 
motifs, mainly fluorescent molecules for the effective and sensitive sensing of target 
analytes [53]. In 2015, Wang’s group reported the first fluorescent “on-off” micro-
motor strategy for the detection of sarin and soman simulants as nerve agent models 
[53]. The two faces of Janus silica microparticle can realize different functions: the 
sensing face functionalized with a dye (fluoresceinamine, FLA) and the catalytic 
face with Pt for producing bubbles in H2O2 solution to propel the micromachine. 
The propelled motion can strongly accelerate  the reaction between  phosphoryl 
halides of sarin and soman simulants and amino moieties of the FLA molecules. 
The resulting fluorescene quench can sensitively and selectively probe the existence 
of such chemicals (Fig. 10.3c).

To further explore the capacity of “on-off” or “off-on” strategies, more types of 
recognition molecules (such as aptamers, antibodies)  and fluorescent probes (like 
carbon dots) have been integrated into micro-/nanomachines [39a, 54]. Esteban- 
Fernandez et  al. developed a membrane-template electrodeposited graphene/Pt 
tubular micromotors and used them for “off-on” selective sensing of toxins (ricin) 
[39a]. The fluorophore-labeled ricin aptamer can attach on their surface due to 
π-stacking interactions between graphene and nucleotide bases of aptamer, leading 
to fluorescence quench of the fluorophore. Upon the presence of ricin in the solu-
tion, fluorescence would recover due to ricin-induced distance between fluorophore 
and graphene. Similarly, graphene/Pt [54a] and graphene/Ni/Pt [54b] micromotors 
with fluorescent-labeled aptamers absorbed on surface have been utilized for the 
fast, simultaneous, and quantitation of two mycotoxins (fumonisin B1 (FB1) and 
ochratoxin A (OTA)) as contaminants in food samples, respectively.

The “on-off” or “off-on” strategies based on micro-/nanomachines could also be 
utilized to sense complex biomacromolecules, such as endotoxin [47, 54c]. In 2017, 
Jurado-Sanchez et al. have demonstrated an “on-off” detection strategy for bacterial 
endotoxins based on Janus micromotor [54c]. To synthesize these Janus micromo-
tors, a 10% SDS water solution containing fluorescent graphene quantum dots 
(GQDs) and chloroform containing a polymer, Pt NPs, and Fe3O4 NPs were mixed 
under vigorous stirring. During the evaporation of organic solvent to yield solidified 
polymer-based microparticles, the immiscibility of metal NPs with the polymer led 
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to the accumulation of metal NPs on one hemisphere of the obtained microparticles. 
As these Janus micromachines bore a number of mesoporous pores, the endotoxins 
released from the bacteria could diffuse to the interior of the micromotors and 
quench the fluorescence of GQDs. The active mixing function of Janus micromo-
tors played an important role to improve the speed and sensitivity of endotoxins 
sensing. This approach was further modified and improved for the quantification of 
endotoxins from Salmonella enterica in food-contaminated samples, such as egg 
yolk/white, mayonnaise, and milk. The fluorescence emitted from the modified 
quantum dots in the Janus micromotor would quench upon interaction with 
endotoxin.

Micro-/nanomachines also can be used for improving the performance of tradi-
tional sensing and detection systems [55, 56]. For instance, Esteban-Fernández 
et al. developed a tubular micromotor-based cortisol immunoassays with a huge 
acceleration of detection speed and enhanced sensitivity. The dynamic movement 
and corresponding bubble generation of antibody functionalized micromotors led 
to enhanced fluid intermixing, likelihood of antibody-cortisol interaction in micro-
liter samples, and horseradish peroxidase (HRP) catalysis effect on the tetrameth-
ylbenzidine (TMB)/H2O2 system, thus enabling rapid naked-eye detection of 
cortisol [56a]. Furthermore, the simple Mg-Au Janus micromachines can be 
exploited for the simultaneous detection and decomposition of persistent organic 
pollutants phthalates (DPP) in food and biological samples [56b]. The Mg-Au 
micromotors placed in proximity to screen-printed electrode would react with 
water producing (1) H2 bubbles to swim and (2) hydroxyl ions (OH−) to degrade 
phthalates. Phenol molecules, the degradation of phthalates product, were electro-
chemically active at lower potentials than phthalates, producing strong and specific 
electrochemical signals. The synergy of the localized OH− ions generation and an 
enhancement of the fluid mixing within a microliter sample droplet from the auton-
omous Mg-Au micromachine movement provided an improved analytical perfor-
mance for DPP.  Similarly, Kong et  al. have developed a micromotor-assisted 
electrochemical platform for human serum glucose biosensing (Fig. 10.3d) [55]. 
The micromotor was propelled at a high speed by localized oxygen bubble genera-
tion, which could induce enhanced mass transfer in the solution, ultimately leading 
to improved performance on electrochemical detection of glucose in serum sample.

10.3.3  Intracellular Monitoring of Life-Important Properties 
and Molecules

It would be of great value in the research area to be able to dynamically probe intra-
cellular processes and monitor key molecules in individual cells [57]. However, 
traditional analytical methods for cell biology, such as Western blot (WB), cell 
staining, and quantitative flow cytometry (QFCM), can only be applied for probing 
cell processes in an ensemble manner or even in dead cells. Due to the vast hetero-
geneity of (1) cells in tissues/culture and (2) components/compartments within cells 
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and highly dynamics nature of metabolism in cells, the abovementioned methods 
could not fulfill the demands [58]. To investigate cell metabolism and understand 
the mechanisms of abnormal cells (such as tumor and senescence cells) in a com-
prehensive way, a large number of methods and toolkits have been developed to 
dynamically probe intracellular processes and monitor key molecules in a spatio-
temporally controlled manner. These methods harness either chemical groups capa-
ble of cell compartment specified location to achieve spatial detection or activable 
motif (e.g., light, pH, temperature, etc.) to achieve spatiotemporal controllable 
probing of intracellular properties and molecules [59]. Despite enormous progress 
achieved in past decades, these methods are still suffering from some significant 
drawbacks: (1) need to eliminate the excessive chemical probe to avoid high signal 
background, (2) need for exquisite chemical synthesis or molecule designation to 
afford the location-controllable chemical probe or activable motif respectively, (3) 
low flexibility due to their static nature, and (4) need for elaborate equipment to 
activate the probe.

On the other hand, the micro-/nanomotors have shown their potential in intracel-
lular applications, such as delivery of a variety of cargoes into cells. For example, 
Qiu et al. proposed ABFs functionalized with complexes of cationic lipids and plas-
mid DNA for in  vitro gene delivery targeted to  a  single cell (human embryonic 
kidney cells HEK 293) [30]. Similarly, an effective gene silencing strategy using 
intracellular nanomachines was proposed by Wang’s group. These nanomachines 
comprised acoustically propelled AuNWs, a rolling circle amplification (RCA)-
derived DNA strand wrapped around AuNWs, and effective small interfering RNAs 
(siRNAs, specifically for green fluorescence protein sequence, siGFP) hybridized 
with DNA on the surface. This strategy can achieve about 94% silencing of the GFP 
expression in two different cell lines (HEK-293 and MCF-7, both pre-transfected 
with GFP sequence) after 5 min treatment with the siGFP/RCA-wrapped AuNWs 
[13b] (Fig. 10.4a). Recently, the same group has demonstrated the application of 
US-propelled nanomachines coated with pH-responsive polymer to induce apopto-
sis in human gastric adenocarcinoma cells by intracellular delivery of functional 
caspase-3 (CASP-3). This nanomachine strategy achieves a high apoptosis effi-
ciency (> 80%) with significantly smaller amounts of CASP-3 and shorter time. 
More importantly, in all the examples, most of the cells remained alive after empty 
nanomotor treatment with a high nanomotor concentration, suggesting that such 
nanomachines can constitute powerful and biocompatible tools [13a]. Furthermore, 
the strong energy of the magnetic or acoustic fields can be exploited to  faciliate 
internalization and movement of nanomotors inside living cells to tackle abovemen-
tioned challenges.

The first illustrative example was reported by Wang’s group at 2015 by exploit-
ing the efficient movement of US-powered nanomachine for rapid intracellular 
sensing of microRNA (miRNA) at the single-cell level [33]. They constructed the 
US-propelled nanomachine for attractive intracellular “off-on” fluorescence bio-
sensing by combination of dye-labeled single-stranded DNA (ssDNA) and 
graphene- oxide (GO)-coated gold NWs, with fluorescence of the dye-labeled 
ssDNA quenched by the p-p interaction between GO and dye. After cell 
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internalization under US-propulsion, the fluorescence signal from the dye-labeled 
ssDNA is recovered due to the detachment of the dye-ssDNA probe from the GO 
nanomachine surface after hybridization with intracellular miRNA. They tested the 
US-propelled ssDNA@GO functionalized nanomachines by measuring the endog-
enous level of miRNA-21 in two kinds of intact cancer cells (MCF-7 and HeLa) of 
significantly different expression levels of miRNA21 (Fig. 10.4b). Their experiment 
results showed that in a few minutes (~ 5 min), 60% recovery of the fluorescence 
intensity can be obtained by applying US at 9 V, comparing to 30 min, 50% recov-
ery of the fluorescence intensity under static conditions. The authors attributed 
major improvements in the sensitivity and sensing speed to the fast cell internaliza-
tion process of the nanomachines and their rapid intracellular movement under the 
acoustic field, highlighting the capability of nanomotors for the determination of 
other important endogenous biomarkers, such as siRNAs, piRNAs, or proteins 
merely by using probe-modified nanomotors labeled with different dyes [60].

Besides gene silencing applications and miRNA molecule detection, spatiotem-
porally controlled active manipulation of external micro-/nanomachines with trans-
ducer components inside living cells can greatly contribute to development of 
real-time mechanical mapping of the intracellular environment, studying cellular 
response to local stress, and many more [14b, 61]. In the research field, Ambarish 
Ghosh’s group has developed a number of versatile micro-/nanomachine-based 
innovative biomedical technologies for fundamental studies of various biophysical 
phenomena [61b, 62]. For the first time, they demonstrated cellular internalization 
and subsequent intracellular manipulation of a system of helical magnetically 

Fig. 10.4 Intracellular 
monitoring of cell 
properties and molecules 
by micro-/nanomachines. 
(a) Schematic of the 
nanomotor-based gene 
silencing approach 
including fluorescence 
images and optical images 
of the acoustic movement 
of the motors inside living 
cells, Reproduced with 
permission, Copyright 
2016, American Chemical 
Society [13b]; (b) 
Intracellular sensing of 
miRNA-21 using 
US-propelled gold 
nanomotors functionalized 
ssDNA(dye-label)@GO, 
Reproduced with 
permission, Copyright 
2015, American Chemical 
Society [33]
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propelled nanomachines with no adverse effect on the cellular viability and the 
utilization of such system to probe some important mechanical properties of an indi-
vidual cell. In contrast to US- or chemical-propelled methods that perturb the entire 
experimental volume and external fluorescent probes that suffer from uncontrolled 
location and further washing process, the remotely driven and guided by small rotat-
ing magnetic field have limited and even harmless effect on cells. They prepared 
two kinds of micromachines with different sizes, with their width and length, cor-
responding to 250 nm × 2.4 μm and 400 nm × 2.8 μm, respectively [62a]. They 
tested these two types of helical propellers in three cell types, including both can-
cerous and noncancerous types, and analyzed and engineered the motion of mag-
netic micromotors through the crowded intracellular space. They found that the 
ration of maneuverable to the total number of internalized helical nanomachines 
was significantly higher in the case of the smaller (250 nm × 2.4 μm) nanomotors 
compared to the larger counterparts (400 nm × 2.8 μm). They related these observa-
tions to the more consistency of porosity of the cytoskeleton and the size of nano-
machines (thus smaller nanomotors showed enhanced propulsion in porous 
biological matrix). Furthermore, the speed of the helical nanomachines showed 
strong dependence on the position inside cells, and this strong position dependence 
of the speed should be largely attributed to the crowded and highly dynamic nature 
of the cellular interior. Both types of cells used in their experiments (HeLa and 
BAEC cells) remained completely viable even after the nanomachines were actu-
ated within the cell for more than 1 h. In summary, their studies provided evidence 
for the strong heterogeneity, anisotropy, and spatiotemporal variability of the cel-
lular interior and demonstrated the capability of helical magnetic nanomachines as 
promising tool for further cellular investigations and applications.

After demonstrating the suitability of helical magnetic nanomachines for intra-
cellular investigations, the same group further disclosed their studies on how the 
tumbling-to-wobbling transition of helical magnetic nanomachines can be exploited 
to quantify the liquid viscosity of the local environment in real time [62b, 63]. They 
prepared helical magnetic nanomachines with their width and length similar to their 
previous studies. They first tested their tiny nanoprobes in both Newtonian and 
shear thinning media, and the obtained viscosity results showed a good match with 
measurements taken with a bulk rheometer and further supported by analytical and 
numerical studies. The dynamic range of viscosity measurements was about 100 cP 
that is comparable to most existing microrheological techniques. They undertook 
intracellular viscosity measurements in cells derived from human patients (HeLa 
cell) and demonstrated the “fluid phase” cytoplasmic viscosity of HeLa cell to 
~200 cP. This novel technique has shown its strength in scenarios that require fast 
mechanical changes such as gelation and coagulation studies, especially in charac-
terization of materials with mechanical heterogeneities [63]. Furthermore, since the 
helical magnetic nanomachine can be driven through the interface of two miscible 
fluids, they can be further explored and exploited to answer fundamental questions 
about local rheological changes happening in tandem inside cells or their environ-
ments due to various bio-physiochemical processes.
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10.3.4  Pathogens and Biomarker Discrimination Based 
on Micro-/Nanomachines

In this section, we will review the application of versatile micro-/nanomachines 
with different propulsion methods and various types of functionalization in the field 
of pathogens and biomarkers discriminations, with emphasis on detection and diag-
nostics of bacteria, viruses, cancer cells, and their critical biomarkers.

It is imperative to develop highly sensitive and selective biosensing methods for 
bacterial detection, because the infections and pollutions have dramatical impacts 
on human welfare, for example, food safety and severe infection by hazardous 
microbe [64]. Traditional detection methods, such as enzyme-linked immunosor-
bent assay (ELISA), polymerase chain reaction, and chemiluminescence, are 
tedious, expensive, and time-consuming [65]. The development of micro-/nanoma-
chines for quickly and sensitively identifying and detecting bacteria has shown 
great promise to tackle the drawbacks of traditional methods. Zhao et al. proposed 
the “motion-capture-lighting” strategy for visual, rapid, and real-time detection of 
E. coli without complicated sample pretreatment, expensive apparatus, and trained 
operators via integration of motion-enhanced capture of bacteria and capture- 
induced fluorescence turn-on of micromotors [66]. The flexible fiber rod-based 
micromotors could have less steric hindrance compared to the commonly used 
microtubes and microparticles, thus enabling multiple interactions with the bacte-
rial surface. The flexible fiber rod-based micromotors are prepared by cryo-cutting 
of aligned fibers fabricated by side-by-side electrospinning (Fig. 10.5a). Catalase 
was further functionalized on one side of micromachines for propulsion of micro-
motors by producing oxygen bubbles, and mannose is grafted on the other side for 
specific recognition of FimH proteins from fimbriae on the bacterial surface, afford-
ing Janus-shaped micromachines (be referred as JMs, Janus micromotors). They 
fabricated different JMs with aspect ratios of 0.5, 1, 2, and 4 and found that the 
aspect ratios of JMs showed significant effects on the tracking trajectories and 
motion speed with the aspect ratio of 2 exhibiting significantly higher magnitudes 
of mean square displacement (MSD) with a directional motion trajectory. The fluo-
rescence spectra of JMs would shift upon the bacteria capture by mannose on 
micromachine surface due to the aggregation-induced emission (AIE) effect of tet-
raphenylethylene (TPE) derivatives. Under ultraviolet irradiation, the fluorescence 
color change of JMs suspensions from blue to bluish-green and to green after incu-
bation with E. coli of 102 and 105 CFU mL−1, respectively, can be observed with 
naked eyes. The limit of detection (LOD) was around 45 CFU mL−1 within 1 min 
using fluorescence intensity change of JM suspensions. Similarly, Campuzano et al. 
demonstrated Au/Ni/PANI/Pt microtubular motor with surface functionalized lec-
tins ConA for identifying and isolating bacteria by exploiting the specific interac-
tion between monosaccharides and oligosaccharides on the surface of Gram-negative 
bacteria and lectin ConA [49]. The functionalized micromachines were used as a 
sensor for the identification of E. coli in human urine samples with good selectivity 
and repeatability. Afterward, with  a similar strategy, Garcia-Gradilla et  al. 
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fabricated a US-driven nanomachine-based sensor comprising ultrasonic-sensitive 
Au-Ni-Au nanomachine to overcome the limits of H2O2 fuels in biological systems. 
Those nanomachines could rapidly identify the bacteria in actual serum and saliva 
samples using US propulsion and guided by the external magnetic fields [67].

The rapid development and wide utilization of micro-/nanomachines have pro-
vided a new opportunity for miniaturizing and automating immunosensors for 
important biomarkers and cancer cells detection. Yu et al. have demonstrated PANI/
Pt double-layer micromachines modified with gold nanoparticles and capturing 
antibodies for biomarker analysis (in this case, Alpha-fetoprotein (AFP) and 
Carcinoembryonic antigen (CEA)) without any washing and separation step, which 
shows considerable promise for diagnostic applications [48b] (Fig. 10.5b). The fast 
and selective capture of the protein analytes and subsequent binding of the 
secondary- antibody-modified glycidyl methacrylate microspheres (GMA) can  be 
achieved under the autonomous movement of the micromachines in the fuel- 
contained sample mixture, leading to slowing down the movement of the moving 
microsensors. The velocity of the micromachines and the number of GMA loaded 

Fig. 10.5 Pathogens and biomarkers discrimination based on micro-/nanomachines. (a) Schematic 
showing “motion-capture-lighting” strategy for visual, rapid, and real-time detection of E. coli 
using JMs, Reproduced with permission, Copyright 2019, Royal Society of Chemistry [66]; (b) In 
situ motion-based immunoassay for protein biomarker using micromachines, Reproduced with 
permission, Copyright 2014, American Chemical Society [48b]; (c) Schematic illustration of 
motion based cellphone diagnostics strategy for HIV-1 detection using DNA engineered micromo-
tors, Reproduced with permission, Copyright 2018, Springer Nature Ltd. [17b]; (d) Schematic 
illustration of the preparation and C. difficile toxins detection application of fluorescent magnetic 
micromachines, Copyright 2019, American Association for the Advancement of Science [47]
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on the micromachines can be easily observed with optical microscopy, which are 
negatively and positively dependent on the biomarker concentration, respectively. 
The dynamic detection range of these micromachines for carcinoembryonic antigen 
can be about 1–1000 ng/mL, and the time needed for protein targets detection can 
be reduced to ~5 min. Furthermore, the motor-based micromachines can be conve-
niently manufactured in batches. In addition, the use of the immunosensor for the 
detection of tumor markers in actual samples (such as human serum solutions) still 
maintained good specificity and detection performance, exhibiting broad applica-
tion prospects in the field. In another case, Ma and co-authors developed a type of 
light-powered matchlike nanomachines for SERS sensing of MCF-7 breast cancer 
cells. These matchlike nanomachines are comprised of silica-coated silver nanow-
ires (AgNW@SiO2) and rough spherical AgCl tails and can be self-propelled via a 
self-diffusiophoresis mechanism. Combined with crystal violet dye as SERS agent, 
MCF-7 breast cancer cells can be easily detected through SERS signal. Their work 
showed great promises that micro-/nanomachines can be further exploited for 
highly sensitive light-guided sensing by combination with other sensing tech-
niques [34a].

More recently, micro-/nanomachines have demonstrated their sensing ability in 
real clinical samples. HIV-1 infection has become a major health threat in both 
developed and developing countries [68]. By integration of mobile cellphone appli-
cation and bioengineered catalytic nanomotors, Mohamed Shehata Draz and co- 
workers have proposed a sensitive and portable technology for HIV-1 management 
[17b]. Their technique relies on the average motion velocity change, merely using 
an optical attachment and a customized tracking cellphone application, to quantita-
tively probe the HIV-1 virus concentration in the sample based on simple cellphone 
(Fig. 10.5c). The HIV-1 RNA molecules were firstly amplified using loop-mediated 
isothermal DNA amplification to afford large-sized amplicons before nanomachines 
were added for motion-based molecular detection of amplified DNA signals. The 
velocity reduction of the nanomachine motion due to interaction and hindrance 
exerted by large-sized amplicons can be accurately measured using a cellphone sys-
tem and positively correlated to the concentration of target nucleic acid in the sam-
ple. The easy-to-construct platform shows excellent specificity (99.1%) and 
sensitivity (94.6%) and could reach the LOD of 1000 virus particles/ml, the clini-
cally relevant threshold value. After that, the same group further developed a similar 
Pt-modified nanomachine for motion-based immunological detection of Zika virus 
(ZIKV) using the same cellphone platform [69]. The detection system contains 
H2O2 energy doped sample, anti-Zika virus monoclonal antibody (anti-ZIKV mAb) 
modified Pt nanoparticles, and 3 μm polystyrene (PS) beads with anti-ZIKV mAb 
modified in a similar way. In the presence of ZIKV, 3D immunocomplex (beads- 
virus- motors) forms due to binding of Pt nanomotors to the surface of the beads. 3D 
immunocomplex would move by Pt nanomotor H2O2-induced decomposition, and 
the velocity of bead could be measured based on cellphone platform. The developed 
cellphone-based system could meet the World Health Organization’s ASSURED 
criteria (affordable, sensitive, specific, user-friendly, rapid, equipment-free, and 
delivered) and hold the potential for the timely management of infectious diseases 
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in less developed countries where equipment is poor and operators are not well 
trained. However, the H2O2 used in detection would induce sample denatured, and 
motion-based detection manner would be highly sensitive to disturbance, which 
would cumulatively lead to an adverse false negative diagnosis.

To tackle current weakness of chemical-propelled, motion-based sensing with 
micro-/nanomachines (sample deterioration, less controllability, and less quantita-
tive) in biological samples, our group recently developed fluorescent magnetic 
micromachines to serve as highly efficient mobile-sensing platform based on fluo-
rescent quenching techniques [47]. The fluorescent magnetic micromachines were 
fabricated with simple steps: (1) pretreatment of natural spores from Ganoderma 
lucidum for easy functionalization, (2) depositing magnetic nanoparticles (Fe3O4 
nanomaterials) onto surface of spores, and (3) covalent conjugation of functional-
ized carbon dots (as probes for the Clostridium difficile secreted toxins) onto spores 
(Fig. 10.5d). The obtained micromachines showed a continuous and controllable 
movement under magnetic stimulation, which was beneficial for interaction between 
analytes (C. difficile toxins) and carbon dots on the micromachines by accelerating 
the diffusion and mass transport. These magnetic micromachines had the capability 
for real-time fluorescent tracking for C. difficile toxins, in bacterial supernatant of 
C. difficile and even in clinical stool samples. The method showed good selectivity 
and sensitivity and can complete detection within tens of minutes (~15 min). We 
believe that this novel detection platform would hold the great promises for the 
sensing application of micro-/nanomachines for various analytes, pathogens, and 
biomarkers owing to its biocompatible actuation, simple functionalization, and reli-
able sensing strategy.

10.4  Conclusion and Perspective

Since the first report on self-propelled nanomotors in 2004 [23a], micro-/nanorobot-
ics has achieved tremendous progress by integrating the advantages of nanotech-
nologies and robotic sciences. Thus far, researchers in this field have endeavored to 
explore and exploit a diverse set of design principles, advanced materials, sophisti-
cated fabrication techniques, and propulsion mechanisms, ultimately promoting the 
micro-/nanomachines as a novel and versatile platform for various real applications 
[9–11]. Based on these endeavors and achievements, the chapter highlights the pres-
ent progress on the micro-/nanomachines for in vitro biosensing. We have covered 
propulsion mechanisms and the functionalization of these micro-/nanomachines 
and emphasized on three promising subtopics, including (1) in vitro detection for 
chemical and biological agents; (2) pathogens and biomarkers discrimination based 
on micro-/nanomachines; and (3) intracellular monitoring of life-important proper-
ties and molecules. With the aids of proper functionalization, the versatile, dynamic 
motile micro-/nanomachines demonstrate enhanced performances such as improved 
sensitivity and higher selectivity and, more importantly, fast response rates or even 
real-time sensing owing to “on-the-fly” properties compared to the passive 
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counterparts. In addition, the small dimension and appealing controllable motion 
enable micro-/nanomachines to work precisely in narrow space, e.g., solution of 
microliters level, microfluidic chips, and even intracellular compartments. Such 
favorable capability to access hard-to-reach sites makes it possible for development 
of miniaturized devices for in situ detection of toxic chemicals and pathogens [25b].

The development of micro-/nanomachines for in vitro biosensing is still at its 
infant stage. To further expand and explore micro-/nanomotors for more realistic 
applications, some of the key challenges need to be addressed including propulsion 
strategies, fabrication issues, sensing mechanisms, and collective/cooperative 
behaviors. In the past decade, a number of strategies have been developed to propel 
micro-/nanomachines for in vitro biosensing. However, most of micro-/nanomotors 
in applications are bubble-propelled; and surfactants (e.g., sodium dodecyl sulfate, 
SDS) are required to ease the release of the bubble for micro/nanoagents propul-
sion; otherwise they would move slowly without surfactants [9a, 11b]. The chemical- 
fuels (in most cases, H2O2) are also indispensable and required to be doped into 
samples together with surfactants. Both additives would exert harmful effects on 
biosensing setup, due to their high chemical reactivity or denature ability on sensi-
tive sample or living cells, thus limiting micro-/nanorobots applications. Among the 
developed propulsion, like magnetic field, ultrasonic stimulus, and light irradiation, 
magnetic actuation would show their advantage, gather more intensive research 
interest, and find more biosensing and biomedical applications, due to its excellent 
biocompatibility, the appealing remote propulsion and accurate motion control 
capabilities [10c, 14b, 19a, b, 25b].

Currently, one of the grand challenges for a new generation of versatile and effi-
cient micro-/nanorobots is the development of new materials and fabrication 
schemes [70]. Current fabrication schemes involve expensive facilities, for instance, 
lithography platforms, electrochemical stations, and clean rooms to afford micro-/
nanomachines with complex and multi-tile micro-/nanostructures, and often require 
expensive noble metals (Au, Ag, Pb, and Pt). More research endeavors have been 
devoted to alleviate the drawbacks in the fabrication schemes of micro-/nanoma-
chines and direct toward the development of robust, affordable, and versatile micro-/
nanorobots. For instance, this field has witnessed a noticeable transition in the com-
position of micro-/nanomachines from expensive noble metals (Au and Pt) to more 
economical metal oxides, such as Mn-based oxides and Co and Fe ferrites. In this 
realm, further exploration and exploitation of natural resource hold great promises, 
including biohybrid micro-/nanomachines that take advantage of biological entities 
such as bacteria or sperm cells as power providers and self-functionalized micro-/
nanorobots which utilize abundant natural materials as both scaffold and functional 
motifs, thus avoiding tedious modification process [14a, 45, 47]. We speculate the 
nature offer enough room in biological materials with various interesting and useful 
function for our communities to further exploration and engineering.

Currently, most micro-/nanomachine-based biosensing methods rely on either 
motion-based or fluorescence-based signal mechanism. The motion-based strategy 
has shown its merits, like easy to setup, straightforward signal generation and low- 
cost, but suffer from unstable detection output as well as semiquantitative or even 
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qualitative results. In contrast, fluorescent signal is highly quantitative and general 
selective for analytes, but often require elaborate organic synthesis and cumbersome 
manufactures. Therefore, it is highly desired to explore and exploit more alternative 
and convenient signal transduction techniques for micro-/nanomachine-based bio-
sensing realm [17b, 34a, 56a]. We envision that under intensive research efforts in 
our communities, more and more signal transduction methods with higher robust-
ness, sensitivity, and selectivity would be introduced and integrated well into micro-/
nanomachines, and eventually leading to their applications in more realistic 
scenarios.

The aforementioned micro-/nanomachine-based biosensing is limited to indi-
vidual navigation and signal generation. However, collective behaviors of micro-/
nanorobots have rarely been explored. More sophisticated tasks (e.g., behavior- 
based signal transduction and signal amplification under cooperation of many 
micro-/nanoagents) would not be possible using individual micro-/nanomachine. 
Recently, our group has achieved controllable assembly and disassembly behaviors 
by manipulating a swarm of magnetic nanoparticles with a time-varying magnetic 
field [71]. To further develop more collective and cooperative behaviors of micro-/
nanomachines swarm and expand their potential applications, both scientists and 
engineers in different fields should endeavor in tight cooperation toward both fun-
damental understanding of quantitative control theory in micro-/nano-size scale and 
mimicking or taking advantage of communication and synchronized coordination 
within natural intelligent swarms [9d]. Hopefully, we expect to develop collective 
and cooperative behaviors of swarm comprising of micro-/nanomachines with dif-
ferent functions to achieve more integrated applications in biosensing field, namely, 
the integration of conventionally tedious, time-consuming sample collection, prepa-
rations, and signal generation or even data presentation into a single and easy-to- 
operate platform.
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Chapter 11
Biophysical Measurement of Cellular 
and Intracellular Structures Using 
Magnetic Tweezers

Xian Wang, Tiancong Wang, Zhuoran Zhang, and Yu Sun

11.1  Introduction

From the 1920s, scientists have used magnetic fields to actuate magnetic micro-
beads to measure the viscosity of the fluidic medium. Then the magnetic field was 
applied to measure mechanical properties of cells and cellular structures [1]. To 
generate a strong magnetic field, permanent magnets or electromagnets with sharp 
pole tips were used, and the magnetic field generation system was named magnetic 
tweezers [2]. With advantages of large force output, non-contact actuation, and 
good biocompatibility, magnetic tweezers have soon been applied to biophysical 
measurement of various types of biological samples.

Within the human body, cells are subjected to multiple sources of mechanical 
stimulation (Fig. 11.1), such as fluidic shear from the body fluid (e.g., blood and 
cerebellum spinal fluid), stretching and compression from mussel movement, and 
compression from neighboring cells [3, 4]. Mechanical properties of cells and cel-
lular structures become a center of understanding how cells sense and respond to 
mechanical stimulations [5, 6]. Researchers started to quantify the mechanical prop-
erties of cells and study how mechanical properties of cells are related to diseases 
since the 1930s [7]. It has been observed that cancer cells with high metastasis 
potential are softer than early-stage cancer cells [8]; abnormality of mechanics of 
cytoskeleton is associated with neurodegeneration, cancer invasion, and pulmonary 
fibrosis [9]; and altered cell nuclear mechanical properties are linked to many types 
of muscular dystrophy and heart failures [10].

Early magnetic tweezers utilized permanent magnets with sharp tips to exert 
forces on magnetic microbeads made from iron or iron oxide (Fig.  11.2a) [11]. 
However, force generation using the permanent magnet system is challenging 
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because magnetic force depends on many factors, including position, the material 
type, lifetime, and shape of the magnets [12]. To address these issues, an electro-
magnetic coil on a ferromagnetic core with a sharp tip was developed (Fig. 11.2b) 
[13, 14]. When current is supplied to the magnetic coil, a controllable magnetic field 
is generated, and the magnetic field has a high magnetic-field gradient near the 
sharp tip of the magnetic pole [15]. The generated gradient is then used to generate 

Fig. 11.1 Mechanical environment of a cell. (a) Multiple sources of mechanical stimulation exist 
in the human body [6]. (b) Biophysical cues inducing cell responses [6]. Reproduced with permis-
sion. 2009, Annual Reviews

Fig. 11.2 Development of magnetic tweezers. (a) Magnetic tweezers using permanent magnets 
[11]. Reproduced with permission. 1996, AAAS. (b) Single-pole magnetic tweezers [13]. 
Reproduced with permission. 2005, AIP. (c) 2D quadrupole magnetic tweezers [17]. Reproduced 
with permission. 2005, Cell Press. (d) 3D hexapole magnetic tweezers [18]. Reproduced with 
permission. 2006, AIP. (e) Robotic multi-pole magnetic tweezers [20]. Reproduced with permis-
sion. 2019, AAAS
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a controllable force on the magnetic microbead attached to the structure of interest. 
For example, a microbead was functionalized with antibodies to attach to integrin 
on the cell surface for cell stiffness measurement [16]. However, the single-pole 
magnetic tweezers only apply one-directional attractive forces, thus cannot be used 
to control/navigate the bead position.

Multipole magnetic tweezers utilizing multiple magnetic poles for applying 
forces on a magnetic microbead in multiple directions were developed in 2005 
(Fig. 11.2c, d) [17]. With the capability of applying forces in different directions to 
navigate a freely moving microbead, the multipole magnetic tweezers enabled the 
measurement of intracellular viscosity [18]. However, microbead navigation was 
controlled in an open-loop manner because the small inertia and fast dynamics of 
magnetic microbeads pose difficulties for position control; and force application 
was through empirically applying current to each of the coil due to the lack of guid-
ance from a force control model [19]. In 2019, a magnetic model relating magnetic 
force to electric current applied to each magnetic coil and the bead position within 
the workspace was developed, and the control of bead position and force inside a 
single cell was achieved in 3D (Fig. 11.2e) [20].

Despite the developments and wide applications of magnetic tweezers for actuat-
ing magnetic beads to perform measurements of biological samples, there are still 
several challenges that await to be addressed. For instance, force output needs to be 
increased for manipulation and measurement at the cell and intracellular scales; 
cytotoxicity and long-term fate of the microbeads need to be further studied.

This chapter introduces the principles of magnetic tweezers and then discusses 
the applications of magnetic tweezers to the measurement and stimulation of cel-
lular and intracellular structures. Prospects for the development of magnetic twee-
zers for biomedical applications are also discussed.

11.2  Principles of Magnetic Micromanipulation

11.2.1  Magnetic Microbead

Magnetic beads are commonly used for cellular and intracellular measurement and 
stimulation with a size range from a few nanometers to tens of microns. The wide 
range allows beads to attach to a variety of targets, including proteins, intracellular 
organelles, viruses, and cells [16, 21]. In mechanical measurement of cellular and 
intracellular structures, the bead size of hundreds of nanometers to several microns 
was most commonly used for generating sufficient forces in mechanical 
measurement.

The iron surface of iron-based magnetic beads has been shown to cause intracel-
lular inflammation and increased oxidative stress, posing concerns to cell viability 
[22]. To avoid exposing iron on the bead surface, iron-based and iron oxide-based 
magnetic microbeads are usually encapsulated by biological matrix or dextain or 
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functionalized with carboxylic acid or amine groups, polyethylene glycol (PEG), 
and nitrilotriacetic acid (NTA) [20].

11.2.2  Magnetic Force and Magnetic Moment

For a magnetic bead within a magnetic field, the magnetic force exerted on the bead 
depends on the induced magnetic moment and the gradient of the magnetic 
field, namely,

 F m B= ∇  (11.1)

where F is the magnetic force, m is the magnetic moment, and ∇B is the gradient of 
the flux density of the magnetic field. The magnetic moment of the magnetic bead 
depends on the total bead volume, namely, m = ∫∫∫M dV. When the size of the 
object scales down, the magnetic moment m scales down with the volume. Thus, 
magnetic force scales down to the length by the factor of three.

The magnetic torque exerted on the magnetic bead is

 T = × =m B m B sinθ  (11.2)

where θ is the angle between m and B and sinθ reaches the maximum when m and 
B are perpendicular and reaches the minimum when m and B are aligned.

When the direction of the magnetic flux density B changes, the direction of the 
magnetic moment always aligns toward the direction of magnetic flux density due 
to the effects of the magnetic torque. When a rotatory magnetic field is applied to 
the magnetic bead, it rotates with the direction of magnetic field direction (direction 
of B) and applies a torque to the structure to which the bead is attached. A magnetic 
rod has the magnetic moment direction (the direction of m) aligned with its long 
axis, thus rotating with a rotatory magnetic field when its long axis has a different 
direction than the direction of the magnetic field flux density. When it freely rotates 
in the medium environment, the rotation of a magnetic rod within the magnetic field 
has been used to measure the viscosity and viscoelastic properties of biological 
samples [23].

11.2.3  Magnetic Bead Dynamics

The contact mechanics model based on Hertz model was commonly used to relate 
magnetic force and cell deformation [24]. The Hertz model for the microbead in 
contact with a cell is

X. Wang et al.



273

 
F

E

v
R delastic

s

=
−

4

3 1 2

1

2

3

2

 
(11.3)

where E is the Young’s modulus of the sample, vs is the Poisson’s ratio of the sam-
ple, R is the radius of the microbead, and d is the displacement of the microbead 
after application of the magnetic force.

In addition to elastic properties, cells and intracellular organelles are usually 
modeled as viscoelastic materials [3, 25]. The viscoelastic model uses springs and 
dashpots to describe the elastic and viscous properties. For a viscoelastic material, 
the stress-strain relationship in the K-V model is
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where σ is stress, ε is strain, 
d
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ε
 is strain rate, E is the elastic modulus, and η is the 

viscosity of the sample. The K-V model combines the elastic portion and the vis-
cous portion as

 F F F= +elastic viscous (11.5)

Combining the elastic portion and the viscous portion in the K-V model, the 
relationship between force, displacement, and speed is
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When the microbead is introduced into the cell medium or intracellular environ-
ment, the bead subjects to a magnetic force and the random thermal force that 
induces Brownian motion. The bead dynamics is

 
F F P Pmag thermal− = +m r¨

6πη 

 (11.7)

where Fthermal is the random thermal force depending on bead size and environmen-
tal temperature, P is the bead position in 3D, and m P¨

is the inertia of the bead, 
which is negligible due to the microbead’s small mass [20].

11.2.4  Magnetic Tweezers Based on Gradient Force

Direct force application is the most commonly used method in cellular and intracel-
lular stimulation (Fig. 11.3a–c) [26]. In a magnetic gradient field, magnetic beads 
are subjected to a magnetic force, and the force is controlled by changing the dis-
tance between permanent magnets and the beads or by controlling the current 
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applied to the electromagnetic coils. Permanent magnets generate a large magnetic 
field without producing heat in the workspace [27]. However, the magnetic field 
generated by permanent magnets degrades with the life-time of the permanent mag-
nets, and controlling the field strength by controlling the distance between the bead 
and the permanent magnets is sometimes infeasible for integration with micro-
scopes. Additionally, controlling the rotation of the permanent magnets to control 
the frequency of the rotatory field can only reach a maximum of around tens 
of Hertz.

Compared with magnetic tweezers made from permanent magnets, the electro-
magnetic magnetic tweezers were used for generating more complex field profiles 
(e.g., rotating magnetic field and time-invariant magnetic field) and fast dynamics of 
the alternating field, by controlling the current applied to the coils. The generated 
controllable force on the magnetic bead can be used for measuring the mechanical 
properties (viscoelasticity, plasticity, etc.) by relating the force and the resulting 
deformation using a contact mechanics model [28]. The limitation of using the gra-
dient field is that the magnetic gradient decays with the distance from the electro-
magnetic pole to the target by a factor of four. Thus, a close distance between the tip 
and the magnetic bead is required to generate a sub-nanoNewton force.

Fig. 11.3 Magnetic tweezers using magnetic gradient and torque. (a) Single-pole magnetic twee-
zers [25]. Reproduced with permission. 1998, Cell Press. (b) Multi-pole magnetic tweezers [20]. 
Reproduced with permission. 2019, AAAS. (c) MiniMag system utilizes magnetic field gradient to 
generate forces on magnetic microbeads [35]. Reproduced with permission. 2017, AAAS. (d and 
e) Magnetic tweezers cytometry for generating magnetic torque for microbead displacement and 
micro rod rotation [23, 29]. Reproduced with permission. 2016, Springer Nature and 2001, 
APS Physics
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11.2.5  Magnetic Tweezers Based on Torque

Exerting a torque through the rotation of a magnetic bead or magnetic rod attached 
to cellular and intracellular structures was used to measure cell mechanics and intra-
cellular cytoplasm viscosity [29]. When subjected to a magnetic field, the magnetic 
bead or rod aligns the direction of its magnetic moment with the direction of the 
magnetic field strength. With the capability of generating a large magnetic torque on 
a microbead coated with antibodies, magnetic twisting cytometry has been used for 
characterizing the mechanotransduction signaling pathways both on the cell surface 
and inside the cell (Fig. 11.3d, e).

In magnetic twisting cytometry, the model relating the torque and the local elas-
tic properties of the cell was developed using the generated magnetic torque, T, and 
local stress caused by the torque. The ratio of the torque T to the resulting bead 
displacement d defines a complex elastic modulus of the cell g = T/d in the unit of 
Pa/nm. For each bead, mechanical properties of the elastic modulus g′ (the real part 
of g), the loss modulus g′′ (the imaginary part of g), and the loss tangent η (the ratio 
g′/g′′) can be calculated [30]. These results can also be used to relate the elastic and 
loss moduli by a geometric factor 𝛼 that depends on the shape and thickness of the 
cell and the degree of bead embedded within the cellular structures, i.e.,

 g g= ′α  (11.8)

The geometric factor 𝛼 serves as an approximation and is model-independent. 
The quantification of the geometric factor can be achieved by using finite element 
analysis of cell deformation for a representative bead-cell geometry. For example, 
assuming 10% of the bead diameter embedded in a cell is 5 μm, the geometric factor 
𝛼 was quantified to be 6.8 μm [30].

After internalized into the cell through endocytosis, the intracellular rod was 
rotated within the magnetic field to measure cytoplasm viscosity. Actuated by a low- 
frequency (lower than the step-out frequency) magnetic field, the rods rotate at the 
same angular speed as the field, whereas at a higher frequency their motion becomes 
back-and-forth oscillations. The mechanical properties including viscosity, elastic 
modulus, and relaxation time of the cytoplasm can be calculated from the motion of 
these rods through fitting to rheological models.

Assuming the cytoplasm is a liquid environment with a viscosity η, a rod sub-
jected to a rotating field experiences a restoring torque that slows down its rotation. 
As a result, the motion undergoes a transition between a synchronous and an asyn-
chronous rotation. The critical frequency ωc between these two regimes is
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where μ0 is the permeability in vacuum, L and D the length and diameter of the wire, 
H the amplitude of the magnetic excitation, and g

L
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 is a dimensionless function 
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of the anisotropy ratio. Additionally, Δχ = χ2/(2 + χ), where χ denotes the magnetic 
susceptibility [23]. Experimentally quantifying the critical frequency ωc is used to 
quantify the shear elastic modulus.

When the cytoplasm is modeled as viscoelastic fluid, the Maxwell model (a 
spring and dashpot in series) is used to describe the viscoelastic response of the 
cytoplasm. A rotating rod immersed in such a medium experiences a restoring 
torque with both viscous and elastic components, and the torque opposes the applied 
magnetic torque. With increasing ω, the magnetic rod undergoes the same type of 
transition as the one described above, and the critical frequency ωc is also as 
expressed in Eq. (11.9) [23]. From the amplitude of the oscillations θB(ω) within a 
Newtonian fluid in the asynchronous regime, the shear elastic modulus G can be 
determined from
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11.3  Mechanical Measurement of Single Cells Using 
Magnetic Tweezers

11.3.1  Measurements of Cell Mechanics

Biophysical properties of a cell play important roles in regulating cell behaviors 
such as migration and mitosis and in adapting to the mechanical microenvironment 
including local stiffness and mechanical stimulation [31–34]. Understanding the 
biophysical properties of a cell helps better understand how cells interact with its 
mechanical microenvironment and potentially generate new therapeutic approaches. 
Within the magnetic field generated by magnetic tweezers, a magnetic bead is con-
trolled to generate forces to deform cellular or intracellular structures for mechani-
cal measurement, including cell stiffness, cytoplasm viscosity, and viscoelasticity of 
intracellular structures (Fig. 11.4) [35].

To measure mechanical properties at the single-cell level using magnetic twee-
zers, magnetic microbeads are functionalized with integrin or fibronectin for the 
beads to attach to the cell surface and to apply a force or torque on the cell surface, 
which is transmitted through the cytoskeleton. When subjected to a mechanical 
force or torque, living cells undergo viscoelastic deformations. Bausch et al. char-
acterized the viscoelastic properties of cells by using 4.5  μm magnetic beads 
attached to the cell membrane and pulled by a single-pole magnetic tweezer to 
apply a nanoNewton force as a step pulse [36]. During force application, the creep 
response of the cell was recorded and used to calculate the viscoelastic properties 
(shear modulus and viscosity) of the cell. In addition to viscoelastic properties, the 
incomplete shape recovery on the cell after force application was observed and was 
believed due to plastic deformation of the cell. Using large alternating step-force 
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pulses (e.g., 10 nN) applied to the cell with a 4 μm magnetic bead on the cell mem-
brane, cell plasticity was quantified by measuring the irreversible deformation after 
force application [37].

Magnetic twisting cytometry was also used to quantify cell mechanics with a 
static torque and has been used to apply cyclic stress and study the frequency 
response of the cell. In experiments, ferromagnetic beads attached to the cell surface 
were magnetized with a strong external magnetic field (Fig. 11.4c). Then a sinusoi-
dal magnetic field applied perpendicularly to the original field was used for cyclic 
loading on the cell. Butler et al. extended the actuation from 2D to 3D by developing 
a magnetic twisting device, which allowed rotation control three dimensionally. The 
study revealed the anisotropy of cell mechanics by twisting the magnetic bead and 
cytoskeleton along different axes and different angles.

With the advantage of high precision, large force output, and superb biocompat-
ibility of magnetic measurement and manipulation, the application of magnetic 
tweezers to cell mechanics measurement was further extended to the measurement 
of long-term cell mechanics change during cell migration and mitosis and in cancer 
progression and stem cell maturation. For example, Osborne et al. characterized the 
stiffness change during TGF-β-induced EMT (epithelial-to-mesenchymal transi-
tion) over time and revealed a functional connection between the reduction in stiff-
ness and the increase of the invasion capacity of the cells [38].

Fig. 11.4 Mechanical measurement on cells (a–c), 32–34 nucleus (d and e), 20, 41 cytoskeleton 
(f–h), 43–45, and other structures (i–k) 23, 36, 47. Reproduced with permission. 2018 Wiley; 
2007, ACS Publications; 2014 SAGE Journals; 2014, Springer Nature; 2019, AAAS. 2012, PNAS; 
2016, AAAS; 2013, Springer Nature; 1999, Cell Press; 2015, Springer Nature; 2017, Royal Society 
of Chemistry
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11.3.2  Measurement of Cellular Rheological Properties

After introduced into the cell through either microinjection or endocytosis, mag-
netic microbead can be controlled to navigate inside the cytoplasm by magnetic 
forces. Due to the small mass and small inertia, the magnetic force on the magnetic 
bead quickly balances with the fluidic drag force. According to magnetic field mod-
els, the magnetic force depends on the magnetic field gradient and magnetic moment 
of the microbead, and the magnetic force can be calibrated beforehand in an envi-
ronment with known viscosity (e.g., silicone oil) [15]. By calculating the fluidic 
drag force from the balancing magnetic force, the viscosity of the local liquid envi-
ronment in cytoplasm is calculated. A 1.3 μm microbead was moved in a macro-
phage to measure the viscoelastic of the cytoplasm by tracking the bead’s moving 
speed under a constant magnetic force; the viscosity of the cytoplasm was measured 
to be 2–7 mPa‧s (Fig. 11.4i) [36]. However, studies on measuring intracellular cyto-
plasm viscosity showed that a large portion of the magnetic microbeads was trapped 
in the cytoskeleton network, which must be taken into account for cytoplasm vis-
cosity quantification.

Using the magnetic torque-based method, the rotation of magnetic wires within 
the magnetic field was recorded inside the cell to quantify the viscosity or viscoelas-
tic properties of the cytoplasm. A magnetic micro wire was used for rotational mag-
netic spectroscopy to measure the shear viscosity of the cytoplasm inside living 
cells by relating the magnetic torque applied to the magnetic wire and the resulting 
rotation speed (Fig. 11.4j). Unlike the translational movement of magnetic beads 
inside the cell, the rotating wire can differentiate liquid-like (viscosity) from gel- 
like (viscoelasticity) behaviors by observing transient frequencies between a syn-
chronous and an asynchronous regime of rotation. It was found that the cytoplasm 
behaved as viscoelastic fluid [23].

11.4  Mechanical Measurement of Intracellular Structures

11.4.1  Measurement of Cell Nucleus and Cytoskeleton

The cell nucleus is the largest organelle and the major DNA storage inside the cell 
[39]. Abnormal mechanical properties of the cell nucleus have been observed in 
cancers and muscular dystrophy [40]. With the small size and large force output of 
the magnetic bead within the magnetic gradient field, magnetic tweezers have 
become a powerful tool for studying nuclear mechanics. By attaching an antibody- 
coated magnetic bead onto Nesprin and applying an oscillating force (35 pN) on 
isolated nuclei, Guilluy et al. found that mechanotransduction existed on the nuclear 
envelope rather than only limited on the cell surface (Fig. 11.4d) [41]. However, the 
nucleus isolation process (either mechanically or chemically) disrupts the local 
cytoplasmic environment that the nucleus lies in, where the nucleus is closely 
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integrated with the cytoskeleton within the cytoplasm and the activities that occur 
within the nucleus are regulated by ions within the cytoplasmic environment. To 
study the mechanical properties of the cell nucleus inside a living cell, robotic mul-
tipole magnetic tweezers were developed to control a 0.7 μm magnetic bead for 
measuring the nuclear mechanics inside the living cell without nucleus isolation 
(Fig. 11.4e) [20]. For studying intra-nucleus properties, Subramaniam et al. injected 
a single magnetic bead (1 μm) into the nucleus a living cell and measured the visco-
elasticity within the nucleus, proving the feasibility of intracellular measurement 
and manipulation of chromatin using magnetic microbeads [42].

11.4.2  Measurement of Cytoskeleton, DNA Strands, 
and Intracellular Motor Proteins

Magnetic measurement using magnetic tweezers has also enabled the study of prop-
erties of the cytoskeleton, DNA strands, and motor proteins [43–45]. With the small 
size of the magnetic microbead accessing small space in living cells, mechanical 
measurements were conducted on cytoskeleton to understand how molecular forces 
applied on the cytoskeleton regulate cell mitosis. Garzon-Coralin et al. measured 
the forces for a cell to maintain the position and orientation of the spindle during 
cell division (Fig. 11.4g) [44]. To measure mitotic forces in vivo, a 1.0 μm magnetic 
bead was injected into the cell of a C. elegans embryo, and single-pole magnetic 
tweezers were used to exert forces up to 200 pN to mitotic spindles. The results 
showed that a force-generating centration apparatus with spring-like properties 
maintained the spindle at the cell center. To further increase the force output for 
manipulating the cytoskeleton, the single-pole magnetic tweezers built by Tanimoto 
et al. with strong neodymium super magnets were capable of applying a force up to 
1500 pN to move the microtubule asters in a fertilized sea urchin egg [46]. With the 
ability to slow down or even move against the asters centering motion, they directly 
measured the force associated with the migration and centering of the aster, which 
also quantified the number of motor proteins involved in the process.

Since the early invention of magnetic tweezers, mechanical measurements were 
made on DNA strands using magnetic tweezers to study the unwinding force and 
DNA binding force to adhesion molecules. Through mechanical stretching (force 
application) or twisting (torque application) of the DNA strand, the force needed for 
unwinding or re-zipping DNA, the molecular force in DNA replication, and the 
force on torsional constraints have been studied. For example, Ebright et al. used 
magnetic tweezers to twist a single DNA molecule to create a super-coiled state and 
revealed the different transcription activity of RNA polymerase on different super-
coiled states of DNA (Fig. 11.4k) [47, 48].

Through controlling the magnetic force or torque applied to balance the active 
force applied by the motor, magnetic actuation was used to estimate the driving 
force/torque of an isolated motor protein, such as kinesin, dynein, and rotary motor 
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protein. For example, a 2.8 μm magnetic bead was attached at the positive end of an 
isolated microtubule with intracellular motors kinesin on the substrate [49]. When 
the magnetic force was scaled by the average number of motors, the force-velocity 
relationships for multiple kinesin motors and single kinesin motor were quantified, 
for studying the kinesin motor’s movement on microtubules. The results showed 
that Drosophila kinesin-1 motors moved a microtubule at 200–700 μm/s against a 
0–31 pN load at saturating ATP supply [49].

11.5  Summary and Outlook

The development of magnetic tweezers has enabled a multitude of applications for 
cellular and intracellular measurement. Different configurations of magnetic twee-
zers generating magnetic force or torque were developed to control a magnetic 
microbead, wire, or rod to apply a force on cellular/intracellular structures for mea-
surement. Magnetic microbeads have been controlled by an external magnetic field 
to exert forces/torques and perform mechanical measurements on the cell mem-
brane, cytoplasm, cytoskeleton, nucleus, and intracellular motors. Magnetic twee-
zers have become an important tool for cell biophysical measurement and will 
continue to be used widely for further exploration of cellular/intracellular structures 
and their functions.

Different from using specific target antibodies toward integrin for binding the 
magnetic microbead to the cell surface, existing magnetic tweezers are ineffective 
for controlling the microbead’s position in a cell with sufficient resolution for tar-
geting small intracellular structures (e.g., mitochondria, endosome, lysosome) [50]. 
The limitation was imposed by poor magnetic force scaling and by lacking the 
capability of applying an accurately controlled force due to thermal fluctuations 
[26]. Because gradient-generated force scales down with the bead size by a factor of 
three, the magnetic force exerted on a 1 μm magnetic bead is usually less than 1 pN, 
which is insufficient to deform cellular structures for mechanical measurement. 
Further increasing the magnetic field gradient to increase the magnetic force would 
pose limitations on workspace, as the magnetic gradient decays by the factor of four 
with space. Controlling the microbead position within the region with nonlinear 
magnetic field gradient can potentially increase the workspace, while a nonlinear 
magnetic force model is required to position control using magnetic tweezers.

The position control accuracy of microbead controlled by magnetic tweezers is 
also limited by the imaging resolution and sampling frequency of a microscope. The 
future development of magnetic tweezers could be integrated with more advanced 
imaging techniques, such as super-resolution microscopy (e.g., STED) for a higher 
imaging resolution and a higher sampling frequency for position control.

Measurements performed on intracellular structures require the microbeads to be 
internalized into the cell. It was shown that the internalization process was affected 
by the size, shape, surface charge, coating, and hydrophobicity of the microbeads. 
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After internalization, the microbeads are degraded in lysosomes by a number of 
enzymes such as the lysosomal Cathepsin L. The release of reactive iron species 
during degradation can be a source of cytotoxicity [51]. The cytotoxicity effect from 
the microbeads can affect measurement on cellular structures especially during 
time-lapsed measurement in the course of cell migration and mitosis, which are 
known to be related to the coordination of biophysical properties of nuclear mechan-
ics, cytoskeleton organization, and hydraulic pressure [52].

How the degradation of the magnetic beads affects cell metabolism and what is 
the long-term intracellular fate of these beads require further studies [22]. Surface 
functionalization with biocompatible materials (e.g., carbon and gold) and the 
encapsulation of magnetic materials with biopolymers can potentially reduce the 
cytotoxic effect to the cells.

When used together with biophysical measurements, biochemical measurements 
have also been explored through functionalizing magnetic microbeads with various 
types of fluorescent dyes. Compared with traditional dye treatment, the use of dye- 
functionalized microbeads for measuring intracellular biochemical signals has the 
advantage of a high surface-area-to-volume ratio. Using magnetic tweezers, dye- 
functionalized magnetic microbeads can be controlled to form a swarm through 
on-demand magnetic aggregation and de-aggregation control. Through magnetic 
swarm/aggregate control using magnetic tweezers, fluorescent-dye-coated mag-
netic nanoparticles can form a swarm/aggregate of a controllable size to locally 
enrich the concentration of fluorescent dyes for a higher signal-to-noise ratio (SNR). 
Using a swarm of magnetic microbeads for biochemical measurement, only a small 
amount of dyes needs to be introduced into a cell, resulting in reduced toxicity to the 
cell, which can potentially become a tool for intracellular biochemical measurement 
with increased SNR and decreased toxicity.
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Chapter 12
Hepatic Vascular Network Construction 
Using Magnetic Fields

Eunhye Kim, Masaru Takeuchi, and Toshio Fukuda

Without perfusable vascular networks, three-dimensional tissues populated with 
cells cannot maintain a living condition. To construct 3D tissues, a well-organized 
vascular network is required. In this work, a method for constructing a hepatic 
lobule- like vascular network in 3D cellular structure by using magnetic fields is 
employed. To realize channel networks that mimic the hepatic lobule, steel rods and 
magnetic fibers were utilized as a sacrificial mold in fibrin gel. The network is sim-
ply constructed by three types of veins, a central vein, portal vein, and sinusoids. To 
realize two types of veins, the central vein and the portal vein, two different sizes of 
steel rods were utilized. In addition, magnetic fibers connected the central vein and 
the portal vein for delivering nutrients in 3D cellular structure. The steel rods and 
fibers were connected by magnetic fields using magnetic tweezers. The proposed 
tweezers were designed based on 3D simulation data to generate high magnetic 
fields to attract magnetic fibers. In addition, a tissue with 3D channel network was 
cultured for a week. To verify that the channel network can supply the nutrients to 
the cells in tissues, the viability of the cells located on the structure was analyzed. 
The cells close to the channel network show a higher cell viability than the cells far 
from the channel network.

12.1  Introduction

Recently, in vitro three-dimensional (3D) tissue fabrication has been one of the 
significant research issues for transplantation. To develop a substitute for real tissue 
and organs, construction of an artificial tissue is necessary. First, to build avascular 
and thin tissues, such as skin and cartilage, various methods have been 

E. Kim (*) ·  M. Takeuchi · T. Fukuda 
Department of Mechatronics Engineering, Meijo University, Nagoya, Aichi, Japan

Department of Micro-Nano Systems Engineering, Nagoya University, Nagoya, Aichi, Japan
e-mail: kim@meijo-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-80197-7_12&domain=pdf
https://doi.org/10.1007/978-3-030-80197-7_12#DOI
mailto:kim@meijo-u.ac.jp


286

proposed – for example, cell sheet engineering and 3D bioprinting [1, 2]. However, 
because the diffusion of nutrients and oxygen in cell-dense tissues is limited, 3D 
cell-dense tissues thicker than 200μm find it difficult to maintain cells in a living 
condition [3]. To avoid necrosis of the cells in 3D tissues, construction of well-
organized vascular networks that can spread nutrients and oxygen to cells in 3D 
tissue is indispensable [4, 5]. Generally, vascularized tissues in the human body 
include a range of branching vessels from millimeter-sized veins to a micrometer-
sized capillary network. Thus, a branching vascular network is essential for attain-
ing perfusable tissues.

Many approaches have been addressed to construct vascular structure in 3D arti-
ficial tissues [6]. To fabricate a large tissue applying cell sheet engineering, simple 
vascular networks have been designed by sandwiching endothelial cells between 
two cell sheets [7]. Another approach is the assembly of small blocks made by 
hydrogel embedding cells for building vascular-like microtubes [8, 9]. For example, 
Takeuchi et al. proposed a self-assembly method of magnetized toroidal microstruc-
tures [9]. However, the constructed vascular-like structures made by cell sheets and 
the assembly of microstructures show simple patterns.

To fabricate various patterns of vascular networks in 3D tissues, 3D printing 
methods have been proposed. For example, Miller et al. printed rigid 3D filament 
networks of carbohydrate glass as a lattice structure and deposited it into cell-loaded 
matrices [10]. Subsequently, the glass skeleton was dissolved to create a vascular 
network in 3D tissue containing living cells. Bertassoni et al. printed agarose fibers 
and then constructed linear, branching, and lattice architectures of vascular struc-
tures in cell-laden methacrylated gelatin (GelMA) hydrogels [11]. Lee et al. con-
structed large perfused vascular channels [12]. They fabricated larger (more than 
1-mm) vascular channels using gelatin and connected them by printing the adjacent 
capillary network for seeding endothelial cells.

Although the 3D printing method offers highly precise positioning and high con-
trol of speed, resolution, and diameter of the vessels, it is difficult to construct a 3D 
vascular network having a branching structure. There are several problems. First, 
because the assembly speed of tissues is decided by the size of the target and the print-
ing speed, a longer assembly time corresponds to a larger size of the tissue. Second, 
the printing materials are restricted to printable and biocompatible elements. Third, 
the underlying layers tend to collapse as additional layers are printed on top of them, 
and so, the construction of the multilayered structure is still challenging.

The final goal of this research is to construct liver by assembling hepatic lobule- 
like structure. Liver is an important organ because of its many functions such as 
detoxification of blood, helping fighting infection, and aiding in digestion. In addi-
tion, it is an ideal cellular model for drug test and screening and cell behavior study. 
For this, as the first step, many researchers have constructed hepatic lobule- like 
structure. D. R. Albrecht et al. patterned cells and microspheres by dielectrophoresis 
(DEP) manipulation [13]. C. T. Ho et al. patterned hepatic and endothelial cells via 
an enhanced field-induced dielectrophoresis (DEP) trap [14]. G. S. Jeong et al. cul-
ture cells using honeycomb structures made by natural extracellular matrix (ECM) 
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[15]. However, they constructed only two-dimensional structure due to the lack of 
spatial organization techniques. To realize similar models with hepatic lobule, fab-
rication of 3D hepatic lobule-like structure with high similarity is necessary. 3D 
hepatic lobule-like structures have been constructed by using several approaches. 
V. L. Tsang et al. fabricated 3D cellular structure by multilayered photo patterning 
platform for embedding cells in hydrogels of complex structure [16]. X. Ma et al. 
made 3D hydrogel-based triculture model by 3D printing [17]. C. Ma et al. culture 
cell-laden hydrogel by pneumatic-aided micro-molding [18]. Although they con-
struct 3D hepatic tissue, the depth of the structure is less than 200μm. To construct 
large-sized hepatic lobule tissue, perfusable vascular network to supply nutrients 
and oxygen is required.

Recently, assembly of hepatic lobule-shaped microtissue containing liver cells 
for constructing multiple layered tissues has been proposed. Z. Liu et al. fabricated 
hepatic lobule tissues based on Ca-alginate cell sheets and assembly them by using 
glass micropipette [19]. J. Cui et al. utilized a gelatin methacryloyl (GelMA) hydro-
gel as a matrix to construct 3D lobule-like microtissues for co-culture and assem-
bled them using micro bubbles [20]. Although they achieved multilayered structure, 
the vascular networks are too simple compare to real things.

In this research, magnetic fields were used to construct a 3D vascular network in 
a cell-dense structure. The magnetic fields make it possible to exert forces at a dis-
tance, without damage to the target materials, which makes it possible to increase 
the construction speed, regardless of the target size, and to maintain the biocompat-
ible condition of the cells. Owing to these benefits, magnetic fields have been 
applied to various biological applications.

To manipulate a single particle including magnetic beads and biological cells, 
magnetic tweezers have been implemented for generating magnetic fields 13–20 
[21–28]. The magnetic tweezers are able to concentrate magnetic fields into a small 
space. Bonakdar et al. precisely controlled a 4.5–5-μm microbead attached to a liv-
ing cell for measurement of cell mechanical properties [22]. Robert et al. manipu-
lated 5–100-μm magnetic objects and stem cells in a porous scaffold to probe the 
local physical properties for enhancing cell seeding [23]. Tweezers with two poles 
were utilized for characterizing intracellular properties of cells and for analyzing 
DNA molecules by manipulating micro objects [24, 25]. A quadrupole magnetic 
tweezers were reported [26]. Quadrupoles having sharp tips were employed to trap 
a magnetic particle in a 2D direction. A hexapole electromagnetic system was 
designed to generate magnetic force onto a microbead in the 3D direction [27, 28]. 
As mentioned above, the applications of the tweezers actuated by coils were limited 
as manipulation of microbeads on the cells for analyzing cell properties.

Recently, novel hybrid alginate microfibers by embedding magnetic particles 
have been proposed. Hu et al. fabricated magnetic hydrogel fibers with magnetic 
particles and living cells [29]. Sun et al. improved the fabricated magnetic fibers by 
encapsulating magnetic oil micro-droplets with uniform distribution to measure the 
magnetic forces on the magnetic fibers [30]. The magnetic hydrogel fibers showed 
high controllability, flexibility, and cell viability. These fibers were directly 
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manipulated using a magnetic tweezer, and then it was verified that cellular struc-
tures with diverse forms, such as a microscale helical microstructure and dome-
shaped structure, can be constructed by assembling magnetic fibers [31, 32]. These 
results show that the magnetic hydrogel fiber is a suitable material for constructing 
vascular networks because of the flexibility provided by the hydrogel and the con-
trollability provided by magnetic fields.

In this chapter, magnetic hydrogel fibers were manipulated by using magnetic 
tweezers for constructing a 3D vascular network. The magnetic hydrogel fibers 
were utilized as a sacrificial mold in cell-laden hydrogel, which makes a 3D 
channel network having a complex structure. A hepatic lobule that is a small divi-
sion of the liver was realized, because the liver is an important organ that per-
forms a multitude of functions, such as detoxification of blood and production of 
albumin.

Figure 12.1 shows the structure of the hepatic lobule and its vascular network. 
On the edge of the lobule, portal triads containing three vessels (bile duct, portal 
vein, and hepatic artery) are arranged, and a central vein is placed on the center 
of the lobule. In addition, the sinusoids connect portal triads and the central vein. 
The blood is transferred from portal triads to the central vein. To achieve the 
channel network of different sizes of veins, as at the bottom of Fig. 12.1, mag-
netic fibers were utilized for capillary networks and steel rods for the portal tri-
ads and the central vein. Moreover, fibrin gel with living cells concretes the shape 
of network and helps to construct a multilayer structure. This chapter focuses on 
designing magnetic tweezers by analyzing magnetic fields and constructing 3D 
tissue by the culturing of cells in the proposed structure. The main achievement 
in this work are (1) analysis of magnetic fields by a 3D simulator, (2) design of 
the magnetic tweezers with seven poles based on 3D simulation results to gener-
ate higher magnetic fields than the early version, (3) construction of a multilay-
ered hepatic lobule-like vascular network with three times larger size than the 
real thing, and (4) verification of the constructed structure in a biocompatible 
condition by culturing it for 7 days.

Fig. 12.1 Structure of a 
hepatic lobule and its 
channel network
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12.2  Concept of Research

The method of constructing a vascular network similar to a hepatic lobule is 
described in this section. The hepatic lobule is 1.0–1.3  mm in diameter and 
1.5–2.0 mm in depth [33]. The structure of the vascular network of the hepatic 
lobule is given in Fig. 12.2a. In the figure, one can see a variety of veins, such as 
the bile duct, portal vein, hepatic artery, central vein, and sinusoids. To simplify 
the vascular network of the hepatic lobule, the focus was on three vessels: a cen-
tral vein, portal vein, and sinusoid. They have different diameters provided by the 
dosimetry model in previous work [34]. The diameters of the central vein, portal 
vein, and sinusoid were 70, 30, and 7μm, respectively. To mimic the hepatic 
lobule- like vascular network, the ratio among the diameters of the three veins 
were calculated and followed. Figure 12.2b indicates the structure of the proposed 
system. The central vein, the thickest vein among three veins, is made by a 1.5-
mm steel rod. For the portal veins, 1-mm steel rods were substituted, and the 
sinusoids that deliver blood containing nutrients were replaced by 400-μm micro-
fibers. The channel network is constructed within fibrin gel embedding rat liver 
cells (RLC-18).

The fabrication strategies for in vitro 3D tissue with a channel network are 
shown in Fig. 12.3. First, alginate gel fibers embedding ferrite particles were 
fabricated, and subsequently, the microfiber was cut and magnetized to make 
magnetic fibers. Next, magnetic fibers were manipulated by magnetic tweezers 
for making a 3D structure, and then the hydrogel with cells was deposited to the 
3D structure. After solidification of the hydrogel, magnetic fibers were melted 
to be a channel network. Finally, the culture medium for supplying nutrients to 
living cells was injected, and the 3D cellular structure was cultured in an incu-
bator. After several days, it was possible to fabricate in vitro 3D tissue. To fol-
low this strategy, it was necessary to fulfill a few requirements: (1) manipulation 
of magnetic fibers at high magnetic fields, (2) seeding cells in a biocompatible 
hydrogel, and (3) making a channel network that can transfer nutrients to the 
cells in a biocompatible condition.

Fig. 12.2 Concept of the research. (a) Hexagonal shape of a hepatic lobule with a vascular net-
work. (b) Proposed concept for constructing a hepatic lobule
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12.3  System of Magnetic Tweezers

12.3.1  Overall System of Manipulator

For constructing a hepatic lobule-like channel network in a 3D cellular structure, 
there are three required conditions. The first is generation of enough magnetic force 
to attract magnetic fibers to make capillary networks between two veins. For this, 
the magnetic tweezers were simulated with steel rods, and the shape of the tweezers 
was decided. In addition, the lower part of the tweezers was added to increase the 
magnetic fields on the steel rods. The second requirement is magnetic tweezers with 
a special structure to magnetize one central vein and six portal veins for making the 
hexagonal structure. Thus, magnetic tweezers with seven poles were proposed. 
Third, precision position control on a microscale was necessary to construct a 
millimeter- sized structure. For this, an XYZ motorized stage with 1-μm resolution 
was utilized.

The proposed magnetic-tweezer system is shown in Fig. 12.4. Because a single 
electromagnetic pole can only magnetize a single steel rod, seven electromagnetic 
poles were utilized to realize a hexagonal structure having one central vein and six 
portal veins. Each pole consisted of a copper coil of wire wrapped around a cylindri-
cal soft iron core with a tapered tip. The diameter and length of the iron core were 
5 mm and 120 mm, respectively. The tip diameter of the pole was the same as the 
diameter of the steel rod to concentrate the magnetic fields on the steel rod. The 
shape of the tweezer is elucidated in the left side of Fig. 12.4. Each pole connects to 
a steel rod to magnetize it. The seven steel rods have a 25-mm length. The rod that 

Fig. 12.3 Fabrication strategies for 3D tissue having a channel network
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plays a role as the central vein has a 1.5-mm diameter; the rest of the six poles for 
making portal veins had a 1-mm diameter to realize the ratio of the hepatic lobule. 
The angle between the center of the pole and the edge of the poles is 30°. To increase 
the magnetic fields on the steel rods, a lower part of the tweezers with seven poles 
was added under the dish. The length of the iron core was 80 mm, and the angle 
between the center and edge of the poles was 45°. To increase the contact area 
between steel rods and tips of tweezers, we cut off the end of steels rods obliquely. 
The cut angles of the end of rods that magnetized by edge of the poles were the 
same as the angles between the center and the edge of the poles. Since the upper 
tweezer is 30° and lower tweezer is 45°, the cut angle of the top and bottom of the 
rods were 30° and 45°, respectively. A manipulation process was performed in a 
petri dish with a 10-mm depth and a 35-mm diameter. The XYZ-movement of the 
dish was generated by a manual stage (TAR-34805L).

The control system was composed of a magnetic field control and a position 
control. A PC managed the overall system that communicated with Arduino (Mega 
2560) via an RS232 communication. Each power supply (ESP10-15-12, switching 
power supply) was connected to each relay (ALQ112, Panasonic) to supply 0.6 A of 
electrical current. Because magnetic poles always occur in pairs, a pair of magnetic 
poles was generated by switching relays. In this system, the center of the pole was 
magnetized N-pole, while the edge of the poles was magnetized S-pole to attract 
opposite ends of the fibers. Thus, electrical current was applied to two coils placed 
on the center and one of the edges of the pole. To be specific, the relay connected to 
the center of the pole was activated continuously, whereas the relays attached on the 
edge of the poles were switched on and off selectively. The magnetic coils were 0.4- 
mm enameled copper wires wound and 600 turns each.

Fig. 12.4 System of magnetic tweezers
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A motorized stage (TSD-405SL) manipulates the upper tweezers in the XYZ- 
axis. It could generate motion at a high speed (1 mm/s) by actuating three stepping 
motors (SGSP-13ACT-B0) that could be moved up to 13 mm with a resolution of 
1μm. The velocity of the motors could be controlled by pulse width modulation 
through three motor drivers (MC-S0514ZU).

12.3.2  Simulation of Magnetic Tweezers

To generate high magnetic fields that can attract magnetic fibers on the steel rods, 
we redesigned magnetic tweezers based on the 3D simulation data. Magnetic fields 
were analyzed by utilizing EMWorks in SolidWorks. To increase the magnetic 
fields on the steel rods, first it was analyzed by changing the contact area between 
the steel rod and the tip of the tweezer. Figure 12.5 displays the simulation results 
by comparing two types of tips, a sharp tip with less than 1-mm radius curvature, as 
in Fig. 12.5a, and a flat tip with 1-mm diameter, as in Fig. 12.5b. Each pole consists 
of a solenoid (600 turns of a 0.4-mm diameter copper wire, 0.6 A of electric current) 
with a 5-mm diameter iron core (SS400). The geometry of each electromagnetic 
pole is the same as the computer-aided design (CAD) model on the left side of 
Fig. 12.4. The steel rod was attached on the bottom of the tip. The length and the 
diameter of the rod were 25 mm and 1 mm, respectively. To compare two types of 
tips, the magnetic flux density on the center of the steel rod was measured from the 
contact point with the tip to the bottom of the rod. The measurement points are 
marked as dotted arrows in Fig. 12.5a, b. The results are plotted in Fig. 12.5c. From 
the graph, it can be understood that the magnetic flux density on the steel rod 
increases as the contact area between the tip and the rod increases. Therefore, the tip 
of the tweezer was designed as a flat tip 1 mm in diameter that is the same as the 
diameter of the steel rod.

Figure 12.6 displays the simulation results of the magnetic tweezers with and 
without the lower parts. Figure 12.6a, b shows the cross-sectional area of the mag-
nitude of magnetic flux density in the vertical plane. Without the lower parts as in 
Fig. 12.6a, the magnetic flux density on the bottom of the steel rod is too small to 
attract the fibers. To generate sufficient magnetic fields on the steel rod, supplemen-
tary tweezers were added to the bottom of the steel rods as in Fig. 12.6b. However, 
a space between the steel rods and the additional tweezers should be set as 1 mm, 
because a petri dish with 35-mm diameter and 1-mm thickness of bottom arranged.

In addition, electrical current was subsequently applied to two coils placed on the 
center and one on the edge of the pole, because magnetic poles always occur in 
pairs. The electrical current was applied to the coils on Pole 1 and Pole 2 in a differ-
ent magnetic direction. Although the same currents were applied to two coils in Pole 
1 and 2, the magnetic flux densities were not equal because of the different diame-
ters of the steel rods; the center of the rod was 1.5 mm in diameter and the edges of 
the rods were 1 mm in diameter to realize the ratio of the veins. Figure 12.6c shows 
the results of the magnetic flux density with and without the lower parts of the 
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tweezers. The magnetic flux density of the central axis of the steel rods connected 
to Poles 1 and 2 were measured. The measurement points are marked as black dot-
ted arrows in the right side of Fig. 12.6a, b. The results were plotted from the top of 
the rods that make the tip of tweezers contact the bottom of the rods. With the addi-
tion of the lower parts, the magnetic flux density on the bottom of the steel rods was 
increased more than twice.

From the simulation results that change the tip from sharp tip to flat tip and add 
lower parts of tweezers, the model of the tweezers was decided upon, as in Fig. 12.7. 
Figure 12.7a shows the CAD model and its boundary conditions. To analyze the 
magnetic fields on the steel rods and the iron cores, they were densely meshed, as in 
Fig.  12.7b. Vectors of magnetic flux density around the steel rods are plotted in 
Fig. 12.7c, d. Because the directions of the input current of Coils 1 and 2 are clock-
wise and counterclockwise, respectively, on the XZ-plane, the vectors between steel 

Fig. 12.5 Simulation of two types of tips. (a) Point contact by a sharp tip. (b) Surface contact by 
a flat tip. (c) Comparison of magnetic flux density of two types of tips
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rods connected on Poles 1 and 2 point to the rod attached to Pole 2. Figure 12.7d 
indicates the cross section of the black line in Fig. 12.7c. Two steel rods are magne-
tized in opposite directions, and then they can attract the opposite ends of the mag-
netic fibers by high magnetic fields.

As a result, we generated high magnetic fields on the steel by changing the tips 
of the tweezers from a sharpen tip to a flat tip and applying a switching system.

12.4  Method and Materials

12.4.1  Assembly Method of Multilayered Structure

Figure 12.8 illustrates the fabrication procedure of a 3D vascular network in a cel-
lular structure. Alginate gel fibers were used as an alternative to sinusoids that form 
capillary networks by connecting two veins. Steel rods of 1.5-mm and 1-mm 

Fig. 12.6 Magnitude of magnetic flux density of tweezers (a) without lower parts and (b) with 
lower parts. (c) Comparison of the magnetic flux density of steel rods with the distance from the tip

E. Kim et al.



295

diameter realize a central vein and portal vein, respectively. First, the magnetic 
fibers shown in Fig. 12.8a were fabricated. Of the ferrite particles (SF-H470), 0.1 g 
were dissolved into 1 mL of 1.0% w/v sodium alginate solution. The alginate solu-
tion embedding ferrite particles was loaded into a 1  mL syringe with a 0.4-mm 
diameter needle, and then they were injected into a 2.0% w/v calcium chloride 
(CaCl2) solution. To fabricate fibers with uniform diameter, a syringe pump deliv-
ered a flow rate of 0.7  mL/min. It became calcium alginate gel, and 0.4  mm of 
microfibers were formed with ferrite particles. Subsequently, the fiber was regularly 
cut by scissors. Because the fibers connect two veins (central vein and portal vein), 
the length of the fiber was set by the distance between the 1.5-mm steel rod and 
1-mm steel rod. In this experiment, the distance was approximately 4 mm, and then 

Fig. 12.7 Simulation of magnetic tweezers with seven poles by EMworks in SolidWorks. (a) 
CAD model. (b) Mesh of tweezers. Vectors of magnetic flux density (c) in the vertical plane and 
(d) in the horizontal plane
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the fibers were cut to 5-mm length. Fibers having uniform length and thickness were 
magnetized at 3 T using a magnetizer (IMC-1050, IMS Co., Ltd.). Then, magnetic 
fibers were produced with different magnetic poles at the end of the fiber, as in 
Fig. 12.8a. The magnetic particles were dispersed embedded in the fibers. The fibers 
were washed three times with a 0.9% sodium chloride (NaCl) solution.

Fig. 12.8 Fabrication procedure of a 3D vascular network in a cellular structure. (a) Fabrication 
of magnetic fibers. (b) Construction of a multilayered structure in fibrin gel. (c) Verification of a 
3D vascular network in a cellular structure
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For attracting magnetic fibers into steel rods, magnetic fields were applied to 
seven steel rods, six 1-mm steel rods, and a 1.5-mm steel rod by using magnetic 
tweezers with seven poles. Two steel rods with different diameters were magnetized 
as contrary magnetic poles; hence, the magnetized steel rods attracted both ends of 
the fibers. For example, the 1-mm steel rods positioned on the outside of the hex-
agonal structure were magnetized to the South Pole, while the 1.5-mm steel rod 
located at the center of the structure were magnetized to the North Pole. In this case, 
because the two steel rods with different poles attract each other, the steel rods were 
fixed on 35 mm of petri dish by concreting 1 mL of polydimethylsiloxane. Next, 
0.3 mL of thrombin solution (10 units/mL in distilled water) were prepared on the 
dish, and the living cells (RLC-18) and magnetic fibers were deposited in it. 
Simultaneously, the magnetic fibers were automatically attracted to two types of 
steel rod. In addition, 3 mL of fibrinogen solution (10 mg/mL fibrinogen, 20-mM 
HEPES, and 0.9% w/v NaCl in 10% PBS) were deposited into the dish to concrete 
the mixed solution. After 40 min, the fibrinogen and thrombin solution were changed 
into fibrin gel; simultaneously, the magnetic fibers were melted, which caused the 
fibers to be a channel between the two rods. As a result, a first-layered structure was 
constructed. To construct second-layered structure, the fibrinogen and the thrombin 
solution were deposited on the dish, and living cells and fibers were added one more 
time. After the solidification of the mixed solution, the second-layered structure was 
fabricated by melting the fibers. This process is shown in Fig. 12.8b.

After repeating the process for constructing the multilayered structure, the steel 
rods were removed from the fibrin gel. The holes made by steel rods realized a cen-
tral vein and portal veins. To dissolve the inner calcein-alginate fibers, 55-mM 
citrate solution containing 0.45% NaCl was injected into the center of the hole for 
5 min and then removed. Then, the culture medium was injected into the center of 
the hole fabricated by the steel rods for supplying the culture medium to the living 
cells close to the channel network, as shown in Fig. 12.8c. Figure 12.9 displays the 
experimental process of the multilayered structure. After the gelation of the fibrino-
gen solution, the channel can maintain the structure and can build the upper layers 
without collapse of the gel structure.

12.4.2  Method of Cell Culture and Viability Test

In the previous section, the fabrication process of the 3D vascular network in cel-
lular structure was addressed. To verify whether the proposed process is conducted 
in a biocompatible condition or not, in this section, how to culture the cells in fibrin 
gel with more than 2 mm of thickness is explained, and their viability is analyzed. 
In addition, the survival rate of cells cultured in fibrin gel is analyzed according to 
the distance from the surface to prove that the cells close to the surface, contacting 
the culture medium, show a high survival rate compared with the cells far from the 
surface. For this, rat liver cells (RLC-18) were cultured in fibrin gel, and cell viabil-
ity from the top to the bottom of the gel was analyzed.
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Figure 12.10 illustrates the fabrication process for analyzing cell viability in 
fibrin gel. First, 3 mL of fibrinogen (10-mg/mL fibrinogen, 20-mM HEPES, and 
0.9% w/v NaCl in 10% PBS) and 300μL of thrombin solution (10 units/mL) were 
deposited on the 35-mm petri dish as in Fig. 12.10a. Subsequently, 230μL of rat 
liver cells (RLC-18, 1.8 × 107 cells/mL) cultured in Dulbecco’s Modified Eagle’s 
Medium (Sigma Aldrich) with 10% fetal bovine serum (Sigma Aldrich) and 270μL 
of aprotinin solution (500  KIU/mL, Wako) were dropped into the dish, as in 
Fig. 12.10b. To solidify the mixed solution in a biocompatible condition, the sam-
ples were held in an incubator (5% CO2 at 37 °C) for 50 min, as shown in Fig. 12.10c. 
Afterward, the culture medium was deposited on top of the fibrin gel, and then the 
sample was incubated in 5% CO2 at 37 °C for 7 days – see Fig. 12.10d. The culture 
medium and aprotinin solution were changed every day to maintain their environ-
mental condition.

After incubation, the fibrin gel with cells was cut as a small block by a sharpened 
knife, and it was removed – Fig. 12.10e. Finally, the viability of the cellular block 
from the top, contacting the culture medium, to the bottom of the block, contacting 
the bottom of the dish, was analyzed as shown in Fig. 12.10f. The cells in the block 
were stained with calcein-AM and propidium iodide (PI). Then, 2μL of calcein-AM 

Fig. 12.9 Experimental process of a multilayered structure. (a) First-layered structure. (b) 
Second-layered structure. (c) Multilayered structure

Fig. 12.10 Experiment procedure for analyzing cell viability
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solution (1 mg/mL DMSO) was dissolved in 10 ml of culture medium and cultured 
for 15 min in the incubator. Next, 25μL of PI solution (1 mg/mL H2O) were mixed 
in 10 mL of the culture medium and cultured for 5 min.

To find a better environmental condition for living cells, two samples were tested 
in different conditions. Sample 1 was constructed with the same methods as in 
Fig. 12.10. For Sample 2, thrombin solution was added more than two times (600μL) 
than in Sample 1 (300μL) to reduce the solidification time. The time was reduced 
from 50 min to 25 min.

12.5  Results and Discussion

12.5.1  Hepatic Lobule-Like Vascular Network in Fibrin Gel

As shown in Fig. 12.11, a vascular network that mimics a hepatic lobule structure 
was constructed. The capillary network was formed as the alginate gel fibers embed-
ding ferrite particles were melted by the fibrinogen solution. After the fibers were 
melted, the ferrite particles that were bonded in fibers were detached and then 
moved outside of the fibers, as in Fig. 12.11a. Figure 12.11b, c shows the top and 
bottom of the constructed structure. However, magnetic particles were separated, 
and therefore, the shape of the constructed structure is not clear. To verify the shape 
of the structure, solution dyed with Congo red was inserted in the center of the hole 
made by the 1.5-mm steel rod. The dyed solution was dispersed from the central 
vein to the portal veins through the capillary networks fabricated by the melted 
fibers. The results are displayed in Fig. 12.11d–f. In this experiment, a four-layered 
structure, as in Fig.  12.11d, having a hexagonal shape, as in Fig.  12.11e, f, was 

Fig. 12.11 Constructed 3D vascular network within fibrin gel
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constructed. As a result, a hepatic lobule-like vascular network with four layers was 
fabricated. It had an approximately 8-mm diameter and 9-mm depth.

Figure 12.12 shows the dyed solution injected into the center vein, as in 
Fig. 12.12b, to verify the flow from the central vein to the portal vein via the channel 
network. Before injecting the dyed solution, the black dotted circles in Fig. 12.12b 
were empty. After the solution was transferred by sinusoid, the black dotted circles 
in Fig. 12.12c were filled. Thus, we were able to verify that the solution was moved 
from the central vein to the portal veins.

12.5.2  Cell Viability in 3D Cellular Structure with Channels

The results of the cell viability test in two different conditions are displayed in 
Fig. 12.13. In the graph, the area is allocated by the distance from the top of the gel, 
in contact with the culture medium. The result shows that the cell viability decreased 
as the cells were located away from the culture medium. To be specific, for Sample 

Fig. 12.12 Verification of the 3D channel network by injecting dyed solution

Fig. 12.13 Results of the cell viability test in different conditions. (T-test: ∗p  <  0.05, 
∗∗p < 0.01, n = 7)
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1, the cell viability was approximately 86% at the area (top – 750μm), whereas the 
cell viability decreased to 64% in the area (1400–1800μm). In addition, Sample 2, 
with decrease in the time to gelate, shows a lower cell viability than the case that 
does not change any environmental condition (Sample 1). The cell viability is 
approximately 62.3% in the area (top–750μm) and 42.4% in the area (1400–1800μm). 
Figure 12.14 shows the bright field image and fluorescent image after the live/dead 
staining of cells in the block. From this image, the living and dead cells can be 
observed from top of the gel to the bottom of the gel. Here, living cells decrease 
toward the bottom of the gel. Moreover, the cells in Sample 1 show higher cell 
viability than the cells in Sample 2.

Based on the result, it was assumed that the fabricated vascular network can 
improve the cell viability to supply the culture medium to the cells placed close to 
the network. To verify this assumption, the vascular network was cultured in a 3D 
cellular structure for 7 days. The procedure of the fabrication of the channel net-
work in a cell cultured fibrin gel was explained in a previous section. A different 
thing is to add fibers for constructing a channel network. Before the depositing of 
the fibers, the fiber was washed with 0.9% NaCl three times. Next, the steel rods 
were arranged on the dish and magnetized using the tweezers. In addition, the mixed 
solution, thrombin, aprotinin solution, and living cells (RLC-18, 1.8 × 107 cells/mL) 
were injected into the dish. The washed fibers were deposited in the solution, and 
then the steel rods attract the fibers. When the fibers were attached to the rods, the 
fibrinogen solution was added to solidify them. After the mixed solution was trans-
formed to gel, a vascular network was completed. To dissolve the inner alginate 
fibers, sodium citrate solution (2 mL, 55 mM, 0.45% NaCl) was injected into the 
center of the hole for 5 min. The cellular structure was cultured in an incubator for 
7 days. During the culturing of the cells, the culture medium and aprotinin solution 

Fig. 12.14 Images of a cellular block from top to bottom of the fibrin gel. Cell viability test of (a) 
Sample 1 and (b) Sample 2
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were refreshed daily to supply nutrients and oxygen to the cells. Figure 12.15 shows 
the cell viability result of the cells in the constructed structure. To analyze the effi-
ciency of the channel network, the cell viability of the cells in fibrin gel was mea-
sured according to the distance from the channel. Figure 12.15a displays the bright 
field image of the cells according to the distance from the channel. Figure 12.15b 
shows the fluorescent image after the live/dead staining of cells according to the 
distance from the channel. In the area from the contact with the channel to 750μm 
from the channel, the viability of the cells was approximately 83.7%. In addition, 
the cell viabilities in the area 750μm to 1800μm from the channel and in the area 
1800μm to 4000μm from the channel were approximately 68.6% and 52%, respec-
tively. The results are similar to the cell viability of Sample 1 in Fig. 12.14. From 
the result, it was verified that the channel can supply nutrients by transferring the 
culture medium to the cells and then can help the cell to keep the living condition.

In the future, construction of the 3D vascular network as a true size of hepatic 
lobule is planned. In addition, the constructed structure will be cultured for a long 
time (more than 2 weeks). Finally, the hepatic lobule structure will be constructed 
in a biocompatible condition.

12.6  Conclusion

In this chapter, a hepatic lobule-like vascular network was successfully constructed 
in a 3D cellular structure by applying magnetic fields. The use of magnetic tweezers 
with seven poles made the manipulation of magnetic fibers possible and the fibers 

Fig. 12.15 Images of a 3D cellular structure with a channel network. (a) Bright field image of the 
cells. (b) Fluorescent image after the live/dead staining of cells
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constructed channel networks in a tissue. To construct well-organized vascular net-
work, several aspects were achieved. First, magnetic tweezers were designed based 
on the 3D simulation results, and then we generated the enough magnetic fields to 
attract magnetic fibers on the steel rods. Second, we constructed a four-layered 
hepatic lobule-like vascular network which was fabricated in fibrin gel embedding 
rat liver cells (RLC-18). Third, the cell viability close to the channel network in 3D 
cellular structure was analyzed to verify the efficiency of the channel. As a result, 
the cells close to the channel network show a higher survival rate than the cells far 
from the channel. The results indicate that the channel network can transfer the 
nutriment and oxygen to the cells, which causes the cell to maintain a living 
condition.
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Chapter 13
Biohybrid Microrobots

Federica Iberite, Lorenzo Vannozzi, and Leonardo Ricotti

13.1  Introduction

The development of robots at small scales raises peculiar needs and sets several 
constraints for the design and the choice of robot components. On this matter, two 
key aspects must be taken into account. Conventionally, a robot perceives and learns 
through on-board sensing and computational abilities, so that it can decide an appro-
priate response (e.g., movement) in given environmental conditions. It must be 
taken into account that the traditional sensor-actuator-control system paradigm typi-
cal of conventional robots must be abandoned at small scales: it is technologically 
unfeasible first to miniaturize and then to assembly nano-sensors, nano-controllers, 
and nano-actuators. Instead, programmable physical and chemical properties of 
microrobots, dynamically interacting with their surrounding world, provided with 
an intrinsic capability of sensing and adapting to the changes in the environment, 
can enable robust design routes for making sophisticated systems at the microscale.

The second key aspect concerns scaling issues: at small scales, the relative 
importance of the physical laws changes considerably. Volumetric quantities such as 
inertia, weight, heat capacity, and body forces scale as L3, while surface quantities 
such as friction, heat transfer, and surface forces scale as L2. Furthermore, intermo-
lecular van der Waals forces scale as ∼ L, if only the radius of the object scales, or 
even as ∼ L−1, if both the object radius and its distance from the target scale [1]. This 
has a twofold implication: first, the life “at low Reynolds numbers” is very different 
from the one at the macroscale [2]: as inertia plays an insignificant role at low 
Reynolds numbers, reciprocal motion does not lead to displacement. Thus, the 
movement due to the forward component of the motion will be canceled out by the 
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backward component of the motion. Second, traditional actuators (e.g., electromag-
netic motors) cannot be reduced much in size without exponentially losing the abil-
ity to produce detectable forces and torques. Only piezoelectric motors can be 
scaled relatively efficiently in the mini-domain (from a few millimeters to a few 
centimeters), and they just stay at the boundary of the micro-domain (below 1 mm) 
[3]. Nowadays, some highly miniaturized piezoelectric motors are available, such as 
the SQUIGGLE (1.8 × 1.8 × 6 mm3) or the PiezoWave (14 × 7.2 × 4.4 mm3). Few 
attempts to overcome the 10−2 cm3 “barrier” have been pursued [4] but with limited 
success.

Biological systems comply with such physical requirements: microorganisms 
have evolved elaborated swimming strategies, such as continuous rotation of helical 
bacterial flagella and nonreciprocal beating of sperm tail and paramecium cilia, 
which are efficient at low Reynolds numbers. Furthermore, biological cells are 
intrinsically miniaturized objects, whose diameter ranges from ∼ 1 μm (for prokary-
otic ones) to ∼ 20 μm (for eukaryotic ones) and whose functional elements (pro-
teins, organelles, etc.) have nanometric dimensions. Thus, an intriguing research 
direction in micro-/nanorobotics deals with harnessing the unique features of bio-
logical elements, optimized by millions of years of natural evolution, adapting and 
interfacing them with artificial technologies toward the development of biohybrid 
systems [5]. In this chapter, biohybrid robots based on different cell types will be 
described, highlighting their advantages over other fully synthetic strategies (e.g., 
based on magnetic, ultrasonic, or light-based locomotion and catalysis) and the 
challenges related to their harvesting, use, and maintenance. First, biohybrid robots 
based on bacteria and other single motile cells will be analyzed. Then, multicellular 
systems based on contractile muscle cells will be described.

13.2  The Biological Motors of Motile Cells

Several prokaryotic microorganisms, as well as several mammalian cells, have the 
intrinsic capability of moving thanks to extremely efficient biological motors. The 
biological tool that bacteria typically exploit for their locomotion is the flagellum, 
which is rotated to generate propulsion [7, 8]. The flagellum is a passive polymeric 
organelle attached to the cell body via the hook-basal body complex and rotated by 
the bacterial rotary motor. Such a motor is a “molecular engine” that exerts a torque 
on the flagella. The torque applied determines a rotation of the flagella, thus result-
ing in propulsion. Flagella are approximately 20  nm in diameter, consisting of 
approximately 30 proteins, and their architecture can be divided into the basal body 
and the exterior hook, the hook-filament junction, and filament structures 
(Fig. 13.1a). The basal body hosts two proteins (MotA and MotB – 12 copies of 
each) that form a proton channel through the membrane and constitute the “stator” 
of the molecular motor. The cytoplasmic part of the basal body is called the 
C(cytoplasmic)-ring, and it is composed of three proteins (FliM, FliN, and FliG). 
This structure is essential for transducing chemosensory signals into torque 
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generation. FliG determines the connection between the C-ring (the rotor) and the 
stator. The diameter of the C-ring is approximately 40–45 nm. The hook is approxi-
mately 55 nm in length and acts as a universal joint, connecting rod and filament. 
The filament is the largest part of the bacterial flagellum and consists of more than 
20,000 copies of the flagellin protein, which assembles in a helical pattern of 11 
subunits per turn.

From a biochemistry/bioenergetics viewpoint, the engine powering strategy 
grounds on the protonmotive force, namely, the proton electrochemical potential 
across the cell membrane, in contrast to the ATP-hydrolyzing mechanisms of mus-
cle, eukaryotic flagella, or ameboid motility (see next sections). How the protonmo-
tive force is precisely used to provide energy for torque generation is still poorly 
understood, but it is a fantastic example of natural complexity and efficiency at the 

Fig. 13.1 (a) Top, structure of bacteria flagella. Image reproduced from [9]. Copyright: Taylor & 
Francis; bottom, two possible locomotion strategies of flagellated bacteria. (b) Top, structure of 
cilia. Image reproduced from [13]. Copyright: Springer Nature; bottom, depiction of the key 
phases enabling cilia-based locomotion. (c) Examples of ameboid locomotion through cytoskele-
ton reorganization in 2D and 3D environments, by non-flagellated eukaryotic cells
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same time. The number and position of the flagella vary across bacterial species: for 
example, Monotrichous bacteria have a single flagellum, while Peritrichous bacte-
ria have many flagella randomly distributed over their bodies. Flagella enable flex-
ible oar oscillation or corkscrew-type rotating propulsion.

From an engineering viewpoint, flagella guarantee outstanding performance: the 
thrust forces produced range from ∼ 0.5 pN for E. coli and S. marcescens to ∼ 4 pN 
for Magnetospirillum marine coccus (MC-1), determining high-speed motility (up 
to more than 100 body lengths per second) [10]. The design of such a molecular 
motor, relying on a rotor turning 360° stepwise inside a stator, has similarities with 
its counterpart macroscale electrical motor designed by engineers, except for the 
material and the energy source. Indeed, flagellated bacteria as self-powered actua-
tors avoid the technical constraints related to the generation and storage of electrical 
energy, which make miniaturization of self-powered untethered artificial microsys-
tems and microrobots so difficult. The proton flux generating torque for rotating the 
flagella has been reported to convert chemical into mechanical energy with near 
100% efficiency [11], a fantastic achievement enabled by natural evolution.

Besides flagellated bacteria, also other microorganisms (although less frequently) 
have been explored for building biohybrid devices, such as strains of protozoa and 
certain strains of algae, which typically generate movements through long append-
ages extending from the cell body, named cilia. Cilia are featured by a radial pattern 
consisting of nine outer microtubule doublets that surround two centrally located 
microtubules (Fig. 13.1b). The ring of microtubule scaffolding is known as the axo-
neme and measures about 250 nm in diameter. At its base (where it attaches to the 
cell), the axoneme is attached to cylindrical structures known as basal bodies. The 
basal bodies measure about 400 nm in length and 200 nm in width. Apart from 
anchoring cilia in the cytoplasm, basal bodies also play an important role in the 
assembly of these structures. Similarly to muscle contraction, the movement of cilia 
is the result of protein filaments sliding. In particular, the dynein proteins on one 
microtubule slide past each other, while those on the other side do not. This results 
in the bending of the axoneme, while the switching of this system causes the struc-
ture to bend to the other side. The repetition of this mechanism causes cilia motility.

From a biochemistry/bioenergetics viewpoint, the attachment and release of 
dynein arms to adjacent microtubules is caused by the binding or hydrolysis of ATP.

From an engineering viewpoint, this mechanism is also very effective and allows 
cilia, which are essentially short flagella, to beat back (recovery stroke) and forth 
(effective stroke) at different rates transcribing what is known as a “polarized” beat. 
Cilia can be up to ∼ 27 μm long (in S. polymorphus) and beat at a frequency of up 
to ∼ 60 Hz [12]. Nowadays, experiments and models are starting to elucidate the 
inner workings of single cilia, which behave as complex nonlinear oscillators, 
enabling a variety of hydrodynamical phenomena resulting from beating dynam-
ics [13].

Some eukaryotic cells (such as sperm cells or green microalga) are also provided 
with flagella that guarantee their motility, similarly to bacteria. However, the struc-
ture and the bioenergetics featuring eukaryotic flagella are similar to the cilia ones, 
shown in Fig. 13.1b. Indeed, they are grounded on the typical “9 + 2” architecture, 
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highly conserved across different eukaryotes, and are powered by binding or hydro-
lysis of ATP.

Non-flagellated eukaryotic cells also have the capability to move, but through a 
considerably different mechanism, based on cytoskeleton reorganization. This 
capability is called “ameboid locomotion” and consists of crawling on 2D surfaces 
or even navigating through 3D porous environments, such as the surrounding extra-
cellular matrix (Fig. 13.1c). Such locomotion is enabled by large deformations of 
the compliant cell body and does not require specialized appendages, but rather an 
assembly and de-assembly of intracellular F-actin fibers [14].

13.3  Robots Based on Bacteria

As described in the previous section, bacteria have the intrinsic capability of mov-
ing thanks to extremely efficient biological motors. Often, such a capability is inte-
grated with a series of chemico-physical sensors (mostly based on specialized 
proteins on the cell membrane). Such sensors provide the cells with the so-called 
taxis response, namely, the ability to move toward a specific environmental stimulus 
autonomously: chemical gradients in the case of chemotaxis, magnetic fields in the 
case of magnetotaxis, electric fields in the case of galvanotaxis, light in the case of 
phototaxis, temperature in the case of thermotaxis, and oxygen concentration in the 
case of aerotaxis. These features are exciting when the development of microscale 
robots is targeted. Thus, these cells are being the object of several efforts in the 
state-of-the-art.

The first example of biohybrid robot based on bacteria was proposed in 2004: 
Serratia marcescens, a peritrichously flagellated rod-shaped gram-negative bacte-
rium, was used as an active cargo delivery agent for potential operations at the 
micron scale [6]. In the following years, many other studies focused on other bacte-
rial cells as possible active components to bring a therapeutic molecule in the 
desired area (thus targeting drug delivery medical applications) or to carry out lab- 
on- a-chip micromanipulation or environmental monitoring applications. In the fol-
lowing sections, some of the most relevant examples of this technology will be 
described.

13.3.1  Bacterial Robots Based on Chemotaxis

Chemotaxis alone does not allow full control of biohybrid microrobots, but it is a 
form of environmental sensing that can determine the autonomous steering of the 
robot toward preprogrammed target stimuli. The signaling pathway that is involved 
in chemotaxis is one of the most well-understood physiological processes in biol-
ogy [15]. The pathway is grounded on chemoreceptors, the histidine protein kinase 
chemotaxis protein (Che)A and two diffusible response regulators (CheY and 
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CheB). CheY controls flagellar motor switching, whereas CheB controls chemore-
ceptor adaptation (Fig. 13.2a). Thanks to this biomolecular architecture, together 
with other components that might be expressed under particular environmental con-
ditions (thus allowing bacteria to tune their responses to a specific environment), 
these cells can respond to a change of just a few molecules of the target compound 
over background concentrations that can vary over five orders of magnitude.

In 2007, Akin et al. demonstrated that Listeria monocytogenes could be used to 
favor the delivery of nanoparticles and nucleic acid-based model drugs into cells, 
both in vitro and in vivo [16]. In 2008, Behkam and Sitti used Serratia marcescens 
conjugated to polystyrene microbeads and investigated the effect of quantity and 
configuration of the attached bacteria on the propulsion speed [17] experimentally. 
In 2011, Fernandes et al. proposed a robot based on Escherichia coli, selectively 
attached to a submicrometer-scale cargo through a two-antibody-based method, 
enabling a release of the cargo on-demand, thanks to not harmful chemicals [18]. In 
the mentioned studies, the chemotaxis ability of bacteria was not exploited but was 
claimed as a possible feature to be exploited in the future. Similar studies were pro-
posed in that period, focusing on Vibrio alginolyticus [19], Salmonella typhimurium 
[20], and Serratia marcescens [21–23], without really exploiting bacterial chemo-
sensors for targeting applications.

In 2013, “bacteriobots” were proposed by Park and colleagues: these biohybrid 
systems were based on attenuated Salmonella typhimurium adhered to polystyrene 
microbeads and were used to target solid tumors [24]. The bacteria strain used was 
featured by high motility (thanks to flagellar motors), and the bacteria were engi-
neered to display biotin in their outer membrane proteins; this allowed to firmly 
attach rhodamine-containing fluorescent polystyrene microbeads to them by 
exploiting the high-affinity interaction between biotin and streptavidin (Fig. 13.2b, 
top images). The fluorophores were used by the authors to obtain a near-infrared 
fluorescence image for tracking purposes. Salmonella typhimurium alone, as well as 
the bacteriobots based on such a strain, showed significantly greater motility toward 
tumor cell lysates or spheroids than toward normal cell lysates or spheroids. This 
chemotaxis was an intrinsic feature of the bacterial strain used and enabled the bio-
hybrid system to have an intrinsic and embedded microsensing ability toward 
tumoral environments. The bacteriobots were injected systemically into CT-26 
tumor-bearing mice via tail veins, and through both fluorescence readings and his-
tological immunofluorescence, the authors demonstrated successful tumor- targeting 
ability (Fig. 13.2b, bottom images).

In 2016, Nguyen et al. developed microrobots propelled by attenuated Salmonella 
typhimurium and provided with paclitaxel-encapsulated liposomes. Bacterial micro-
robots carrying drug-loaded liposomes showed a better tumor-killing ability com-
pared to the bare liposomes, which were passively distributed due to Brownian 
motion. The chemotaxis of bacterial microrobots toward cancer cells was also 
assessed through a coculture system containing healthy and tumor cells [25].
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Fig. 13.2 Biological mechanism of bacterial chemotaxis and examples of bacteria-based chemo-
tactic microrobots. (a) Chemosensory system of Escherichia coli. MCPs = methyl-accepting che-
motaxis proteins (the chemoreceptors of the cell); PBP = periplasmic binding protein (a molecule 
activating the cell chemotactic response); CheW, CheA, CheR, CheZ = monomeric and dimeric 
proteins supporting and regulating the activity of MCPs and the transmission of the information to 
CheY and CheB; CheY = response regulator protein that, once phosphorylated, binds to the flagel-
lar motor determining a change in direction; CheB = response regulator protein that, once phos-
phorylated, helps “resetting” the signaling state of the receptors, allowing them to adapt to the 
present concentration of attractant and to sense subsequent changes; P  =  phosphoryl group. 
Reproduced from [15]. Copyright: Springer Nature. (b) Bacteriobot based on Salmonella 
typhimurium, exploiting the chemotactic ability of this bacterium to target solid tumors and to 
favor the accumulation of the biohybrid robots at the tumor site. Images reproduced from [24]. 
Copyright: Springer Nature. (c) Biohybrid microswimmers based on Escherichia coli, attached to 
microemulsions, able to embed fluorescent dyes or therapeutic molecules: in vitro experiments 
using a Transwell membrane highlighted the ability of biohybrid robots to reach the target cells, 
steered by a glucose gradient. Images reproduced from [26]. Copyright: American Chemical 
Society. (d) Microrockets embedding doxorubicin and propelled by Escherichia coli, featured by 
high motility and ability to extravasate into tumor tissues. Images adapted from [29]. Copyright: 
Elsevier
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Another interesting example of a chemotactic biohybrid microrobot was pro-
posed in 2017 by the group of Prof. Sitti [26]. Here, biohybrid systems based on 
biotin-conjugated Escherichia coli attached to an outer oil shell functionalized with 
streptavidin were proposed (Fig. 13.2c, top images). The use of such microemul-
sions provided many advantages, such as soft and viscoelastic properties allowing 
better interaction with tissue cell membranes, the ability to encapsulate a wide range 
of hydrophilic and hydrophobic cargos and protect their payload against harsh envi-
ronments, and the possibility for the free diffusion of the cargo at oil−water inter-
face into the tissue cells. Researchers created a concentration gradient of glucose 
across a Transwell membrane, in vitro. Similar gradients are naturally present in the 
body: tumor environments possess higher local glucose and a lower oxygen concen-
tration, with respect to normal tissues. They verified that the microswimmers 
actively swam through the Transwell’s bottom membrane (pore size: 8 μm) and 
reached the cells at the bottom plate, guided and steered by the glucose gradient 
(Fig. 13.2c, bottom images). When fluorescent dyes were encapsulated in micro-
emulsions, experiments showed the ability of microswimmers to efficiently deliver 
such dyes to the target cells, thus opening avenues for the possible delivery in vivo 
of therapeutic molecules such as drugs, imaging agents, siRNAs, etc.

In the same year, Mostaghaci et al. proposed a bacterial microrobot (based on 
Escherichia coli) that was able to attach to epithelial cells (expressing mannose on 
the membrane) thanks to a mannose–lectin interaction. This system was proposed 
for gastrointestinal and urinary delivery of therapeutics [27].

Still in 2017, Xie et al. directly attached drug molecules onto a probiotic bacte-
rial species, E. coli Nissle 1917, via acid-labile linkers of cis-aconitic anhydride 
[28]. The resulting bacterial microrobots swam at a speed of 9 μm/s and were able 
to accumulate the drug in the target tumor environment efficiently (12.9%, 3 h after 
intravenous injection), a value that is much higher than the one featuring the com-
monly used bare nanocarriers.

In 2020, Xie and colleagues proposed Escherichia coli-propelled microrockets 
[29]. Microtubes developed via layer-by-layer deposition of oxidized alginate and 
chitosan in sacrificial porous membranes were loaded with doxorubicin (DOX). A 
concentration gradient of L-aspartate as the chemoattractant was used to embed 
Escherichia coli into the microtubes. Bacterial chemotaxis was thus exploited in the 
fabrication process to build the assembled microrockets, which exhibited high 
motion velocities in both water and viscous media. After intravenous injection of 
bacteria-propelled microrockets, the DOX levels in mice tumors reach 6.1-fold 
higher than those of the bare microtubes, without bacteria embedded after 7 days, 
suggesting that the assembled structure promoted the extravasation from blood cir-
culation and the retention in tumors (Fig. 13.2d).
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13.3.2  Bacterial Robots Based on Magnetotaxis or Embedding 
Paramagnetic Elements

As highlighted by the numerous examples described in the previous section, the 
potential of bacterial strains as tumor-targeting vectors is high. However, relying 
only on chemotaxis implies adopting a sort of “nonrobotic” strategy in which the 
microswimmer can be directed to conduct a biased random walk. This can improve 
drug targeting with respect to passive nanocarriers, but remains rather far from 
being optimal. Besides, this drug delivery is normally systemic, raising issues of 
systemic toxicity and therapeutic index reduction (see Sect. 2.3). Such drawbacks 
can be mitigated through non-systemic delivery and robotic control approaches, 
e.g., with the use of magnetic field-based steering followed by a taxis. Responsivity 
to the magnetic field (and thus controllability) can be enabled in two ways: (1) using 
bacteria naturally showing a magnetotaxis and (2) providing the bacteria or the 
cargo they are attached to with magnetically responsive elements.

One of the first examples of the former case was the study of Felfoul et al. in 
2011 [30]. Here the authors used Magnetococcus sp. (MC-1), a magnetotactic bac-
terial species, and navigated these vectors toward regions located inside a solid 
tumor using a computer-controlled set of magnetic coils. By the way, this bacterium 
type shows a speed of 200 μm/s in human blood, resulting much faster than one 
species, e.g., the S. marcescens, which has a mean speed of 26 μm/s. The magneto-
tactic behavior of this species, similarly to other magnetotactic ones, is guaranteed 
by a chain of magnetosomes (organelles containing magnetic crystals) that is pres-
ent in the cell, which respond to a directional magnetic field as low as the geomag-
netic field. These organelles probably aid these organisms to reach regions with 
optimal oxygen concentrations, but can be actually exploited to force their align-
ment and to steer them toward the desired target, by applying an appropriate mag-
netic field. Over the last decades, many other examples of the use of magnetotactic 
bacteria for controlled locomotion have been reported, primarily by the group of 
Prof. Martel [31–34] (Fig. 13.3a).

Many examples of magnetically responsive elements attached to bacteria have 
also been proposed in recent years. Park et al. developed a microswimmer for tar-
geted active drug delivery, where Escherichia coli was attached to the surface of 
drug-loaded polyelectrolyte multilayer microparticles with embedded magnetic 
nanoparticles, made of Fe3O4 (Fig. 13.3b). The microswimmer showed chemotactic 
ability toward tumor tissues, but it could also be steered remotely using external 
magnetic fields [35].

In another recent study, Alapan and colleagues developed bacterial microrobots 
exploiting red blood cells as cargos, attached to bioengineered bacteria (E. coli 
MG1655), used as actuators. The red blood cells were loaded with anticancer doxo-
rubicin drug molecules and superparamagnetic iron oxide nanoparticles (SPIONs), 
which make the system responsive to external magnetic fields and thus steerable 
[36]. Doxorubicin release from the cargos was demonstrated at different pH condi-
tions, as well as active deformation of the cargo when the bacteria’s own propulsive 
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force drove the system through narrow pillars. This ability suggested the possibility 
to navigate effectively into narrow capillaries of the human body. Furthermore, a 
termination switch was integrated into the biohybrid system, to kill bacteria once 
the drug molecules were delivered to the site of action, thus reducing the risk of 
infections and toxicity.

Fig. 13.3 Examples of biohybrid microrobots steered by magnetic fields. (a) Left: scanning elec-
tron microscope images of the magnetotactic bacterium Magnetospirillum magnetotacticum MS-1 
and its chain of magnetite nanocrystals; right: manipulation system for the characterization and the 
closed-loop control of the magnetotactic bacterium. A, B, C, and D = metal-core electromagnets; 
1  =  manipulation arena; 2  =  electromagnetic control system; 3  =  microscopic vision system. 
Images reproduced from [33]. Copyright: SAGE Publications, Inc. (b) Artistic depiction (left) and 
scanning electron microscope/transmission electron microscope images (right) of Escherichia coli 
attached to a polystyrene (PS) microparticle, embedding magnetic nanoparticles in its external 
layer. PAH positively charged poly(allylamine hydrochloride), PSS negatively charged poly(sodium 
4-styrenesulfonate), MNPs magnetic nanoparticles made of Fe3O4, DOX doxorubicin. Images 
adapted from [35]. Copyright: American Chemical Society. (c) Left: scanning electron microscope 
images of MC-1 with and without liposomes (diameter, ∼ 170 nm) attached to its surface; right: 
distribution of the loaded MC-1 cells throughout the tumor volume, showing a good accumulation 
in the internal regions. Images adapted from [41]. Copyright: Springer Nature
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Artificial magnetic elements to be embedded in microrobots to enhance their 
controllability are normally paramagnetic or superparamagnetic ones (similarly to 
the natural crystals available in magnetotactic bacteria, which show a paramagnetic 
behavior). Indeed, the ability of magnetic crystals to align with an imposed mag-
netic field can create a temporary magnetization of the robot that can be exploited 
for steering. Using ferromagnetic materials featured by a permanent magnetization 
could actually increase the magnetic link between external magnets and internal 
micro-objects but would also imply aggregation risks.

13.3.3  Other Taxis Abilities and Multifunctional Robots

Chemotaxis and magnetotaxis (or magnetic steerability enabled by embedded par-
ticles) have been often exploited in synergy, as highlighted in some examples 
reported in the previous section. However, different taxis abilities can also be 
exploited, alone or in synergy among them. Electric fields can steer bacteria in the 
case of galvanotaxis [37], light in the case of phototaxis [38], temperature in the 
case of thermotaxis [39], and oxygen concentration in the case of aerotaxis [40].

A great example of synergy between different taxis abilities was demonstrated in 
2016 by Felfoul et al. The authors developed a biohybrid robot based on a magneto-
tactic bacterium (Magnetococcus marinus MC-1), loaded with liposomes contain-
ing an anticancer drug [41]. The system showed responsiveness to magnetic fields, 
but the microorganism used also showed aerotactic properties. A three-dimensional 
targeting magnetic field, slightly higher than the geomagnetic one, was used to 
induce a directional torque on the chain of bacterial magnetosomes in order to pen-
etrate the tumor from the peritumoral regions. Then, the bacterium progressed 
autonomously, exploiting its aerotaxis to penetrate the hypoxic regions of the tumor, 
which typically occupy the core of the cancer tissue. The aerotaxis-based self- 
steering, together with remote magnetic steering, allowed a very efficient targeting 
of colorectal xenografts in mice, also in the internal regions that are usually not 
effectively targeted by traditional drugs and nanovectors (Fig. 13.3c).

In 2020, chemotaxis and phototaxis were combined in a system based on E. coli 
and micro cargo particles with the proteins PhyB and PIF6, binding to each other 
under red light and dissociating from each other under far-red light [42]. This strat-
egy allowed the chemotactic bacteria to adhere and transport the cargo under red 
light and to release it on-demand upon far-red light illumination, adding a degree of 
freedom to the system. Other synergies among the mentioned bacterial abilities are 
under exploration in the scientific community and will hopefully bring significant 
steps ahead, especially in the field of cancer therapy (see Sect. 13.5).
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13.4  Microrobots Based on Other Motile Cells

13.4.1  Robots Based on Non-bacterial Flagellated Cells

Besides bacteria, other flagellated motile cells can be found in nature and exploited 
as microswimmers for medical and non-medical applications.

Sperm cells are featured by high motility, thanks to their flagellum. They have 
been claimed as possible means to improve drug transfer to the target cells, thanks 
to their somatic cell-fusion ability [43]. In addition, the sperm membranes are also 
able to protect drugs from opsonization phenomena and consequent removal from 
the blood circulation. Sperms have been effectively used as carriers encapsulating 
Fe3O4 nanoparticles, providing them with magnetic steering ability in 2008 [43] and 
later, in 2014, with unilamellar lipid vesicles, for delivery into mouse oocytes [44]. 
In 2018, a sperm-driven microrobot was used for active drug delivery toward cervi-
cal cancer cells in  vitro [45]. Here the authors loaded the cell with doxorubicin 
hydrochloride and guided it magnetically to an in vitro cultured tumor spheroid. 
They also designed the system to release the sperm cell from the structure in which 
it was embedded (showing a tetrapod-like shape) when the biohybrid micromotor 
hit the tumor walls, allowing it to swim into the tumor, activate membrane fusion, 
and deliver the drug in an effective way (Fig. 13.4a). Dr. Magdanz and colleagues 
proposed other studies in recent years, focused on sperm cells for biomedical appli-
cations (cancer therapy, but also in vitro fertilization), progressively evolving the 
features and performance of these biohybrid systems. One of the last examples of 
these efforts is the so-called IRONSperm, developed through electrostatic self- 
assembly of non-motile sperm cells and magnetic nanoparticles [46], featured by a 
swimming speed exceeding 0.2 body lengths (6.8 ± 4.1 μm/s) at an actuation fre-
quency of 8 Hz and precision angle of 45°. The incorporation of magnetite nanopar-
ticles onto the cell surface enabled a distributed actuation by a rotating magnetic 
field while maintaining the flexibility of the swimmer. Furthermore, they also 
increased the acoustic impedance of the sperm cells, thus enabling the localization 
of microrobot clusters using ultrasound feedback. Overall, the authors claimed this 
solution as a biocompatible, controllable, and detectable biohybrid tool for in vivo 
targeted therapy.

The helical-shaped microalga Spirulina platensis is another flagellated eukary-
otic cell that has been exploited to build biohybrid microswimmers. In 2015, Yan 
et al. coated these microorganisms with magnetite suspensions to enable their steer-
ing under a magnetic field [47]. In a recent evolution of this study, MRI was 
exploited to track in real-time a swarm of microswimmers based on the same micro-
organism inside a rodent stomach. The authors also demonstrated the ability of the 
microrobot to release overtime C-phycocyanin, an abundant compound in Spirulina 
that was released upon degradation of the microalga and which showed cytotoxic 
effects on cancer cells [48] (Fig. 13.4b).
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13.4.2  Robots Based on Non-flagellated Cells

Eukaryotic non-flagellated cells move through the mechanisms described in Sect. 
13.2 and depicted in Fig. 13.1. Among the cell types exploited in microrobotics, it 
is worth mentioning red blood cells and leukocytes.

Red blood cells are the most common type of blood cell and the vertebrate’s 
principal means of delivering oxygen (O2) to the body tissues. They are biconcave 
disk-shaped cells having a cytoplasm rich in hemoglobin (the iron-containing mol-
ecule able to bind oxygen) and without a nucleus, to maximize their cargo. Their 
membrane is composed of a peculiar combination of proteins and lipids that guar-
antees deformability and stability while passing through the capillary network (they 

Fig. 13.4 Biohybrid microrobots based on sperm cells. (a) Depiction of the therapeutic strategy 
envisaged for a sperm-driven microrobot embedding doxorubicin and targeting a tumor spheroid, 
in vitro. Image reproduced from [45]. Copyright: American Chemical Society. (b) Dip-coating 
process to provide S. platensis with Fe3O4 nanoparticles and scanning electron microscope images 
of the microorganism subjected to 6, 24 and 72 h dip-coating treatment, respectively. As the dip-
ping time increases, the amount of Fe3O4 nanoparticles, and thus the thickness of the Fe3O4 coating 
on the S. platensis, also increases. Image reproduced from [48]. Copyright: AAAS
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can repeatedly deform through capillaries that are half of their diameter). Their 
average lifetime in circulation is 120 days. These properties, together with the pos-
sibility to efficiently harvest the patient’s cells, thus avoiding any rejection risk, 
have attracted interest in turning them into mobile microrobots.

In 2014, Wu and colleagues demonstrated the possibility to turn red blood cells 
in steerable carriers by loading them with iron oxide nanoparticles. The asymmetric 
nanoparticle distribution within the cell resulted in a net magnetization, enabling 
magnetic alignment and guidance under acoustic propulsion [49]. The authors 
reported a method for including the nanoparticles in the cell cytoplasm, based on a 
hypotonic dilution (Fig. 13.5a): immersing cells in a hypotonic lysing buffer, they 
underwent a hypotonic hemolysis process. Such a process created an influx of fluid, 
which in turn created pores in the red blood cell membrane with a diameter of ∼ 
100 nm. These nanopores allowed for inward diffusion of the magnetic nanoparti-
cles from the surrounding medium into the cell, allowing at the same time the out-
ward diffusion of the intracellular hemoglobin protein. After 1 h incubation at low 
temperature to reach equilibrium, the solution reached isotonicity, and the cell 

Fig. 13.5 Microrobots based on red blood cells and leukocytes. (a) Left: scheme of the hypotonic 
lysis process allowing encapsulation of iron oxide nanoparticles within red blood cells; right: opti-
cal and SEM images of the nanoparticle-loaded erythrocyte-based biohybrid robots. Images repro-
duced from [49]. Copyright: American Chemical Society. (b) Example of neutrophil-based 
biohybrid microrobot: the cells were encapsulated with paclitaxel-loaded liposomes and then 
injected intravenously. Cell chemotaxis was exploited to deliver the therapeutic cargo at the tumor 
site. NE neutrophils, PTX paclitaxel, CL cationic liposomes, SPC soy phosphatidylcholine, Chol 
cholesterol, HG2C18 1,5-dioctadecyl-N-histidyl-L-glutamate, NETs neutrophil extracellular traps. 
Images reproduced from [55]. Copyright: Springer Nature. (c) Scheme of monocytes with embed-
ded echogenic polymeric bubbles and drug and release in the hypoxic regions of the tumor after 
focused ultrasound (FUS) triggering. Images adapted from [63]. Copyright: Elsevier
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membrane was resealed by the restoration of osmolarity. This method has been 
extensively used in many studies for promoting the encapsulation of functional 
nanoparticles or therapeutic molecules into these cells.

In other studies, in addition to magnetic nanoparticles, also drug molecules or 
quantum dots were encapsulated for therapeutic and imaging applications [50]. The 
active release of drugs was demonstrated in 2015 by Sun et al., promoting remote 
heating of red blood cells using photosensitizers and triggering this phenomenon 
using near-infrared light [51]: light-induced photothermal heating determined cell 
membrane destruction and consequent drug release, on-demand. The surface of 
cells was also modified with a targeting peptide to allow cancer cell targeting. This 
biohybrid system resulted promising, enabling a possible combined photothermal- 
chemotherapy against cancer.

Another interesting approach was proposed by the group of Dr. Cinti [52, 53]: in 
this case, the therapeutic molecule (a monoclonal antibody) and superparamagnetic 
nanoparticles were embedded in the cell through a hypotonic treatment similar to 
the one shown in Fig. 13.5a. However, the drug release mechanism was not based 
on an external physical trigger, but on a cell-embedded biotechnological tool: the 
erythrocytes were engineered to present on their membrane a fusogenic protein, the 
filamentous hemagglutinin, which is a functional element of certain viruses and that 
promotes membrane fusion with the target cell, facilitating the release of entrapped 
material (nanoparticles and drug) to the target area. The magnetic properties of the 
vectors were exploited to accumulate them at the target through a static magnetic 
field and then relying on such a biotechnological modification for executing the 
drug release task in a “virus-like” fashion.

Leukocytes are the backbone of the innate and adaptive immune system. Their 
physiological concentration in the blood is from 4000 to 11,000 cells per μL of 
blood. They can be distinguished in neutrophils (54–62%), eosinophils (1–6%), 
basophils (< 1%), lymphocytes (28–33%), and monocytes (2–10%), in addition to a 
smaller number of macrophages and dendritic cells. Their diameter ranges from 7 to 
8 μm of lymphocytes to ∼ 21 μm of macrophages. One of their more intriguing 
features is the ability to cross biological barriers actively, e.g., the tissue endothe-
lium and the blood-brain barrier, once activated by local chemotactic factors, with 
the aim of fighting infections, inflammation, tumor growth, and other non- 
physiological conditions. This “directed migration” is based on cell chemotaxis. 
Due to this unique feature, they have been claimed as possible high-potential drug 
delivery systems, able to bring therapeutic molecules into otherwise inaccessible or 
difficult-to-access body parts [54].

Neutrophils are the “first line” of defense cells: they are rapidly recruited (within 
minutes) in an infection site, and they migrate to tumor sites upon chemokine 
release. Xue et al. exploited this property and developed a neutrophil-based thera-
peutic microrobot [55]. The system was based on mice neutrophils, provided with 
paclitaxel-loaded liposomes, aimed to suppress postoperative glioma recurrence. 
After intravenous administration, the neutrophils were primed by the chemoattrac-
tants and migrated along the chemotactic gradient toward the infiltrating tumor cells 
in the inflamed brain. The activating signals determined the release of neutrophil 
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extracellular traps and the concomitant release of paclitaxel (Fig. 13.5b). The drug 
was thus efficiently delivered into the tumor cells and induced cytotoxicity, thus 
inhibiting tumor recurrence. Remarkably, the toxic cargo did not affect the physio-
logical properties of the neutrophils.

Other studies exploited neutrophils to deliver albumin nanoparticles to the lungs 
against lipopolysaccharide-induced acute inflammation and infection by 
Pseudomonas aeruginosa [56], to deliver drug-loaded mesoporous silica nanopar-
ticles coated with a bacterial membrane (favoring the internalization by the neutro-
phils), exploiting in vitro chemotaxis with improved migration speed toward 
Escherichia coli [57].

Monocytes are the “second responders” of the immune system: they typically 
migrate to the region of inflammation within 12 h. They usually are highly recruited 
in necrotic and tumor hypoxic regions. Thus, they can be effectively used for the 
delivery of therapeutics into deep tumor microenvironments. Choi et  al. utilized 
embedded gold nanoshells in macrophages and exploited cell chemotaxis and 
phagocytosis to deliver them into the hypoxic regions of tumor tissues. Once deliv-
ered, the nanoshells promoted tumor cell death through near-infrared irradiation 
[58]. Among the different approaches involving monocytes/macrophages, it is 
worth mentioning peptide-modified carbon nanotubes selectively engulfed by the 
cells, to enhance their accumulation into tumors [59] and hybrid devices with 
doxorubicin- containing liposomes attached to the cell surface as a backpack and 
enable sustained delivery in  vitro [60]. A magnetic targeting approach was also 
proposed for biohybrid vectors based on this cell type: macrophages loaded with 
magnetic nanoparticles and an anticancer drug were effectively manipulated by 
magnetic intervention and directed to the tumor region [61]. Magnetic properties 
were also exploited by Nguyen and colleagues, who engineered macrophages 
engulfed with anticancer and magnetic liposomes. The authors demonstrated the 
possibility to control the system by electromagnetic fields, navigating it through 
blood vessels. The biohybrid robot proposed in this work was able to cross the blood 
barriers and infiltrate to tumors using macrophage’s chemotaxis. Once released 
from liposomes, the drug was finally able to simultaneously kill macrophages and 
tumor cells [62].

Similarly to other drug delivery systems, the possibility to selectively activate 
on-demand the release of therapeutics by an external user would dramatically 
increase the efficacy of the paradigm and, overall, the therapeutic index (TI). This 
attempt was pursued by some authors in recent years, who added a degree of free-
dom to these systems, through a triggering strategy. Huang et al. reported biohybrid 
robots based on monocytes/macrophages and provided with a drug release trigger-
ing mechanism grounded on echogenic polymeric bubbles (embedded in the cells, 
via phagocytosis) and used to create inertial cavitation through focused ultrasound, 
thus triggering the release of doxorubicin, also encapsulated in the cell body [63] 
(Fig. 13.5c).

T lymphocytes have also been proposed for the development of biohybrid robots: 
Stephan et al. showed a stable conjugation of lipidic/polymeric nanoparticles to the 
surface of a T-cell surface, demonstrating a good accumulation performance of such 
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nanoparticle-decorated cells into the tumor microenvironment, by transmigrating 
the endothelial barrier in tumor-bearing mice [64]. The group of Prof. Irvine also 
developed a system based on nanocapsules covalently conjugated to the membranes 
of autologous T-cells and demonstrated that, by reinfusing them into tumor-bearing 
mice, effective drug delivery at the target site was achieved by extravasation into 
lymphoma-infiltrated organs [65].

13.5  Challenges and Perspectives of Robots Based 
on Bacteria and Other Motile Cells

As it emerges from the previous sections, biohybrid robots falling into this category 
are featured by small dimensions (typically 1–3 μm in the case of bacteria and other 
microorganisms and 10–20 μm in the case of mammalian cells, which have anyhow 
flexible and adaptable/squeezable bodies). This makes them compatible with the 
dimensions of human capillary networks and interstitial spaces, thus encouraging 
the application of these robots in the vascular network as drug delivery systems [5, 
10, 31]. Table 13.1 summarizes some ongoing clinical trials, at present, involving 
bacterial agents for cancer therapy.

This preferential application raises the need for carefully considering the concept 
of the TI. Indeed, similarly to machines whose efficiency can be expressed as the 
ratio between the power produced as the output over the power used as the input, the 
efficiency of a therapeutic agent can be computed as follows:

 
TI

TD

ED
= 50

50  
(13.1)

where TD50 is the drug dose producing undesired toxicity in 50% of the population 
and ED50 is the minimum drug dose that is effective for the desired therapy for 50% 
of the population [67]. Bacteria and other living cells, especially if controlled by 
exploiting a combination of taxis abilities, can considerably increase the TI, mostly 
guaranteeing a better targeting (a high number of functional systems hits the cancer 
cells, while a low number results off-target). However, the intrinsic safety of the 
carrier and its final fate must also be considered: indeed, if it is highly toxic, it low-
ers the TD50 value. The efficacy of therapies, including the ones based on biohybrid 
robots, depends on this trade-off.

Despite exciting results, there are still many open challenges, such as motility 
performance, control, and immunogenicity of the biological segment of the micro-
swimmers, which should be overcome before their successful transition to the clinic.

To address immunogenicity (especially of bacteria), many efforts are ongoing. 
Researchers are looking for as many inert as possible microorganism strains; other 
ones aim to “mask” foreign bodies with molecules derived from patient’s cells. For 
example, Buss et  al. recently proposed biohybrid microrobots propelled by a 

13 Biohybrid Microrobots



322

genetically engineered peritrichously flagellated Escherichia coli species, inte-
grated with red blood cell-derived nanoliposomes, called nanoerythrosomes, by 
using non- covalent streptavidin interaction [68]. The interaction of microrobots 
with immune cells is a hot topic, which is being extensively investigated also on 
entirely artificial counterparts [69, 70].

Table 13.1 Ongoing clinical trials assessing the safety and therapeutic efficacy of bacteria-based 
systems for cancer therapy. Adapted from [66]

Bacterium type

Drugs or 
genes 
delivered

Tumor 
model Phase Observation NCT number

Salmonella 
typhimurium(VNP20009)

HSV-TK 
gene

B16F10 
melanomas

I Dose-dependent 
suppression of 
tumor growth 
and prolonged 
survival

NCT00004988

Listeria 
monocytogenes(JNJ-64041809

JNJ- 
64041809

CT26 
colon 
tumor, 
prostate 
cancer

I Breaking of 
self-tolerance 
and prolonged 
survival

NCT02625857

Clostridium novyi-NT Clostridium 
novyi-NT 
spores

Solid 
tumor

I Reduced tumor 
size

NCT01924689

Salmonella 
typhimurium(VNP20009

VNP20009 Metastatic 
melanoma, 
metastatic 
renal cell 
carcinoma

I VNP20009 
induced a 
dose-related 
increase in the 
circulation of 
proinflammatory 
cytokines, such 
as interleukin 
(IL)-1β, tumor 
necrosis 
factor-alpha, 
IL-6, and IL-12

NCT00006254

Salmonella 
typhimuriumχ4550.

IL-2 Hepatoma, 
liver 
neoplasms

I Consistent 
reduction in the 
mean number of 
hepatic 
metastases in 
animals 
fedχ4550 
(pIL-2)

NCT01099631

Listeria monocytogenes 
(CRS-207)

GVAX+ 
CRS-207

Metastatic 
pancreatic 
cancer

II Extended 
survival for 
patients with 
pancreatic 
cancer, with 
minimal toxicity

NCT01417000
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Concerning control, besides chemotaxis, which is interesting but it only allows a 
partial controllability degree, electric steering, obtained through galvanotaxis or 
electrophoresis, is currently rather limited to lab-on-a-chip applications and other 
in vitro scenarios. Optical control methods, enabled, for example, by phototactic 
bacteria and algae, are effective, but they face the intrinsic limitation of the low 
transparency of body tissues. Thus, in vivo applications of these methods are not 
straightforward, especially in deep regions of the body. Ultrasound has also been 
proposed as a control means, but its low reliability and reversibility have limited its 
success so far. Magnetic control enabled by natural cell magnetotaxis or by the 
inclusion of paramagnetic nanoparticles into biohybrid systems seems the most 
promising approach, at present. Indeed, magnetic fields can efficiently and safely 
penetrate body tissues. Some open challenges concern the hardware used to gener-
ate magnetic fields. In fact, the input current can be used to precisely generate mag-
netic fields in electromagnets. However, currents can heat the system and the whole 
workspace, with the risk of interference with the therapy or even affecting cell and 
tissue viability. Permanent magnets avoid this problem, but they are bulky, and they 
need to be moved, to properly modulate a field.

As highlighted in the previous section, the “passive” steering ability guaranteed 
by chemotaxis, as well as similar ones enabled by thermotaxis and aerotaxis, is 
attractive only in combination with other “active” strategies, such as magnetic steer-
ing. The combination of long-range active “robotic” control strategies and short- 
range passive “biological” reactivity may represent the most promising paradigm, 
in the next years [5, 71].

Red blood cells and leukocytes possess numerous attractive features. However, 
there are still many challenges to overcome before translation into the clinic. One 
issue concerns the conjugation of the cells to synthetic or live actuators, which may 
imply damages to the cell membrane. This event can compromise the key properties 
of the biological cargo, such as the ability to be “transparent” to the immune cells, 
thus avoiding the opsonization of therapeutic molecules, and the high deformability 
enabling passage into small capillaries. Furthermore, red blood cells do not possess 
intrinsic sensing capabilities and are limited in their ability to cross biological bar-
riers, differently from leukocytes.

Leukocytes have indeed the advantage of intrinsic sensing and barrier crossing, 
which make them promising as autologous biohybrid robots. However, it is impor-
tant to highlight the short lifespan of neutrophils, with an average of 5 days in cir-
culation and few hours after isolation, which is an important limiting factor. 
Monocytes, once differentiated in macrophages, have a longer lifespan. However, 
they are affected by other possible issues; among them, the risk of untimely degra-
dation (e.g., due to the embedded drugs) and uncontrolled release of payloads, 
which would considerably reduce the TI. Furthermore, better strategies to selec-
tively and remotely control cell-based microrobots are still needed. Effective on- 
demand strategies for the release of drugs are still scarce in the state-of-the-art, 
concerning these cell types, and their integration would further extend the potential 
of microrobotic cell-based delivery approaches. Furthermore, another critical chal-
lenge that cannot be neglected concerns the standardization of protocols and safety 
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issues regarding the biological material, which must be carefully addressed before 
reaching the clinical and commercial reality.

Finally, the lack of safe and reliable imaging to track microswimmers in vivo is 
broadly recognized as one of the most critical bottlenecks limiting the clinical trans-
lation of biohybrid microrobots, but even micro-/nano-scale robots in general [48, 
72, 73].

13.6  Muscle Cells as Biological Motors

Natural muscle is considered an attractive source of inspiration by many engineers, 
being considered an optimized mechanism evolved over millions of years. Indeed, 
muscles are a noticeable example of linear actuators, capable of large displacements 
(up to 40%) and high power/force-to-weight ratio while preserving an excellent 
stiffness control [74].

Muscles are generally subdivided into skeletal, cardiac, and smooth, even if our 
sections are going to deepen only the striated types of muscles (skeletal and car-
diac), which are the most investigated ones for biohybrid microrobots. From a func-
tional and structural point of view, cardiac and skeletal muscle (SM) tissues present 
several differences and similarities.

SM is the tissue responsible for the voluntary movement in vertebrates, holding 
a highly versatile nature to dynamically adapt to different signals and damages. SM 
shows an organized and hierarchical structure, starting from its building block: SM 
cells (also called myotubes or myofibers) are tightly compacted in a strictly ordered 
environment, forming the SM itself (Fig. 13.6a).

Cylindrically shaped, SM cells usually have a diameter from 10 to 100 μm, they 
can be several centimeters long, and they can each generate a contraction force in 
the range of 1 μN [76]. Due to the high metabolic demand of the tissue, a rich capil-
lary network surrounds each fiber, providing it with the appropriate nutrition.

During embryonic development, proliferating mononucleated muscle cells 
(myoblasts) fuse together forming multinucleated postmitotic myofibers. This pro-
cess is called myogenesis. The myofiber’s plasma membrane is called the sarco-
lemma. It encloses the sarcoplasm (namely, the muscle cell cytoplasm) and has 
several invaginations toward the center of the cells, called transverse tubules (T 
tubules). Inside every myofiber, the cytoskeleton is organized in the specialized 
functional unit, the sarcomere, composed of parallel thick myofilaments (myosin) 
and thin myofilaments (actin) (Fig. 13.6b). Sarcomeres are arranged one next to the 
other, forming the myofibrils and the typical striation of SM tissue. A thick network 
of tubules, the sarcoplasmic reticulum (SR), surrounds each myofibril, coming in 
contact with each T tubule and thus forming a triad. The high content of Ca2+ inside 
the SR is crucial to trigger SM contraction, also regulated by the amount of ATP 
produced by the mitochondria scattering the sarcoplasm.

SM contraction is voluntarily activated by the electrical triggering of motor neu-
rons. Motor neurons directly contact the myofibers on the sarcolemma at the level 
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of the neuromuscular junctions (NMJ): chemical synapses where the action poten-
tial is transmitted as a depolarization wave from the nerve to the muscle. The depo-
larization is then propagated along the T tubules, activating the release of Ca2+ from 
the SR. SM contraction depends on sarcomere shortening, thanks to the slide of 
actin myofilaments toward the center of the sarcomere. This is possible thanks to the 
conformational changes of the myosin’s heads, which are bound to the actin fila-
ments when the muscle is at rest [77]. In the presence of ATP, Ca2+ release from SR 
activates the myofilament sliding, triggering muscle contraction. All the events, 
starting with the electrical impulse and ending with the cell contraction, are known 
as excitation-contraction coupling.

On the other hand, cardiomyocytes are striated cylindrical muscle cells (∼ 10 μm 
in diameter and about 100 μm in length, each generating a contraction force in the 

Fig. 13.6 Mammalian skeletal and cardiac muscle organization, organelles, and cell structures. 
(a) Skeletal muscle tissue structure. Image reproduced with permission from sciencepics/Shutterstock.
com. (b) Molecular composition of the sarcomere. (c) Cardiac muscle tissue structure. Images 
adapted from [75]. Copyright: Springer Nature
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range of 10  μN [78]) showing essential differences compared to SM cells 
(Fig. 13.6c). Cardiomyocytes and SM share the same contraction mechanism, based 
on T tubules, electrically controlled Ca2+ release from SR, and sarcomere shorten-
ing. However, individual cardiomyocytes are tightly connected at the level of inter-
calated discs: connection site allowing the rapid movement of ions involved in the 
contraction mechanism, creating an electrically integrated syncytium. They allow 
rapid transmission of the action potential between the cells, which can contract 
simultaneously. Cardiomyocytes are usually mononucleated, branched, and with 
shorter myofibrils than SM ones. One of the main differences is that cardiomyocyte 
contraction is not driven by voluntary control, and it is sustained autonomously 
over time.

Muscle cells’ inherent modular and scalable nature (from the mesoscale down to 
the microscale) and their responsiveness to electrical stimulation make them a suit-
able component to be used for building general-purpose controllable biohybrid 
actuators.

Cardiomyocytes and SM cells have been exploited as biological drivers with a 
bottom-up approach, based on the assembly of multiple contractile cells in more 
complex and functional devices. The resultant actuator can be therefore tailorable in 
size and architecture, opening a broad panorama of applications.

It is worth mentioning that the use of contractile tissues derived from insects that 
have been investigated in this field broadens the choice of contractile elements for 
the actuation of biohybrid devices. Contractile tissues from insects possess remark-
able features compared to mammalian cells. Small insects live and locomote in a 
wide range of temperatures (from values below 0 °C to approximately 55 °C), more 
extreme than those tolerated by mammalian cells, and can resist to changes of pH 
due to the variation of the external environment.

Explanted tissues from insects, usually dorsal vessel tissue (DVT), show self- 
contractile properties similar to cardiomyocytes. Moreover, their robustness to 
extreme and rapid variations of external conditions enhances their potential and 
usability, making them valid candidates in extra-corporeal applications.

From an engineering viewpoint, the natural muscle has enormous potential 
with  respect to artificial actuators. It holds a maximum efficiency of 40% [79], 
defined as the ratio of work generated to input energy spent; it can exert a maximum 
force of <1 kN, considerably greater than most artificial actuators’ performances 
[80]. By far, biohybrid actuators are struggling to reach these performances, with 
the cardiomyocyte-based robots showing better performances than SM-based or 
insect-derived ones, in terms of exerted stroke and stress (respectively 10–10−1 m 
and approximately 10−2 MPa for cardiomyocytes, approximately an order of magni-
tude higher than other actuators [5]). They are still outperformed by artificial actua-
tors, and several challenges still need to be faced.

From a fabrication viewpoint, biohybrid actuators are usually composed of a soft 
scaffold with cells growing on top of it or cells embedded in a 3D soft hydrogel. The 
efficiency of the actuation is highly dependent on the profound synergy and link 
between the living component and the substrate in terms of cell adhesion, scaffold 
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biocompatibility, compliance, and microarchitecture (that can enhance muscle dif-
ferentiation and maintenance). All these components may strongly affect the actua-
tion performance of the biohybrid actuator, as extensively analyzed in 2014 by 
Duffy and Feinberg [81].

The elastic modulus of muscle tissue, depending on the type, has been reported 
to be approximately 10–40 kPa [82]. Therefore biocompatible soft materials able to 
be compliant by reaching this range of rigidity became ideal candidates, such as 
polydimethylsiloxane (PDMS), polylactic acid, poly(ethylene glycol) diacrylate 
(PEGDA), and different hydrogels based on extracellular matrix (ECM) proteins 
(e.g., collagen, laminin). More specifically, the presence of proteins belonging to 
the muscle in vivo microenvironment and the spatial organization of these biochem-
ical cues is indeed crucial to give cell instructive inputs to engineer muscle tissue. 
In this view, different groups explored the micropatterning of substrate surfaces by 
physical or biochemical techniques to direct myotube organization and differentia-
tion. The anisotropic cell alignment can be pushed either by physically modifying a 
material with a specific pattern (e.g., alternated grooves and ridges), by transferring 
anisotropic repetitive protein designs on the substrate surface, or even by using 
aligned micro-fibrous substrates.

Starting from 2000, different studies have been carried out, resulting in the fab-
rication of different biohybrid microrobots able to grip, pump, walk, swim, 
and crawl.

13.6.1  Robots Based on Cardiomyocytes

Cardiomyocytes are attractive actuating elements, being part of the most important 
and stronger muscular tissue of animals. This cell type can generate a higher force 
than SM cells, without the need for long differentiation protocols. Despite such 
advantages, the controllability of cardiac cells remains an unsolved issue since their 
spontaneous contraction can only be paced (electrically, optically, or chemically), 
thus not representing an “on/off” biological motor. Furthermore, cardiomyocytes, 
usually derived from explanted tissues of animals, raise possible ethical issues for 
their supply.

Being almost “ready-to-use” biological motors, proper contractile systems based 
on cardiomyocytes have been tested earlier than SM cell-based devices. Starting 
from 2005 [83], cardiomyocytes were investigated as actuating elements in organic/
inorganic robots (length, 138  μm; width, 40  μm; thickness of the Au/Cr layer, 
20 nm/300 nm) built through microelectromechanical system (MEMS) technology, 
able to walk with a maximum speed of 38 μm/s. At that time, this cardiomyocyte- 
driven device revealed the enormous potentialities behind the deployment of cardiac 
cells for actuating micro-/nanodevices. The first example of completely organic 
microrobot was investigated by Kim et al. [84]. The crab-like robot was able to walk 
up to 10 days, with an average velocity of 100 μm/s.
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After these promising studies, the possibility of finely engineer muscle tissue 
controlling its hierarchical architecture has been pursued by investigating two-
dimensional (2D) systems based on free-standing polymeric micro-/nanofilms. 
These systems allow modifying the chosen substrate surface and, consequently, the 
muscle cell growth and disposition on top of it. This bottom-up approach is interest-
ing since it allows providing a single biohybrid device with different areas, in which 
cells are differently organized, thus achieving articulated actuation possibilities and, 
if adequately controlled, multiple degrees of freedom.

Park et al. proposed a micropumping system based on an 800 × 800 μm2-sized 
membrane, made of PDMS, actuated by cardiomyocytes, directly seeded onto that 
surface [85]. The actuating frequency of the membrane was found in the order of 
0.2–0.4 Hz, while the detected vertical movement was about 8 μm. The micropump 
achieved a net flow rate of 0.226 nL/min, with potential applications in the biomedi-
cal field as a local drug delivery system.

Muscular robots made from thin films were proposed in 2007, when Feinberg 
and colleagues [86] demonstrated the potential of cardiomyocyte-powered muscu-
lar thin PDMS films (MTFs) (Fig. 13.7a). MTFs (maximum size: 5 mm × 5 mm) 
showed a broad versatility for multiple purposes (gripping, pumping, working, and 
swimming). Such MTFs worked for at least 16 days post cardiomyocyte seeding, 
showing superior performance than previous studies (i.e., walking at 133 μm/s and 
swimming up to 400 μm/s) upon electrical stimulation (10 V, 10 ms square wave at 
pacing rates from 0.1 to 10 Hz). Despite those exciting results, MTFs were almost 
poorly scalable because of the need for a manual procedure to shape the film in the 
desired form, even if such results paved the way to further investigations on 
this topic.

A newer generation of walking “bio-bot” was proposed by Chan et al. in 2012 
[87, 88]. Using stereolithography, micro-thick “bio-bot” (width: 2 mm; length: from 
7 to 10 mm; the thickness varied from 156 to 326 μm) made of PEGDA was moved 
by the contraction of cardiomyocytes, seeded on one of its sides to promote an 
asymmetric movement of the whole “bio-bot” (Fig. 13.7d). This behavior promoted 
a linear motion of the bot upon the bending of the layer actuated by cardiac cells, 
with a maximum recorded velocity of ∼ 236 μm/s. The “bio-bots” performed opti-
mally for 3–5 days, after which the contraction force decreased significantly.

These works were also the premises on the investigation of more bioinspired 
devices, concurrently with more extensive use of PDMS as structural and conform-
able material. Nawroth et  al. [89] developed an interesting hybrid microrobot 
inspired by the jellyfish. A tissue-engineered PDMS structure (thickness, 20 μm; 
diameter, ∼ 10 mm) was fabricated, replicating the organization of the muscle fibers 
of the jellyfish by patterning muscle cells using the microcontact printing technique. 
This prototype of microrobot imitated the propulsion mechanism of this marine 
animal (Fig. 13.7b). Paced by electrical stimuli (1 Hz, 2.5 V/cm, 10 ms pulse width), 
the microrobot was able to achieve a maximum velocity of 2.4 mm/s, outperforming 
all previous prototypes. Another self-propelled swimmer driven by cardiomyocytes 
was investigated by Williams et  al. [90]. The swimmer (length, 2  mm; width, 
100 μm), made in PDMS, could swim for 3–4 days at a velocity up to 9.7 μm/s with 
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a propulsive force of around 0.4 μN. The PDMS was also adopted by Vannozzi et al. 
[91] for the fabrication of customizable linear actuators (PDMS thickness, from 10 
to 25 μm; length, 10 mm) obtained through the rolling of 2D micro-membranes 
thanks to the generation of internal mechanical stresses by coupling layers at differ-
ent stress levels. The authors evaluated the linear displacement generated by the 
cardiomyocyte contraction force, highlighting the interplay between cardiomyocyte 
force and material properties.

On the other hand, the use of softer substrates, as hydrogels, has been investi-
gated in order to maximize the performance of cardiomyocyte-driven robots, mak-
ing the microrobot skeleton softer and more compliant to cell contraction. For 

Fig. 13.7 (a) Thin elastomeric films actuated by aligned cardiomyocytes with customized shape/
function. Adapted from [86]. Copyright: AAAS. (b) Body design of the tissue-engineered jellyfish 
and a magnification of the engineered Jellyfish 2D muscle. Reproduced from [89]. Copyright: 
Springer Nature. (c) Sperm-like biohybrid swimmer, consisting of an elastic filament with a rigid 
head and a compliant tail and a small cluster of contractile cardiomyocytes which deform the fila-
ment during a complete contraction cycle. Reproduced from [90]. Copyright: Springer Nature. (d) 
Freely moving gel actuated by cardiomyocyte gel and an example of a lattice nine-node cardio-
myocyte gel network. Reprinted from [92]. Copyright: Springer Nature. (e) Microcylinders pow-
ered by cardiomyocytes. Reprinted from [95]. Copyright: John Wiley and Sons. (f) The crawling 
of cardiomyocyte-driven soft robot at different inclinations. Reprinted from [96]. Copyright: John 
Wiley and Sons
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example, Hoshino et al. explored the performance, upon chemical stimulation with 
adrenaline, of the so-called gel robots. These devices were made of cardiomyocyte 
gel filaments composed of collagen and Matrigel (width ranging between 50 and 
200 μm; length, ∼ 5 mm) and showed a life expectancy of at least 7 days (Fig. 13.7c) 
[92]. Further studies have involved even hydrogels doped with carbon-based nano-
materials for engineering bioactuators with superior performance thanks to the pres-
ence of conductive elements [93, 94]. Cardiomyocytes were also used to actuate 
swimmers based on a microcylinder-shaped body, fabricated by electrohydrody-
namic co-jetting and thermoplastic materials (Fig. 13.7d) [95]. A group of cells was 
attached to one side of the microcylinders (60–70 μm length, 10 μm diameter) in 
order to get the movement of such linear cylinder through bending, thanks to a total 
force of 191 ± 12 μN exerted by the spontaneous contraction of cardiomyocytes.

Recently, further efforts have been directed to the investigation of bioinspired 
platforms for cardiomyocyte-driven robots. In this study of Chen et  al. [96], the 
cardiomyocytes were seeded on the parallel nanoridges of the butterfly wings. Thus 
they can align thanks to the wing topography, optimizing their contraction perfor-
mance. Another bioinspired platform was proposed by Sun et al. [97]. The authors 
developed bioinspired soft caterpillar made of 100 μm-thick hydrogels actuated by 
cardiomyocytes (Fig. 13.7e). Such prototypes mimic the crawling behavior of cat-
erpillars, achieving a maximum speed of 20 μm/s.

In recent years, other control strategies have also been optimized because of the 
need for more controllable cardiomyocyte-driven devices, activated and steered by 
light. Optogenetics is an approach well investigated in neuroscience [98]; it relies 
on engineering living cells to express light-responsive proteins on their membranes. 
After such modification, the exposure of cells to specific light wavelengths enables 
fast, localized, and minimally invasive contraction activation. At this purpose, a 
recent work [99] proposed the phototactic guidance of a biomimetic soft robot actu-
ated upon cardiomyocyte contraction. Speed (up to 3.2 mm/s) and direction were 
controlled by modulating light frequency (470 nm, 10 ms pulses, from 1 to 3 Hz) 
and by independently eliciting the fin, making the robot steerable. Despite the mac-
roscale of such a robot (size: 10 mm), this example showed the enormous progress 
made in the control of cardiomyocytes, making them still an intriguing option to 
pursue a somehow controllable actuation of microrobots.

Lately, an interesting work was proposed by Xu et al. [100] on multifunctional 
microrobots. Despite the macro size of the robot (centimeter-scale), such a con-
cept is interesting because it combines the cellular engine based on the contractile 
properties of cardiomyocytes, emulating the swimming of whales, with a second 
degree of freedom due to the presence of thermoresponsive wings. The robot 
achieved a maximum velocity of 0.6 mm/s and could be sustained within 3 weeks 
without the need for external power supplies. If scaled at smaller scales, this con-
cept could be potentially used as a cargo carrier for programmed and localized 
delivery of drugs.
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13.6.2  Robots Based on Skeletal Muscle Cells

Preliminary studies on SM-powered systems grounded on densely packed worm- 
like structures, composed of differentiated myotubes and proteins derived from the 
ECM. These studies exploited the inherent driving force of muscle cells to self- 
assemble in a functional tissue. A seminal work in this field was proposed in 2000 
by Dennis and colleagues [101], with the fabrication of the so-called myooids: elon-
gated muscle constructs with a diameter ranging from 0.1 to 1 mm, and a twitch 
force of 215 μN under electrical stimulation (Fig. 13.8a).

However, relying only on the muscle cell ability to self-assemble in a contractile 
tissue strongly limits the possible actuator designs. This first study represented a 
proof-of-concept of SM cells potential as motors for bio-integrated systems. In the 

Fig. 13.8 (a) Left: cross section of a “myooid”; right: peak twitch force of a single myoid (electri-
cal paced 70 V, 4-ms pulse). Images adapted from [101]. Copyright: Springer Nature. (b) Top: 
contraction behavior of the films with different fibronectin pattern at peak contraction; bottom: 
stress vs. time plot of the thin films stimulated at different frequencies. Images adapted from [102] 
Copyright: Elsevier. (c) Top, representation and photographs of the electrical-stimulated hybrid 
muscle (left, relaxation state; right, contraction state); bottom, frequency-contraction distance rela-
tionship of the hybrid muscle in response to varying stimulation frequencies. Images adapted from 
[103]. Copyright: Springer Nature. (d) Top, scanning electron microscope image of the three- 
dimensional rolled polydimethylsiloxane structure; middle, fluorescence images of C2C12 cells at 
day 7 of differentiation growing on the structure; bottom, contraction behavior of the bioactuator. 
Images adapted from [91]. Copyright: IOP Publishing
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following years, other solutions were explored to engineer more tailorable and mul-
tifunctional biohybrid actuators.

Concerning 2D systems, Sun and co-authors [102] fabricated thin films made of 
PDMS (1.5 mm × 4.5 mm, 15-μm thick), optimizing cell alignment with fibronectin 
patterning and obtaining a peak twitch stress of 10 kPa upon electrical stimulation 
(1–20 Hz, 0.4 V/mm, 10 ms pulse width) (Fig. 13.8b). In 2016 Kim and colleagues 
[103] fabricated an example of an interesting synergy between the living component 
and the substrate features, in view of maximizing SM contraction efficiency and 
force transmission (Fig. 13.8c). The nano-fibrous structure of the multiwalled car-
bon nanotubes (MWCNT) sheet, stabilized in solution thanks to a poly(3,4- 
ethylenedioxythiophene) (PEDOT) coating, helped cell alignment, while the 
mechanical features of the PEDOT/MWCNT film (60 mm × 10 mm, approximately 
47 nm thick) were able to assist cell relaxation. Furthermore, MWCNT electrical 
conductivity helped in SM cell electrical stimulation (1–8 Hz), even if quantifica-
tion of the contraction force was missing. In the same year, an exciting solution to 
avoid additional substrate processing to foster cell adhesion and differentiation was 
proposed by Webster and colleagues [104] with an electrocompacted and aligned 
collagen scaffold seeded with SM cells able to produce locomotion of approxi-
mately 77.6 ± 86.4 μm/min, 1.16 of its body length per hour.

A good compromise between the advantages of the 2D and those of the 3D sys-
tems was proposed by Vannozzi and colleagues [91], who developed a 3D rolled 
PDMS structure (25-μm thick) contracting up to 0.12% of its length in the presence 
of differentiated SM cells (Fig. 13.8b). The authors also built a finite element model 
simulation to predict the contraction behavior by varying some fabrication param-
eters. In silico simulations played an interesting role also in the work of Hasebe 
et al. [105]. Such a bioactuator was made of a thermoplastic elastomer (poly(styrene- 
block- butadiene-block-styrene) and consisted of a micro-grooved thin film 
(3 mm × 10 mm, 2.7-μm thick), powered by contractile, aligned SM cells. The low 
flexural rigidity of the material allowed the contraction of the self-standing biohy-
brid thin film, and this performance matched with the in silico results with a small 
error of 5%. In a recent work carried out by Vannozzi et al. [106], a novel computa-
tional approach coupling finite element modeling and smooth particle hydrodynam-
ics was proposed for the estimation of the contractile capabilities of skeletal muscle 
cell-powered biohybrid systems. These results highlighted the possibility to create 
more accurate models of 2D biohybrid systems based on thin films and to create real 
“design tools.”

In parallel to 2D systems, some research groups are focusing on scaling up bio-
hybrid systems in the third dimension, envisioning multiple applications. Li et al. 
[107] developed a “pump-bot,” a millimetric ring-like system controlled by electri-
cal stimulation (1–4 Hz, 0.45 V/mm, 10 ms pulse width), able to generate a flow rate 
in the order of ∼ 20 μL/min. The micropump (12-mm outer diameter, 5–6-mm inner 
diameter, 3-mm depth) exhibited a relevant difference with previous pumping bio-
hybrid robots, usually showing a pumping capacity estimated around a few nL/min 
[85, 108], with potential applications in the lab-on-a-chip domain or as a drug deliv-
ery system.
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In 2012, Sakar and colleagues [109] developed a 3D SM microtissue auto- 
assembled around two PDMS pillars, used to indirectly register the construct con-
traction behavior. The system was composed of a suspension of differentiated SM 
cells in a collagen/Matrigel hydrogel. While all the abovementioned biohybrid 
actuators were controlled through electrical stimulation, in this work the use of light 
stimulation and optogenetically modified muscle cells was explored. The authors 
were able to selectively activate specific regions of the actuator, triggering a direc-
tional torsion of the construct and introducing a second degree of freedom in the 
actuator control (excitation wavelength: 473 nm). Despite this considerable innova-
tion, the contraction behavior of this construct still needed improvements, being 
able to generate a passive tension force of 10.8 μN and an active contraction force 
of only 1.41 μN after 14 days of differentiation (stress: ∼ 1.12 kPa). The overall size 
of this 3D construct was less than 100 μm width, with a length of approximately 
400 μm (Fig. 13.9a).

Nevertheless, this work kicked off a new approach that was then optimized in the 
following years. In 2014, Cvetkovic et al. [110] focused on creating a self-standing 
crawling “bio-bot,” with the cell-matrix solution grown around two pillars (artificial 
tendons) joined by a flexible beam (artificial joint) (overall dimensions, 
6 mm × 3 mm; pillars height, ∼ 3 mm, Fig. 13.9b). Notably, the design optimization 
of the scaffold and the addition of insulin-like growth factor-1 (IGF-1) to enhance 
SM differentiation for functional output, brought to a generation of a system with a 
passive tension force of 1 mN (0.84 kPa), an active tension force 200 μN (0.17 kPa), 
and a speed of ∼ 156 μm/s, meaning ∼ 0.025 body length per second.

Two years later, Raman and colleagues [111] slightly modified this design, end-
ing with the cell-matrix solution shaped in a muscle ring of ∼ 1 mm width and ∼ 
5 mm length. Interestingly, the authors exploited the SM innate adaptability to opti-
mize the actuator performance, by applying different mechanical and optical stimu-
lations to exercise the differentiating muscle, causing a ∼ 550% greater force in 
exercised muscle rings compared with non-stimulated ones. Even if the design con-
cept presented in the last works cannot be up- or downscaled in dimension per se, a 
smart combination of the muscle rings with the fabricated skeleton in a modular and 
additional approach may have several applications. Raman et  al. leveraged this 
modular concept creating a two-legged symmetrical bot powered by two muscle 
rings. The use of electric stimulation and in combination with localized light stimu-
lation resulted in the steering of the bot in different directions with net locomotion 
of ∼ 312 μm/s (Fig. 13.9c).

Recently, Pagan-Diaz and co-authors [112] modified the living junction geome-
try with the aid of computer simulations and fabricated different prototypes of walk-
ing biohybrid machines, ending with a high force produced (passive tension force 
up to ∼ 8 mN, peak force up to 0.97 mN), demonstrating once more the power of in 
silico design tools.

Starting from these studies, Morimoto et al. [113] made a relevant leap forward 
in the integration of living components in an engineering setting, achieving the fab-
rication of a centimeter-scale biohybrid robot. The use of an antagonistic pair of 
contractile elements under electrical stimulation control enabled the 
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Fig. 13.9 (a) Left, top view of the fabricated “bio-bot”; middle, top view with fluorescent staining 
for actin (red) and cell nuclei (DAPI), green; right, representative recording of the static and 
dynamic tension of an SMT on day 15. The microtissue is stimulated with a brief blue light pulse 
series (indicated by blue bars). Images adapted from [109]. Copyright: Royal Society Of Chemistry. 
(b) Left, photograph of optogenetic muscle ring-powered “bio-bot”; middle, contraction behavior 
of muscle ring with or without insulin-like growth factor-1 stimulation; right, active tension force 
for a representative muscle ring. Images adapted from [110]. Copyright: National Academy of 
Sciences. (c) Right, active tension produced by the optically-stimulated muscle strip; left, locomo-
tion and steering of the two-leg “bio bot.” Images adapted from [111]. Copyright: PNAS. (d) Top, 
motions of the biohybrid robot powered by the antagonistic pair of skeletal muscle tissues (electri-
cally paced: 1.5 V/mm, 50 Hz, 2 ms); bottom, actuator contractile force in relation to time, electri-
cal stimulation, and culture time, depending on the different electrical frequencies applied (1.5 V/
mm, 2 ms). Images adapted from [113]. Copyright: AAAS. (e) Actuations of the biohybrid robot 
in air powered by the skeletal muscle tissue. Images adapted from [114]. Copyright: AIP Publishing
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implementation of the engineering part, creating a robot capable of object manipu-
lation, achieving ∼ 90° rotation of the joint, and able to survive for 20  days 
(Fig.  13.9d). The encapsulation of the actuator in a collagen shell allowed the 
motion at room temperature for 60 min [114], keeping the appropriate culture con-
ditions for long-term usability and actuation, and giving exciting hints for the appli-
cations in real-world scenarios (Fig. 13.9e).

Following a biomimetic approach, a possible evolution in this field is the cocul-
ture of SM cells and motor neurons to recreate an in vivo-like neuromuscular junc-
tion. This would help to boost SM differentiation and actuator force functional 
output and may lay the foundations for a new type of control [115, 116]. In this 
view, Aydin et al. [117] have recently proposed a hybrid swimmer actuated by motor 
neuronal activation of muscle contraction, showing a locomotion velocity of 
0.7 μm/s.

13.6.3  Robots Based on Insect-Derived Cells

The use of contractile insect-derived cells has raised an enormous interest recently, 
because of their remarkable properties. These cells, in fact, are extremely robust and 
featured by a high resistance outside the culture medium, with respect to mamma-
lian and human cells [118]. As shown by Akiyama et al. [119], the excised tissue 
from self-contractile DVT (corresponding to the mammalian cardiac tissue) of dif-
ferent types of lepidopteran larvae (Bombyx mori, Thysanoplusia intermixta, or 
Ctenoplusia agnata) can beat spontaneously for more than 25 days without medium 
replacement at 25 °C, a condition that is non-sustainable for other cell types (e.g., 
skeletal and cardiac cells). This makes insect-derived cells optimal candidates for 
building microrobots featured by a high life expectancy in environmental conditions.

It must be noticed that, in the absence of external stimulation, the contraction 
frequency might decrease over time, leading to an overall decrease of the actuation 
performance (e.g., average frequency of about 0.15 Hz), which could be no less than 
that of conventional mechanical actuators [120]. As shown by Akiyama et al. in a 
PDMS-based squared device (lateral dimension, ∼ 3 mm), their controllability can 
only be achieved by pacing the contraction by means of electrical stimulation, as for 
cardiac cells (Fig. 13.10a).

Two examples of insect cell-powered microrobots were proposed in 2012. In the 
first case [121], the insect muscle-powered autonomous microrobot was able to 
achieve an average velocity of 38 μm/s (Fig.  13.10b), while in the second case 
[122], the so-called polypod microrobot arrived at a speed of 3.5 μm/s, an order of 
magnitude less the previous prototype. Such a difference might be due to the differ-
ent type of larva deployed by the authors (tissue from the larvae of the Thysanoplusia 
intermixta moth and tissue from lepidopteran larvae Ctenoplusia agnata inchworm, 
respectively), as well as the configuration of the robot skeleton, based in both cases 
on PDMS. Despite the actual macro size of both robots (length, 12.5 mm; width, 
0.90 mm), it is worth mentioning that the optimization of the robot structure and of 
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Fig. 13.10 (a) A dorsal vessel-derived tissue assembled on the micropillar array and the experi-
mental setup for electrical stimulation. Images adapted from [120]. Copyright: Springer Nature. 
(b) Image analysis of the contraction of the insect muscle-powered autonomous microrobot 
(iPAM). Images adapted from [121]. Copyright: Springer Nature. (c) Time-lapse images of the 
micropump actuated by insect cells when transporting microbeads. Images adapted from [126].
Copyright: Creative Commons. (d) The mold fabricated by the stereolithography method and the 
swimming PDMS robot with the attached dorsal vessel tissue. Images adapted from [128]. 
Copyright: Creative Commons
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the tissue organization might guarantee a certain degree of miniaturization. Akiyama 
et al. [123] proposed a relevant work in 2013, reporting the possibility of exploiting 
the DVT from the final stage larvae of the Thysanoplusia intermixta inchworm for 
actuating a pair of tweezers in the air. The system remained operative for more than 
5  days at room temperature, out of the incubator. This work added a noticeable 
insight into the adoption of insect cells in real-world scenarios.

Subsequently, Baryshian and colleagues [124] evaluated the performance of a 
bioactuator built from embryonic Manduca sexta muscle stem cells. The authors 
analyzed the stress generated by such a device (up to 2 kPa) and checked that cells 
remained functional for more than 2 months in culture without media replacement.

Various stimulation strategies have been evaluated for the regulation of cell 
insect activity. Uesugi et  al. [125] investigated the use of electrical stimulation 
(square pulses of 3, 5, 10, 15, and 20 V with 1 s duration and 1 Hz frequency), ther-
mal stimulation (the temperature was changed by 5  °C in 1  min), and chemical 
stimulation (cardioactive neuropeptide at a concentration of 10–10, 10–9, 10–8, 
10–7, 10–6, or 10–5 M) on insect cells harvested from moth larva. On the one hand, 
the thermal stimulus can modulate the contractile force and contractile frequency 
without thermal damage up to 35 °C. On the other hand, the electrical stimulation 
allows controlling the contractile force, while the chemical stimulation regulates 
only the contractile frequency. This study confirmed the possibility of adopting a 
wide choice of stimulation strategies for controlling the contractile properties of 
insect-derived cells, depending on the specific needs.

More recently, these cells have been analyzed for building microvalves, enabling 
pumping functions. Yamatsuta and colleagues [126] proposed an optically control-
lable micro-peristaltic pump with an internal diameter of the tubular structure of 
about 400 μm, actuated by cells from Drosophila melanogaster (wild-type strain, 
Canton-S third instar) larvae (Fig.  13.10c). In this case, D. melanogaster larvae 
were modified in order to express channelrhodopsin-2 (ChR2) on the cell mem-
brane, thus being optically controllable with the use of blue light (power density, 
2 mW/mm2). The pump was able to transport microbeads at a speed of 120 μm/s, 
demonstrating relatively good performance for being applied in a smart bioma-
chine. From a technological viewpoint, Uesugi et al. [127] tried to tackle the scal-
ability of such a bioactuator by exploiting the cell sheet technique using the 
NIASAeAl-2 insect-cell line (AeAl2 cells) derived from pieces of larval bodies of 
Aedes mosquito. Through this approach, cells were able to survive at least 13 days 
and made possible further steps ahead to customize the bioactuator.

Ultimately, a unique example of a swimming robot actuated by insect cells (cells 
from the final stage larvae of lepidopteran inchworms) was proposed by Yalikun 
et al. [128]. The body was made of PDMS with a thickness of about 50 μm, even if 
the other sizes were above the microscale (Fig. 13.10d). Such a robot was able to 
achieve an average velocity of 11.7 μm/s. This prototype may be scaled by adopting 
proper microfabrication techniques for potential application in the microscale domain.
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13.7  Challenges and Perspectives of Robots Based 
on Muscle Cells

As discussed in Sect. 13.5, there are still many open challenges to be tackled before 
multicellular muscle cell-powered biohybrid robots can find applications in the 
clinic or other scenarios. The key issues are scalability to small dimensions, the 
lifetime of the biohybrid constructs, efficient in situ control, and possible 
immunogenicity.

Despite their inherent scalability, multicellular muscle cell-powered biohybrid 
robots are currently featured by considerably larger dimensions than biohybrid 
robots based on bacteria and other single cells. This is mainly due, at present, to the 
difficulty in precisely controlling the fabrication process at the microscale: building 
millimeter- or even centimeter-scale substrates on top of which culturing cells is 
much easier than controlling cell positioning and orientation on the substrate one- 
by- one. However, in theory, such a cell-level control is possible and would enable a 
bottom-up design of biohybrid microrobots based on muscle cells and working at 
the microscale. Here the struggle would concern the trade-off between miniaturiz-
ing these systems, yet keeping a detectable contraction force enabling their move-
ment or other actions (reducing the size means reducing the number of cells and 
thus the force produced).

Actuator dimensions can also be influenced by the need to create a multifunc-
tional system. Most of the multicellular actuators described in the state-of-the-art so 
far show only one degree of freedom. The fabrication of a system with more degrees 
of freedom should rely on the presence of different cell types, or the same cell types 
but organized in different ways, over the device surface/volume. This process, 
which would broaden the possible application of biohybrid microrobots, would add 
further challenges in the device scalability. It seems inevitable that this challenge 
should be faced in future years by taking advantage of advanced computer simula-
tions, relying less and less on trial-and-error approaches, which are typical of the 
tissue engineering field. Smart design tools for miniaturized biohybrid systems 
should rely on a careful prediction of the force produced and thus, on the efficiency 
guaranteed, given specific geometries, mechanical features, cell differentiation 
level, and features of the surrounding environment in which the biohybrid robot is 
thought to operate [106].

In any case, it is unlikely that muscle-based biohybrid devices will be directly 
used to navigate and transport cargos or drugs through narrow capillary networks. 
In fact, although advanced simulation tools may help the miniaturization of these 
devices, they will probably remain too big to fit the lumen of capillaries (∼ 2 μm). 
Navigation in tiny vessels, included capillaries, for targeted drug delivery of other 
therapies, will probably be the “killer application” only of biohybrid microrobots 
based on single motile cells described in Sects. 13.3 and 13.4, relying on a complete 
and autonomous organism showing various and sophisticated sensing abilities. 
Multicellular systems, instead, need engineering modifications to provide them 
with on-board specific sensing. Most of the described works are mainly focused on 
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the implementation of the contraction ability of the muscle unit. On the other hand, 
multicellular muscle-based systems have the advantage of enabling a bottom-up 
design of biohybrid devices, with almost infinite possibilities and without the need 
to manage an entire autonomous organism (that necessarily implies less flexibility 
in the design). The possible applications of muscle-based biohybrid devices in the 
clinic may concern millimeter or centimeter-scale devices for surgical operations or 
other types of therapy, or more miniaturized systems (down to the microscale), but 
used as components of biohybrid implantable devices or biohybrid small therapeu-
tic medical tools, rather than autonomous robots navigating in the capillary net-
work. Besides the clinic scenario, many other possible applications can be envisaged 
for muscle-based biohybrid robots, from lab-on-a-chip systems to environmental 
monitoring, up to large-scale robotics, which would enormously benefit from a new 
generation of actuators with the features of natural muscles [5].

However, the combination of microfabrication technologies and muscle tissue 
engineering techniques are not at a fully mature stage, yet. More efforts are needed 
in this field, especially concerning a deep understanding of the biological mecha-
nisms underlying the development and maintenance of mature and functional mus-
cle tissue, starting from precursor cells.

SM-based bioactuators may be dynamically responsive to environmental changes 
and resistant to mechanical damages through inherent healing strategies. Raman 
et al. [129] showed that a complete functional recovery was possible within 2 days, 
after tissue damage. This implies that biohybrid robots can accomplish a complete 
remodeling of the SM tissue, potentially recovering the muscle force production 
post-damage. This aspect would dramatically increase the life expectancy of 
muscle- based robots, once the other challenges on long-term cell culture is solved, 
widening the possible applications of these systems. On the other hand, mammalian 
cardiac tissue has a minimal regeneration capability, so in this case, other approaches 
should be developed to guarantee a long-term operation.

Longevity and actuator stability over time are challenges that have been scarcely 
addressed so far in the state-of-the-art, but they strongly affect the system usability. 
By far, insect-derived contractile tissues have been demonstrated to be the most 
resilient solutions. However, insect cells can  raise biocompatibility issues in the 
case of clinical applications. Most mammalian cell-based devices are viable for 
2–3 weeks, but no extensive studies have been done to evaluate the longevity and 
functionality over a more extended period of time.

Concerning the controllability of muscle-cell based device contraction, multicel-
lular systems are divided into two main groups: self-contractile cardiomyocytes or 
insect-derived cells and electrically or optically paced SM tissues. Electrical stimu-
lation has been extensively used over the years as a control means, but other options 
and combinations can also be envisioned, such as optical control. The use of light as 
a trigger is a smart solution because of its low invasiveness and precision. However, 
when light is used other issues arise, especially in clinical scenarios, due to light 
absorption by tissues, which makes it difficult to reach deep regions of the body.

From an engineering viewpoint, a key factor in favor of using biohybrid micro-
robots in the clinics regards their energy source. In fact, to correctly operate, these 
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systems need glucose and oxygen. Thus, in-body environments can guarantee the 
presence of these nutrients, without the need to provide them through complex bio-
reactors. Obviously, this advantage becomes a limitation when out-of-body applica-
tions are targeted: in this case, biohybrid devices must be kept at 37 °C (or a wider 
range of temperature in the case of insect cells) and provided with nutrients, 
periodically.

Another critical factor for possible applications in the clinic is the safety of these 
systems in terms of biocompatibility and immunogenicity. This is an aspect that 
concerns all biohybrid robots: muscle-based but also bacteria-based and other 
motile cell-based ones. In the state-of-the-art, mainly immortalized and primary 
cells from mouse or rat have been used. If using a biocompatible material could 
overcome the safety issue regarding the scaffold, concerning the cell source, two 
possibilities can be envisioned: (1) using primary human muscle cells, directly 
derived from the patient, or (2) using muscle cells differentiated from stem cells, 
such as induced pluripotent stem cells (iPSCs), also derived from the patient. In the 
second case, to avoid the long process of reprogramming of patient-derived cells 
and the approval for clinical application, a solution can be envisioned. It is desirable 
for the scientific community to gather and push to create a shared database of a 
limited number of allogenic iPSCs grade for clinical trials. The iPSC lines could be 
derived from different human leukocyte antigen-homozygous donors, matching a 
large part of the population, and in this way easing many processes [130].
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Chapter 14
Microrobots in the Gastrointestinal Tract

Ming You, Daniel Mukasa, and Wei Gao

14.1  Introduction

Robots are designed and manufactured to free human beings from hard and compli-
cated work. Micro-/nanorobots, which are synthetic devices capable of harvesting 
energy for propulsion [1–4], aim to complete missions that are impossible for mac-
roscale robots to complete. The first self-propelled millimeter-sized plate was 
reported by Whitesides’s group in 2002 [5]. Since then, tremendous efforts have led 
to a number of innovative applications including microrobot-based assisted fertil-
ization [6], water remediation [7–9], migrating against blood flow for targeted drug 
delivery [10], and multiple applications in gastrointestinal tract [11]. Among the 
many uses, in vivo applications like imaging, targeted drug delivery, and targeted 
therapy are particularly attractive since the autonomous motion of micro-/nanoro-
bots enables incomparable advantages over conventional methods. Compared with 
traditional imaging agents and drug delivery systems based on passive diffusion, 
microrobot-based methods can complete missions more accurately and efficiently 
with less dosage.

Despite the great potential of microrobots in biomedical applications, there are a 
number of challenges that must be overcome, the greatest being propulsion in com-
plex media [12]. Microrobots can either use self-propulsion, requiring a biocompat-
ible fuel source [13, 14], or external propulsion, requiring large and complex 
equipment capable of producing an external field to propel in vivo [4]. Furthermore, 
the microrobots themselves must be capable of cargo loading, navigation in com-
plex biological fluids, and biocompatible. Along with these requirements, micro-/
nanorobots injected into blood vessels must be able to generate strong propulsive 
forces and navigate narrow blood vessels while in high flow rate environments to 
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complete their tasks. In the case of those entering living bodies through oral admin-
istration, the hydrodynamic environment becomes much more moderate, but there 
is now an added difficulty in keeping the micro-/nanorobots mobile and active in the 
gastrointestinal tract. The gastrointestinal tract, including the stomach and intes-
tines, which digests food, absorbs nutrients, and expels remaining waste, has one of 
the harshest chemical environments in vivo.

In this chapter, we will start with the environmental features of GI tract, followed 
by discussing the design strategy and propulsion of microrobots in such environ-
ment. Then representative works on microrobots propulsion and application in GI 
tract are highlighted and discussed and finally ends with conclusion and future pros-
pects on the microrobots in GI tract and in other biomedical applications.

14.2  Microrobots in GI Tract: Environmental Features 
and Propulsion

After being chewed and swallowed, food passes through the esophagus and reaches 
the stomach, where it is mixed with acidic digestive juices and enzymes to break 
food into smaller molecules. Nutrients are then absorbed by the walls of the small 
intestines, and waste passes through the large intestine to be excreted out of the 
body [15]. As depicted in Fig. 14.1a, the pH value ranges between 1 and 3 in the 
presence of gastric acid and 6 and 7 in intestines [11]. In such acidic environment 
with multiple ion species, propulsion mechanisms based on diffusiophoresis and 
enzyme-assisted reactions are no longer suitable; however, those propelled by 
bubble- recoil mechanism can still move regardless of pH values and ionic species 

Fig. 14.1 Overview of the environmental features of GI tract and mechanisms suitable for propul-
sion in GI tract. (a) Schematic illustration of chemical environment in the stomach and intestines. 
Reproduced with permission from reference [11]. Microrobots powered by (b) zinc-acid reaction. 
(Reproduced with permission from reference [17]), (c) Mg-acid reaction. (Reproduced with per-
mission from reference [18]) and (d) Mg-water reaction. (Reproduced with permission from refer-
ence [16]). (e) Magnetic microhelices powered by rotating magnetic field. Reproduced with 
permission from reference [27]
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as long as bubbles can be generated and ejected, and the presence of ionic species 
may even facilitate bubble generation [16].

Thus, by taking advantages of the acidic environmental conditions, micro-/
nanorobots that can propel in gastrointestinal tract have been developed. Figure 14.1b 
[17] and c [18] illustrates the propulsion mechanisms of metal-acid reaction-based 
microrobots. Metal-based microrobots use the acidic gastric acid as fuel; as Eq. 
(14.1) shows, reaction between acid and metal, mostly zinc and magnesium, results 
in generation of hydrogen bubbles; asymmetric structures allow bubble formation 
and ejection from one side/end of the microrobot, which propels the microrobot 
through bubble recoil. Besides acid corrosion, Mg-water reaction can also be used 
for bubble generation, as demonstrated in Fig. 14.1d [16]. Specific ionic species can 
facilitate the Mg-water reaction while also removing the Mg(OH)2 passivation layer, 
thus allowing the reaction to occur for a longer duration of time.

 
M s H aq M aq H g� � � � � � � � � � �� �2 2

2  (14.1)

External fields including electric field [19, 20], acoustic field [21–23], light [24], 
and magnetic field [25, 26] can all be utilized to propel micro-/nanorobots. In the 
case of in vivo applications, noninvasive magnetic field, which can be applied from 
afar, has become one of the most attractive method to externally power and control 
micro-/nanorobots (Fig. 14.1e) [27]. The chirality of helices makes their axial rota-
tional motion time-irreversible, thus generating net force and enabling efficient pro-
pulsion of microhelices.

14.3  Propulsion of Microrobots in GI Tract

The most intriguing feature of micro-/nanorobots is without a doubt their autono-
mous motion. Enhanced motion-induced mass transfer and interactions with sur-
rounding environment endow micro-/nanorobots with incomparable advantages in 
applications such as targeted drug delivery and environmental remediation. 
Figure  14.2a shows the morphology of a zinc-based microtube with a length of 
20μm and diameter of 5μm. Upon immersion in simulated gastric acid (pH 1.2), the 
PEDOT layer protects outer zinc layer from reacting with acid. Spontaneous oxida-
tion of the inner layer zinc component results in hydrogen bubble generation; the 
bubbles are ejected from one end of the microrobot, which propels the microrobot 
in opposite direction of bubble release (Fig. 14.2b). Figure 14.2c shows time-lapse 
images with 1  second interval, demonstrating the motion of a single PEDOT-Zn 
microrobot in gastric acid. It can be clearly observed that a bubble tail is released 
from one end of the microrobot, which propels it at a velocity calculated to be 
60μm/s (3 body lengths/s) for ~10 min [28].

Janus particles are another class of microrobots that can efficiently propel 
through bubble recoil. Figure 14.2d is the schematic dissection of a Mg-based Janus 
microrobot which is designed for drug delivery in the stomach. As the figure shows, 
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the microrobot has a Mg core and is subsequently coated with TiO2, drug-loaded 
poly(lactic-co-glycolic acid) (PLGA) and chitosan layers. The TiO2 layer acts as 
shell scaffold to maintain the spherical shape, while Mg is etched during propulsion. 
The PLGA film is loaded with drug molecules and coated onto the TiO2 layer, which 
is subsequently coated by a chitosan layer to protect the PLGA layer and ensure 
efficient electrostatic adhesion to the mucosal layer of stomach wall. Figure 14.2e 

Fig. 14.2 Propulsion methods of microrobots in GI tract. (a) SEM image (left) and the corre-
sponding EDX data (right) of elemental Zn in the PEDOT-Zn tubular microrobot, scale bar, 5μm. 
(b) Schematic of the in vivo propulsion and tissue penetration of the zinc-based micromotors in 
mouse stomach. (c) Time-lapse images (1 s intervals, I–IV) of the propulsion of PEDOT/Zn micro-
motors in gastric acid under physiological temperature (37 °C). (a–c) Reproduced with permission 
from reference [28]. (d) Schematic dissection of the Mg-based Janus microrobot with a TiO2 shell 
coating, a drug-loaded PLGA layer, and a chitosan layer. (e) Schematic of in vivo propulsion in 
mouse stomach. (f) Time-lapse images (2  min intervals) of the propulsion of the drug-loaded 
Mg-based micromotors in simulated gastric fluid (pH ~1.3). (d–f) Reproduced with permission 
from reference [18]. (g) Schematic top view, side view, and corresponding SEM images of the 
enteric Mg microrobot. (h) Schematic of the propelling in intestines. (i) Propulsion snapshot of 
multiple enteric Mg microrobot in intestinal fluid. (g–i) Reproduced with permission from refer-
ence [29]. (j) Schematic of the in vivo experiment, inset: SEM image of the microhelices. (k) 
Snapshots of controlled swimming of the microhelices swarm in vitro under magnetic field of 
9 mT and 90 Hz. (j, k) Reproduced with permission from reference [30]
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depicts the propulsion and drug release in the stomach; reaction between Mg and 
gastric acid leads to hydrogen bubbles released from the opening, which propels the 
microrobot. The propulsion of the Mg-based microrobot is evaluated in vitro using 
simulated gastric fluid (pH 1.3); time-lapse images in Fig. 14.2f clearly show the 
bubble tail of the Janus microrobot and illustrate the prolonged propulsion with an 
average speed 120μm/s (6 body lengths/s). The lifetime is observed to be ~6 min, 
which is determined by the size of the opening [18].

As opposed to the stomach which has a pH between 1 and 3, intestinal fluid is 
much less acidic with pH between 6 and 7 creating a new set of conditions that must 
be considered in the microrobot fabrication process. Microrobots must however 
pass through stomach’s acidic environment to reach the intestines and therefore 
must be protected from etching by gastric acid. In 2016, Wang’s group demon-
strated an enteric microrobot consisting of a Mg-based body with an enteric poly-
mer coating that can pass through the stomach and arrive at predesigned location in 
intestines. Figure 14.2g shows the schematic and corresponding SEM images of the 
enteric Mg-based microrobot. During fabrication, Mg particles with a uniform 
diameter of 5μm are loaded into the template-synthesized PEDOT-Au microtubes 
through infiltration technique, the Mg-loaded microtubes are then coated with 
methacrylate-based polymer Eudragit L100-55, which is used for protecting oral 
drug capsules from gastric acid. The polymer layer is quite stable in acidic environ-
ments, while in neutral or alkaline media, it gradually dissolves and exposes what’s 
encapsulated. To evaluate the propulsion performance of the enteric Mg microrobot 
in intestines, they are immersed in intestinal fluid and observed under microscope, 
as shown in Fig.  14.2i. It can be seen that reaction between Mg particles in the 
PEDOT-Au microtubes and water in intestinal fluid results in hydrogen bubble 
release from one end, propelling the enteric microrobot with an average speed of 
60μm/s for 1  min, demonstrating efficient propulsion of the microrobot via the 
Mg-water reaction [29].

Magnetic microswimmers have always been one of the most promising type for 
in vivo applications owing to the facts that magnetic fields are noninvasive and the 
motion performance of magnetic microswimmers can be controllable by adjusting 
external magnetic fields. Among the many types of magnetic microswimmers, 
microhelices attract the most attention because they can be fabricated in large scale 
with high quality through 3D direct laser writing (DLW) and glancing angle deposi-
tion (GLAD). Figure 14.2j illustrates the experimental setup for propelling mag-
netic microhelices in vivo. The size of the microhelices can be tailored by adjusting 
DLW parameters; after obtaining the microhelices, a 50-nm-thick Ni layer is coated 
to enable magnetic propulsion and control of the microrobot; and subsequently a 
5 nm Ti layer is coated to improve biocompatibility. The microhelices dispersed in 
5% dextrose are injected into the mouse, and then the anesthetized mouse is placed 
upside down with its lower abdominal at the center of the three-axial Helmholtz 
coils. Figure  14.2k demonstrates the controlled in  vitro motion of the magnetic 
microhelices under rotational magnetic field generated by the Helmholtz coils. 
Chirality of the microhelices allows translational displacement form rotation, by 
alternating the magnetic field parameters such as strength, frequency, and direction; 

14 Microrobots in the Gastrointestinal Tract



354

motion behaviors of the microhelices are changed accordingly. At some circum-
stances, the microhelices can assemble and disassemble, which can further change 
their motion behaviors [30]. Tracking the in  vivo motion of these microhelices 
requires fluorescence-based near-infrared imaging, which will be discussed in the 
following section.

14.4  In Vivo Imaging and Localization of Microrobots 
in GI Tract

Typically, microrobots must swim to some specified site and initiate a task upon 
arrival like releasing a drug. For this process to be effective, one must know when 
the microrobot is in this specified location. Tremendous efforts have been devoted 
to in vivo imaging to track the location of microrobots in real time. Said efforts 
broadly fall into two categories, molecular visualization techniques such as optical 
imaging (fluorescence and bioluminescence), positron emission tomography (PET), 
and single proton emission computed tomography (SPECT) and anatomical imag-
ing including ultrasound imaging, magnetic resonance imaging (MRI), and com-
puted tomography (CT). In this section, various in  vivo imaging methods for 
tracking microrobots are introduced, which lays the foundation for their in  vivo 
applications.

Optical imaging is a relatively simple method to locate a target in vivo since it 
does not require any complex devices or modifications of the target. Figure 14.3a 
illustrates a Mg-based microrobot powered by gastric acid neutralization. The 
microrobot has a Mg core which, when introduced into the stomach, rapidly con-
sumes local protons for efficient bubble propulsion and neutralizes gastric acid. The 
Mg-based microrobot is coated with a pH-responsive polymer and loaded with fluo-
rescent molecules (model drug). 20  minutes after entering the mouse stomach 
through oral administration, the stomach was excised and cut open for imaging. The 
results demonstrate simultaneous propulsion of the microrobot and efficient acid 
neutralization, thus yielding pH-responsive drug release within the entire stomach, 
as the superimposed fluorescence images shown in Fig. 14.3b [31].

The aforementioned method requires the subject be cut open, which is obviously 
impractical. Therefore, harmless methods have been investigated. In a paper pub-
lished by Nelson’s group in 2015, helical structures subsequently coated with Ni 
and Ti and then modified with NIR-emitting fluorophore to monitor their motion 
in vivo (Fig. 14.3c). A mouse injected with fluorescent helical microswimmers was 
anesthetized and placed inside the 3D magnetic coils, and a fluorescent signal was 
detected in the mouse body where the microswimmer swarms were injected. Then 
a rotational magnetic field was applied to actuate the microswimmers, and their 
location was recorded by capturing images every minute. The fluorescent images 
showed controlled motion under magnetic actuation [30].
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Another common noninvasive imaging method is magnetic resonance (MR) 
imaging. In the work by Zhang’s group in 2017, Spirulina platensis, a microalgae 
subspecies with helical shapes, is bonded with Fe3O4 nanoparticles through dip- 
coating method. Fe3O4 nanoparticles are chosen due to their MR contrast and low 

Fig. 14.3 In vivo imaging and localization of microrobots in GI tract. (a) Intragastric administra-
tion of magnetized Spirulina platensis (MSP) and schematic of magnetic actuation. (b) MR imag-
ing across the rat’s stomach of MSP swarm with the same concentration but subject to actuation 
and steering (with a rotating magnetic field) of different time periods. (a, b) Reproduced with 
permission from reference [31]. (c) Illustrations of an Mg-based micromotor powered by Mg-acid 
reaction and its acid neutralization mechanism. (d) Superimposed fluorescent images, of the whole 
stomach of mice, collected 20 min post administration of DI water, Mg micromotors, and inert PS 
microparticles. (c, d) Reproduced with permission from reference [30]. (e) Schematic of photo-
acoustic computed tomography (PACT) of the microcapsules in the GI tract in vivo. (f) PACT 
image of the microcapsules in intestines. (e, f) Reproduced with permission from reference [32]. 
(g) Microhelices coupled with NIR-797 molecule for NIR imaging and image of an anesthetized 
mouse inside the magnetic coils; red spots represent the fluorescent signal of modified microheli-
ces. (h) Fluorescence images demonstrating the displacement of a swarm of microhelices in vivo. 
(g, h) Reproduced with permission from reference [33]
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cytotoxicity. Figure 14.3e illustrates the experiment for in vivo propulsion of the 
microhelices. Intragastric administration is used to deliver the microhelices into the 
stomachs of rats, followed by magnetic actuation by a rotating permanent magnet 
for different time durations. Figure 14.3f shows the cross-sectional MR images of 
the rats after magnetic actuation of 5 and 12 min of the microhelices. Emergence of 
susceptibility artifacts close to the subcutaneous tissue is observed (indicated by 
blue arrows), which confirms the presence of the microhelices. The difference 
between susceptibility artifacts indicates that the microhelices prove that the micro-
helices were efficiently actuated toward desired direction [32].

Photoacoustic computed tomography (PACT) has advantages of high spatiotem-
poral resolution, noninvasiveness, molecular contrast, and deep penetration, which 
makes it attractive for locating and guiding microrobots in vivo. Gao’s group dem-
onstrated a PACT-guided microrobotic system for targeted navigation in intestines 
in  vivo. The Mg-based Janus microrobots are encapsulated in enteric coating to 
form a microrobot capsule (MC). The MCs dispersed in water were orally adminis-
tered into mice, which were then anesthetized and placed inside the PACT device 
for further imaging (Fig. 14.3g); the result is shown in Fig. 14.3h [33]. The blood 
vessels and background tissues are shown in gray, and the highlighted colors indi-
cate MCs in intestines. In addition, PACT could distinguish the signals from the 
slowly migrating MCs in the intestines, indicating this method could effectively 
tract the location of the MCs in deep tissues in vivo.

14.5  Enhanced Retention and Navigation of Microrobots 
in GI Tract

From the previous two sections, we now understand quite well the various environ-
ments microrobots must traverse in the GI tract. After ingestion, they enter the 
esophagus, then the acidic stomach, and finally the less acidic intestines. Along the 
way the epithelial tissues of GI tract produce large amount of mucin glycoprotein, 
which forms a viscoelastic gel (mucus) under acidic conditions. This mucus has 
dual functionality in that it both protects the GI tract from acid and pathogens which 
may attempt to penetrate the epithelial tissue. Consequentially however microrobots 
can also be trapped in this gel. This both offers the opportunity for microrobotic 
retention in mucus and necessitates modified propulsion mechanisms to navigate 
this complex media.

As Fig. 14.4a illustrates, bubble-propelled Zn tubular microrobots swim in the 
bulk and get trapped in mucus. Microscopic images in Fig. 14.4b then show retained 
microrobots in the stomach tissues 2  h after oral administration where inactive 
PEDOT/Pt microtubes that do not exhibit autonomous motion were used as the 
control. The microscopic images clearly indicate that the autonomous propulsion of 
PEDOT/Zn microrobot greatly improved their mucus penetration and thus retention 
in the stomach. Further experiments reveal the retention of PEDOT/Zn after 6 and 
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Fig. 14.4 Enhanced retention of microrobots in GI tract. (a) Schematic of the propulsion and tis-
sue penetration of the Zn-based tubular robot. (b) Microscopic images of the stomach tissue 2 h 
after oral administration of PEDOT/Zn (left) and PEDOT/Pt (right) microrobots. (c) Enumeration 
of the density of PEDOT/Zn and PEDOT/Pt micromotors retained on the stomach tissues at the 
different times after the administration. (a–c) Reproduced with permission from reference [28]. (d) 
Schematic illustrating of the propulsion mechanism of H. pylori and the catalytically active mag-
netic micropropellers through mucin gels. (e) Trajectories of the helical microrobot propelling in 
an acidified 2% mucin gel with 20 mM urea with (lower panel) and without (upper panel) urease 
immobilized on the microrobot surface. (f) Average velocity of the helical microrobot of different 
surface modification and environmental conditions. (d–f) Reproduced with permission from refer-
ence [34]. (g) Schematic showing the composition and the behaviors of the microrobot toxoids in 
GI tract after oral administration. (h) Fluorescence images of the GI tract of mice 6 h after oral 
administration of DiD-labeled static microparticles or microrobot toxoids (H high fluorescence, L 
low fluorescence). (i) Quantification of the fluorescence from (h) (n  =  3, mean  +  SD). (g–i) 
Reproduced with permission from reference [35]. (j) Schematic of the PACT-guided microrobotic 
system for targeted drug delivery in intestines. (k) Microscopic images showing the in vivo reten-
tion of the control microparticles and the micromotors in intestines (left) and the quantitative 
analysis of the particle retention in intestines (right). Control 1, paraffin-coated Mg; Control 2, Mg/
Au microparticles. (j, k) Reproduced with permission from reference [33]
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12  h demonstrating the microrobots the microrobots retention capability even at 
12 h after administration and indicating the motion-enhanced effective retention in 
the stomach (Fig. 14.4c) [28].

As it is well-known, there are pathogens in GI tract with the ability to overcome 
the mucus barrier. H. pylori, for example, a flagellated bacterium which can cause 
peptic ulcer disease and gastritis, can locally and reversibly manipulate mucus. The 
urease secreted by H. pylori can actively reduce local mucus viscosity to facilitate 
propulsion. Inspired by H. pylori, Fischer’s group demonstrates an artificial mag-
netic microrobot system that can propel through gastric mucus. Figure 14.4d illus-
trates the design and propulsion mechanism of the microrobot system in gastric 
mucus. Urease immobilized on the microhelices catalyzes the hydrolysis of urea; 
the product ammonia results in a local pH rise, which subsequently induces the gel- 
sol transition of mucus; the liquefied mucus can no longer trap pathogens or micro-
robots, thus allowing enhanced local propulsion. Figure 14.4e shows the trajectories 
of the microhelices propelling in an acidified 2% mucin gel with 20 mM urea during 
a period of 25 s. Compared with microhelices without urease immobilized on the 
surface, those with urease exhibit apparent propulsion under the same condition, 
indicating the enhanced propulsion enabled by urease. Figure 14.4f shows the aver-
age velocity of the microhelices under different conditions, which further confirms 
that microhelices modified with urease can locally liquefy urea-containing mucus 
and thus propel in it [34].

Microhelices that can actively manipulate mucus offer a new strategy for improv-
ing drug delivery efficiency in GI tract. For instance, microrobots powered by exter-
nal fields can be controlled to penetrate into mucus and then stay trapped by 
removing the external stimuli. The mucus protects the drug from gastric acid, and 
the liquefied mucus can improve drug diffusion process. There are also those with 
autonomous propulsion which can propel in all directions and subsequently pene-
trate into mucus, retaining their locations for further drug release and improving 
delivery efficiency.

The two systems discussed above detail microrobotic application in the stomach, 
but for intestinal application further considerations are needed. To protect the micro-
robots from extreme acidic environment in the stomach, enteric coating is an effec-
tive method. Figure 14.4g shows the composition of an enteric-coated Mg microrobot 
toxoids and how they pass through the stomach to reach intestines for antigen 
release. The enteric coating layer protects the Mg core until they reach intestines; 
the autonomous propulsion of activated microrobots enables penetration into intes-
tinal walls; enhanced retention of the microrobot toxoids in intestines is illustrated 
in Fig. 14.4h. In the GI tract of the mouse administered with static microparticles, 
the fluorescence signal is mainly observed in the stomach, while in the case of the 
mouse with microrobot oral intake, fluorescence signal is highly present within the 
intestinal region. Figure 14.4i is the quantitative analysis of the total fluorescence 
within the gastrointestinal tract, which further confirms the enhanced retention of 
the motor toxoids in intestines [35].

Besides the enteric coating, another method to protect the microrobots is using a 
polymer layer that will collapse under external stimuli. Figure 14.4j illustrates the 
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PACT-guided microrobotic system for drug delivery in intestines. Once the micro-
capsules reached intestines and continuous wave near-infrared irradiation is turned 
on, the Au layer convert NIR energy into heat, which results in gel-sol transition of 
the gelatin-based capsule to release the microrobots trapped inside. Figure 14.4k 
shows microscopic images and quantitative analysis showing the retention of the 
microrobots and control particles; compared with passive particles, the PACT- 
guided microrobotic system exhibits apparent enhanced retention in intestines, 
which is promising for in vivo drug delivery [33].

14.6  In-Stomach Application of Microrobots: Cargo Delivery 
and Therapy

Autonomous motion of microrobots allows their penetration into mucus and thus 
enhanced retention in the stomach and intestinal walls, which is a distinct advantage 
of microrobot-based drug delivery. Following the in-stomach retention experiment 
in Fig. 14.4b, the drug delivery capacity of the PEDOT/Zn tubular microrobot is 
evaluated. As Fig. 14.5a shows, the tubular microrobot is loaded with Au nanopar-
ticles as model drug, and no obvious difference is observed in the propulsion behav-
iors between the Au NP-loaded and unloaded ones. A group of mice are orally 
administered with Au NP-loaded microrobots; Au NPs and regular PEDOT/Zn 
microrobot are administered as control group. 2  hours post administration, 

Fig. 14.5 In stomach applications of microrobots. (a) SEM image and EDX analysis of the 
PEDOT/Zn microrobot loaded with Au nanoparticles. (b) ICP-MS analysis of the amount of pay-
load (Au NPs) on the stomach tissues. (a, b) Reproduced with permission from reference [28]. (c) 
Schematic illustration of in vivo gastric acid neutralization process by Mg-based microrobot. (d) 
In vivo gastric pH values of the stomachs of mice administered with different amounts of Mg 
microrobots. (c, d) Reproduced with permission from reference [31]. (e) Schematic dissection of 
the Mg-based microrobot and fluorescence images showing the dye-loaded micromotors in the 
DiD channel (Red, PLGA layer), j FITC channel (Green, chitosan layer), along with an overlay of 
the two channels (right panel). (f) Quantification of bacterial burden in the stomach of H. pylori- 
infected mice treated with DI water (black color), bare Mg-based microrobots (orange color), free 
CLR  +  PPI (green color), CLR-loaded silica microparticles (blue color), and CLR-loaded 
Mg-based microrobots (red color), respectively. (e, f) Reproduced with permission from refer-
ence [18]
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inductively coupled plasma-mass spectrometry is used to quantify the amount of Au 
NPs retained on the stomach tissues. As Fig. 14.5b shows, on the stomach tissues of 
the mouse administered with Au NP-loaded microrobot, the Au NP retention is sig-
nificantly larger than that of the mouse administered with equivalent amount of 
naked Au NPs. The results clearly indicate that autonomous motion-induced reten-
tion of microrobot in stomach tissues can effectively improve drug delivery. The 
model drug can be replaced by real drugs or imaging agents for practical applica-
tion; what’s more, the zinc-based microrobot can self-destroy after completing 
delivery task, leaving no residues to be dealt with [28].

The bubble propelled microrobots in stomach obtain propulsion force from 
metal-acid reactions; the reactions generate bubbles by consuming protons, which 
can lead to pH increase in the stomach. Figure 14.5c demonstrates the gastric acid 
neutralization by Mg-based microrobot. Different amounts of Mg microrobots are 
administered to four groups of mice; 20 min post oral administration, the mice were 
euthanized; and a microelectrode sensor coupled with a pH meter was used to mea-
sure their stomach pH values immediately. The results shown in the right panel of 
Fig. 14.5c clearly show a pH change which is dependent on the microrobot dosage. 
At the dosage of 5 mg, the consumption of protons in the stomach by microrobots 
results in about neutral pH 7.81 ± 0.38; the control group administered with DI 
water further confirms that the Mg microrobots can effectively consume protons in 
the stomach [31].

The stomach pH neutralization induced by microrobots can be utilized for in- 
stomach applications. In this paper, Mg microrobots are coated with a payload- 
encapsulated in a pH-responsive polymer layer which can survive the acidic 
environment and dissolves in media with pH > 5.5. Upon neutralization of gastric 
acid, the dissolution of the polymer layer leads to payload release. This microro-
bots’ ability to transiently adjust local stomach pH offers a new strategy for con-
trolled drug delivery and release in the stomach.

Work from the Wang group demonstrates antibiotic drug-loaded Mg microrobot 
for in vivo treatment of stomach infection. Left panel in Fig. 14.5e illustrates the 
composition of the Mg-based microrobot. A Mg core is covered by a thin TiO2 layer, 
drug-loaded PLGA layer, and chitosan polymer layer, respectively, to obtain the 
Janus Mg microrobot. The chitosan layer is deposited to ensure efficient electro-
static adhesion to the mucosal layer of stomach walls and to protect the antibiotic 
drug clarithromycin (CLR, drug for H. pylori infection) from gastric acid. The fluo-
rescence images indicate the polymer layers are successfully deposited. Autonomous 
propulsion of the Mg microrobot allows them to migrate in all directions, and the 
positively charged chitosan layer enables better adhesion of the stomach walls, 
facilitating the release of CLR from the PLGA coating.

Owing to the fact that gastric acid can weaken the effectiveness of antibiotics, 
antibiotic treatment is combined with proton pump inhibitors (PPIs) to reduce the 
production of gastric acid. But long-term use of PPIs can lead to multiple adverse 
effects. In the case of antibiotic-loaded Mg-based microrobot, the Mg-acid reaction 
could actively consume protons to increase local pH value, which can effectively 
protect the antibiotics from gastric acid. Quantification of the in  vivo treatment 
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results of H. pylori infection with CLR-loaded Mg microrobot is shown in Fig. 14.5f. 
The bacterial burden in the mouse stomach is not statistically different from that 
observed in a mouse administered with DI water (2.1 × 107 CFU g−1, black color), 
bare Mg-based microrobots (1.4 × 107 CFU g−1, orange color), and CLR-loaded 
silica microparticles (3 × 106 CFU g−1, blue color). In contrast, CLR-loaded Mg 
microparticles lead to a significant bacterial burden decrease (2.9 × 105 CFU g−1, red 
color); compared with the group treated with free CLR + PPI (2.8 × 106 CFU g−1, 
green color), the drug-loaded microrobot showed better efficacy [18]. The differ-
ence can be attributed to the autonomous motion of microrobots which can actively 
deliver antibiotics to the whole stomach. These findings indicate that the antibiotic- 
loaded Mg microrobots can actively deliver antibiotics to the stomach for infection 
treatment without using PPIs, which paves the way for practical application of 
microrobots active drug delivery for in vivo treatment of diseases.

Microrobots based on metal-acid reaction with autonomous propulsion can 
achieve enhanced retention in the stomach and have the ability to actively adjust 
local pH values without causing noticeable toxicity; compared with conventional 
methods, these types of microrobots provide new methods of in vivo drug delivery 
with advantages of enhanced efficiency and efficacy, which may inspire new gen-
eration of in vivo drug delivery system.

14.7  Intestinal Application of Microrobots: Cargo Delivery

The small intestine is a part of GI tract where over 90% of food digestion and 
absorption occurs. The main function of the small intestine is to absorb nutrients 
and minerals from food; thus intestinal disease may have severe consequences. 
Considering the function of intestines, targeted delivery of payload into intestines 
may significantly improve delivery efficiency. Figure 14.6a illustrates the targeted 
delivery of mineral into the intestine using Mg microrobot as carrier. Fe and Se are 
combined as a model mineral payload and loaded onto the Mg microrobot via a 
chitosan coating. The microrobot is further coated with a pH-responsive enteric 
coating to protect the inner layer from gastric acid. The mineral-loaded Mg micro-
robots pass through the stomach to reach intestines; enteric coating gradually dis-
solves in the weakly acidic intestinal fluid to allow mineral release into intestines. 
Figure 14.6b shows the release profiles of Fe and Se in the intestines from the Fe/
Se-loaded Mg microrobots. After treated with the microrobots, the 56Fe content in 
the blood increased to 391 ± 23μg/g, which is significantly higher than the other 
control groups, including the free ion, unprotected motor, passive particle, and PBS 
groups (left panel); similar results can be obtained for the 78Se content (right panel) 
[36]. The Mg microrobot platform shows no in vivo toxicity, which offers an attrac-
tive approach toward alleviating nutrition deficiencies and active drug delivery in 
the intestines.

In Fig. 14.3g, the DOX-loaded microrobots encapsulated in microcapsules can 
be guided by PACT to reach intestines for CW NIR-triggered controlled release, as 
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shown in Fig. 14.6c. After being released from the capsules, the DOX-loaded Mg 
microrobots are activated, and autonomous propulsion aids in obtaining enhanced 
retention of the microrobots in intestine walls for drug release. Figure 14.6d shows 
the release profiles of the DOX-loaded microrobot capsules (left panel) and DOX- 
loaded micromotors (right panel) [33], the higher release rate observed in the DOX- 
loaded microrobots indicates the potential of the system being used for controlled 
in vivo targeted drug delivery for treatment of intestinal diseases.

Compared with the stomach, the intestinal environment is much less acidic. By 
using responsive coatings, microrobots can be protected from gastric acid to reach 
intestines for further actions. The fact that intestines absorb over 90% of nutrients 
and minerals makes intestines the ideal location for targeted delivery of therapeutic 
drugs and essential minerals. Combined with the autonomous propulsion and 
enhanced retention of microrobots in the intestines, the payload delivery efficiency 
and efficacy can be significantly increased.

14.8  Biocompatible and Biodegradable

To complete tasks in vivo, the system must be biodegradable or biocompatible, or at 
least nontoxic to the organism. Tremendous efforts have been devoted into the bio-
degradability/biocompatibility of microrobots for in vivo use. Generally, Mg and Zn 
micro-/nanoparticles are used as core, and degradable materials are used to carry 
payloads or protect the metal core. In the case of microrobots propelling in GI tract, 

Fig. 14.6 In-intestine applications of microrobots. (a) Schematic of micromotor-based in vivo 
delivery and release of Fe and Se at the duodenum region. (b) Elemental 56Fe (μg/g) (left) and 78Se 
(μg/g) (right) content of whole blood for each group of mice. (a, b) Reproduced with permission 
from reference [37]. (c) Schematic illustration of the PACT-guided microrobotic system in the GI 
tract. (d) Profile of drug (DOX) release from the microcapsules (left) and the Mg microrobots 
(right). (c, d) Reproduced with permission from reference [33]
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usually metal cores are depleted within several or tens of minutes, and then the outer 
loading layer and/or protective layer is left to degrade in gastrointestinal fluid. 
Figure  14.7a illustrates the structure of a Mg microrobot with ZnO coating; its 
autonomous propulsion and degradation process in 0.5  M NaHCO3 solution is 
shown in Fig.  14.7b. Mg-water reaction quickly depletes magnesium for bubble 
propulsion, and then the ZnO shell degraded after 18 min. OH− in NaHCO3 solution 
facilitates the degradation of ZnO; in the case of neutral or acidic media, the shell 
can also fully degrade [37]. This structure requires further functionalization for bio-
medical or environmental use, but the transient platform with fast self-destruction 
ability offers insight into future development of biocompatible and biodegradable 
drug carriers for in vivo applications.

On the basis of the transient Mg microrobots, an onion-like microrobot for trap-
ping and killing pathogens is demonstrated. Figure 14.7c shows the composition of 
the onion-like microrobot. Mg core is subsequently coated with biodegradable tran-
sient EUDRAGIT S-100 and PVP layers which are loaded with L-serine and silver 
nitrate, respectively. Finally, a parylene layer is coated to protect the inner polymer 
layers. When exposed to gastric acid, depletion of Mg cores leaves the microrobots 
with hollow cavities which serve as traps with small openings. Subsequent dissolu-
tion of inner transient layers leads to release of the chemoattractant L-serine and 
Ag+ ions, which can attract motile pathogens to accumulate in the cavities and 
trapped inside and then killed by the Ag+ ions released (Fig. 14.7d). The microro-
bots loaded with chemoattractant presented 89% area occupied by pathogens, which 
is significantly higher than that of bare microtraps (7%). The killing efficiency of 
the pathogens is also evaluated, the chemoattractant and Ag+-loaded microrobots 
showed killed 94% of pathogens. After completing pathogen trapping and killing, 
the transient layers and the protective parylene layer can gradually degrade, leaving 
no residue to be cleaned [38].

This transient Mg microrobot platform that is capable of attracting, trapping, and 
killing pathogens presents a big step toward the communication between artificial 
microrobots and motile microorganism, which can be applied to fields such as 

Fig. 14.7 Biodegradable/biocompatible microrobots. (a) Schematic of the Mg/ZnO Janus micro-
robot. (b) Time-lapse images of the motion and degradation of a typical Mg/ZnO Janus microrobot 
in 0.5 M NaHCO3 solution. (a, b) Reproduced with permission from reference [37]. (c) Schematic 
of the Mg-based onion-like microrobot. (d) Schematic and statistical plots of the enhanced patho-
gen trapping and Ag+-driven killing of pathogens. (c, d) Reproduced with permission from refer-
ence [38]
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environmental remediation and infection treatment. For synthetic microrobots, 
material selection is important for improving biocompatibility and biodegradability. 
Mg or Zn cores can be used safely in the GI tract, but further consideration must be 
given to any external layers to assure both biocompatibility and biodegradability. 
Furthermore, for practical applications, one must consider the functionality, cost, 
and large-scale production of the microrobots as a whole.

14.9  Conclusion and Future Prospects

In this chapter, we have summarized and discussed the progress of microrobots for 
propulsion and application in GI tract. Both metal-acid reaction-based and external 
field-powered microrobots exhibit efficient propulsion in GI tract without requiring 
additional fuel, which allows penetration into mucus and thus enhanced retention in 
the gastrointestinal walls. In the case of the metal-based microrobots, after deple-
tion of the metal core, the nontoxic residues are gradually degraded. Microhelices 
powered by magnetic field can be recollected after task completion if they do not 
easily degrade. Utilizing the medical imaging technologies, the location of ingested 
microrobots in GI tract can be tracked, by tracking the location of the microrobots, 
controlled release of drugs can be implemented more precisely for better efficacy. 
Microrobots with the ability to load, transport, and release payloads on demand 
make them ideal carriers for in vivo drug delivery. Combined with their autonomous 
propulsion, enhanced retention in gastrointestinal walls, and excellent biocompati-
bility/biodegradability, microrobots that are capable of operating in GI tract are con-
sidered promising for targeted payload delivery in GI tract for applications such as 
mineral supplement and disease treatment.

Despite their tremendous potential in active payload delivery in GI tract, there 
are still challenges to be addressed before large-scale application. In the case of 
metal-based microrobots toward GI tract applications, the most challenging one is 
the fabrication of microrobots, which is also a challenge all microrobots are con-
fronted with. Current fabrication methods for microrobots involves multiple proce-
dures, yet with low yield, consecutive coating of drug loading layer and protective 
layer onto the metal spheres can only be done in small batch. Simple fabrication and 
easy functionalization which allows customization according to different applica-
tion scenarios will be the future direction of fabrication of microrobots.

Another challenge is the lifetime of the microrobots; the lifetime of microrobots 
based on metal-acid reaction ranges between several and tens of minutes, which is 
sufficient for applications in stomach, but for intestinal applications, the lifetime is 
too short considering the fact that the small intestine length of an adult is about 
6.7 m; a balance between propulsion force and lifetime must be reached. There are 
more challenges current microrobots are facing, including higher cargo loading 
capability for enhancing efficacy, precise targeted release of cargo, and evaluation 
of long-term toxicity of the microrobots. Possible solutions are to use new biocom-
patible responsive materials for loading cargoes and combine with in vivo imaging 
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methods and external stimulus, which allows the microrobots to release cargo in 
response to external stimulus upon arriving target locations.

After confronting material selection and fabrication of metal-based microrobots, 
different propulsion mechanisms for the microrobot must be considered. One poten-
tial direction is to design biohybrid microrobots. By modifying motile microorgan-
isms that already exist in GI tract, the natural part serves as power source and the 
artificial part for functionalization. The advantages are that no additional fuel is 
needed and the motile microorganisms can migrate toward their favorable regions, 
for example, the motile that H. pylori can liquefy and swim in mucus. Taking advan-
tage of the biological chemotaxis, by selecting appropriate microorganism, the effi-
ciency of targeted cargo delivery can be further increased. Modifying microorganisms 
can be a rather difficult and inefficient task. An alternative could be designing and 
fabricating functional microrobots with artificial chemotactic behaviors for applica-
tion in GI tract. Although this alternative could be very intriguing, it too may be 
rather difficult.

Active cargo delivery in GI tract is only one potential application for microro-
bots. Their motion-induced advantages over conventional delivery systems based on 
passive diffusion makes them attractive for drug delivery to other parts of the body. 
Hereby we offer our humble opinions on the future prospects of microrobots for 
in vivo applications. Despite the fact that there are a lot of challenges to be addressed, 
we see great potential in microrobots for in vivo applications and hope this chapter 
will inspire new ideas and put microrobots into practical in vivo applications.
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Chapter 15
Polymer-Based Swimming Nanorobots 
Driven by Chemical Fuels

Zhiguang Wu, Tingxin Yang, and Qiang He

15.1  Introduction

Chemically powered actuation though inputting chemical fuels and subsequent con-
version into mechanical work are widely utilized in the world under macroscope, 
ranging from vehicles to spacecraft. On the other hand, physicist Richard Feynman 
envisioned the era of micro-/nanomachines in 1959  – design and manufacture 
micro- and nanoscale devices that can perform multiple and complex operations. 
The fantastic idea inspired the scientists to visualize the development of micro-/
nanoscale robots capable to swim toward previously inaccessible locations in the 
body. Now we have facilitated with nanotechnology to realize the fantasy. It also 
opens up new door with significant promises in biomedicine or other field, accom-
panying with challenges on the development of these swimming nanorobots. The 
promises lie in the navigation of the swimming nanorobots into hard-to-reach tis-
sues for various biomedical utilizations [1]. However, the fantastic biomedical 
applications is also challenging simply scaling down macroscopic machines would 
not work. The actuations in micro-/nanoscale locomotion are different stories with 
that in macroscale world.

15.1.1  Challenges of Propulsion in Micro-/Nanoworld

In case of propulsion in fluids, inertial and viscous forces are two major forces 
encountered by robots to swim in fluids. The ratio of inertial to viscous forces is 
expressed by the Reynolds number, Re  =  ρUL/μ, where ρ is density, U is a 
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characteristic velocity, L is a characteristic length, and μ is dynamic viscosity of the 
fluid, respectively. Locomotion of macroscale objects such as fishes, humans, and 
ships in fluid belongs to moderate to large Reynolds numbers, which inertial forces 
dominate over the viscous forces. In contrast, the propulsion of nanoscale synthetic 
swimming robots, natural motile microorganism, and biological motors occurs in 
fluid with low Reynolds number. Accounting the example of a swimming microro-
bot with a size L ≈ 1 μm and swimming speed U ≈ 10 μm s−1 in water, the Reynolds 
number is on the order of Re ≈ 10−5. The effect of inertia is thus virtually absent, 
rendering inertia-based propulsion mechanisms at the macroscopic scale largely 
ineffective in the world under the microscope.

The absence of inertia at low Reynolds number leaves stringent constraints that 
is illustrated by Purcell’s scallop theorem [2]. In case of propulsion at low Reynolds 
numbers, the scallop theorem excludes reciprocal motion due to kinematic revers-
ibility, resulting in an ineffective propulsion with minor displacement in a Newtonian 
fluid when a “scallop” microstructure is opening and closing its shell periodically 
regardless of the opening and closing rates. Taken together, the absence of inertia 
leads to a fundamental challenge in the development of strategies for effective pro-
pulsion at the microscopic scale.

15.1.2  Lessons from Natural Nanoswimmers

Facing the challenges of propulsion in the micro-/nanoscale world, nature offers an 
unlimited source to inspire researchers for development of artificial swimming nanoro-
bots though mimicking the geometry and function of biological systems. Among vari-
ous motor-like biomolecule and organisms, biological molecular motors, including 
myosins, kinesins, and ATP synthase (ATPase) [3], are response for a significant num-
ber of biological processes ranging from intracellular cargo transportation to macro-
scopic muscle contractions. They perform the autonomous propulsion in various 
biofluids though the spontaneous hydrolysis of biological energy units such as adenos-
ine triphosphate (ATP). Kinesin, for example, is a linear biological molecular motor 
consisting of two heavy chains and two light chains. It is responsible for intracellular 
transportation and mitosis though walking-motion along microtubes. Their motile func-
tion of biomolecular motors has led to the pursuit of engineering natural motor proteins 
into artificial systems [4]. But the integration of synthetic with natural motor proteins 
brings a number of experimental issues such as the extraction and purification from liv-
ing cells and stability of the motor proteins in artificial environments.

15.1.3  From Natural Biomotors, Molecular Motors, Toward 
Swimming Nanorobots

To overcome this issue, the biomimetic efforts have shifted to the development of 
biomotor protein-mimicking molecules, so-called molecular machines. J. P. Sauvage, 
Sir J. F. Stoddart, and B. L. Feringa, who won the Nobel Prize because of their 
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contribution of molecular machine, demonstrated a significant number of chemi-
cally powered synthetic molecular machines such as molecular elevators and rotary 
motors. The actuation of molecular machine mainly involves the principle that one 
molecular or submolecular component behaves in a controllable manner. Beyond 
the molecular level actuation, the research of biomimic propulsion was transfer to 
imitate the function of biological motor proteins, the conversion of chemical energy 
into mechanical work. In 2004, the bimetal nanowire robots that are powered by 
decomposition of hydrogen peroxide were reported as the first synthetic swimming 
nanorobots. Over the past decade, substantial efforts was devoted toward the design 
of chemically powered swimming robots at the micro- and nanoscale, and these 
nanorobots have demonstrated the efficient propulsion in various biofluids though 
converting chemical energy into mechanic motion using the various chemical fuels. 
Among various chemically powered swimming nanorobots, the polymeric swim-
ming nanorobots with defined structures can be constructed and functionalized in a 
versatile and simple manner and thus hold considerable promises in many fields of 
biotechnologies such as subcellular surgery, targeted cancer therapy, and genome 
editing.

15.2  Bottom-Up Fabrication of Polymer-Based 
Swimming Nanorobots

Following the idea of Feynman, who wondered the manipulation and control the 
atoms and molecules to fabricate the nanoscale robots, the chemists developed a 
serious of polymeric swimming nanorobots by assembling various molecules into 
nanoscale architectures in a controllable manner. Since the He group and van Hest 
group initialized the controllable assembly-derived construction of polymer swim-
ming nanorobots in 2012 [5]. A significant number of polymer swimming nanoro-
bots have been developed over the past decade.

15.2.1  Layer-by-Layer Assembly Technique

LbL-assembled polyelectrolyte multilayers (PEM) can be easily prepared by con-
tinuous adsorption of alternating layers of polymers onto the sacrificial colloidal 
particles [6]. Multifunctional film is formed on solid substrate. Due to the resulting 
controllability of the LbL component structure, the LbL method is the most com-
monly used tool in nanoarchitecture [7]. The structural characteristics of LbL com-
ponents, such as wall thickness, overall size, and shape, can be adjusted through the 
assembly process and the geometric characteristics of the template. Various compo-
nents including polymers, nanoparticles, proteins, lipids, and even inorganic or 
organic functional molecules can be simply integrated into LbL-assembled capsules 
or nanotubes through noncovalent interactions [8]. These functional units enable 
LbL-assembled capsules or nanotubes to be multifunctional and responsive to 
chemical, physical, or biological stimuli.
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In 2012, the He group, for the first time, reported Janus polymer multilayer hol-
low capsules swimming microrobots based on LbL assembly technique [9]. Silica 
particles with diameter of 8 μm were served as template; five bilayers of polystyrene 
sulfonate (PSS)/polyallylamine hydrochloride (PAH) were alternatively deposited 
on the template. The key step to effectively drive Janus capsule robots is the asym-
metric modification of the catalyst to the surface of the capsule. Dendritic platinum 
nanoparticles (Pt NPs) with large specific surface area and high catalytic activity 
were used to realize high propulsion with the presence of chemical fuel. Dendritic 
Pt NPs was encapsulated by microprinting technique to produce an asymmetric cap-
sule with controlled speckle. In detail, PDMS embossing with dendritic Pt NPs ink 
was placed on top of the LbL-assembled template. The single layer is then decom-
posed into water, and the spherical template is removed to form hollow asymmetric 
capsules modified with Pt NPs. The resulting Janus microcapsule robots were 
obtained after the dissolution of silica template using hydrofluoric acid. As a modi-
fied cargo, the Janus microcapsule robots retain considerable encapsulation capacity 
and enable the controllable release under the external stimuli such as light, ultra-
sound, and magnetic field, which make them to be candidates for smart delivery of 
various therapeutic agents. More importantly, using the hydrogen peroxide as fuel, 
Janus microcapsule robots display efficient propulsion that is driven by the thrust of 
oxygen bubbles from catalytic decomposition at the Pt NPs side. The maximum 
velocity of Janus microcapsule robots can reach 140 μm s−1 upon hydrogen peroxide 
with concentration of 15% H2O2. Such assembled Janus capsules robots can be 
served as combination of chemically powered swimming microrobots and multi-
functional cargo. This makes them extremely attractive especially toward the design 
of more powerful nanomachines and diverse biomedical applications (Fig. 15.1).

Beside microprinting technology, the Pt catalyst can be coated on the upper part 
of the microcapsule by sputtering in a vacuum [10]. In this method, Ti or Ni inter-
mediate metal layers are usually required as the bonding layer used to catalyze the 
strong connection between the metal layer and the polymer. The thickness of metal 
layers can be controlled through the manipulation of sputtering coating. Therefore, 
the polymer Janus microcapsule nanorobots with controllable thickness of metal 
layer can be produced by introducing Pt NPs or a layer with high catalytic capacity 
into LbL-assembled capsules. Tetra-substituted RuIV polymetallic oxalates, which 
catalyze the decomposition of H2O2 into water and oxygen, have also been intro-
duced into PEM capsules as catalysts [11]. Calcium carbonate particles doped with 
dextran-rhodamine were used as sacrificial templates for capsule preparations. After 
removal of the template, dextran-rhodamine remains encapsulated in the capsule 
cavity and is used as a fluorescent label for motion observation. The nanorobot dis-
plays linear or circular trajectories with a maximum velocity of 25 μm·s−1. Due to 
oxygen released between the polymer layers, the stability of the sandwich structure 
is limited, causing some capsules to collapse irreversibly.

Compared with Janus micro-/nanosphere swimming micro-/nanorobots, chemi-
cally powered tubular swimming micro-/nanorobots (micro-/nanorockets) have 
exhibited high propulsion and controllable movement. However, the pioneering 
micro-/nanorockets based on metallic materials leaves drawbacks including poor 
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biocompatibility or biodegradability, roughness for surface chemistry, and capabil-
ity of drug loading and release. To address these challenges, the He group demon-
strated polymer multilayer tubular nanorobots can be constructed with LbL 
technique using nanopore membrane as template [12]. Two biodegradable natural 
polysaccharides, positively charged chitosan (CHI) and negatively charged sodium 
alginate (ALG) as building blocks, were alternately assembled into the pores of 
template, followed by the functionalization with poly (diallyl dimethyl ammonium 
chloride)-stabilized Pt NPs into the pores of the template. The different pore sizes 
of template resulting in the LbL-assembled tubular structure possess an asymmetric 
geometry along its axis, which is beneficial to control the directivity of motion. The 
tubular swimming nanorobots have a conical shape with two openings of different 
diameters, which forces the resulting oxygen bubble to move back to the large open-
ing and eventually to be released from the large back opening. The tubular structure 
exhibits efficient propulsion with a velocity of up to 74 μm·s−1. By analyzing the 
released bubble tails, the chemical propulsion of tubular nanorobots exhibit four 
typical trajectories including straight, circular, curved, and rotational motion.

Compared with the Janus sphere structure, the bubble propulsion of tubular 
swimming nanorobots possess different mass transportation and bubble formation 
process. Because the catalyst is loaded inside the tubular structure, the geometry 

Fig. 15.1 Polymer Janus microcapsule swimming robots based on layer-by-layer assembly tech-
nique. (a) Schematic fabrication of dendritic Pt-NP-modified Janus microcapsule robots via LbL 
assembly and microprinting. (b) Transmission electron microscopy (TEM) image of the prepared 
capsule nanorobots. (c) Schematic bubble propulsion of Pt-NP-modified Janus microcapsule 
robots (d) Microscopic image illustrating the propulsion of Pt-NP-modified Janus microcapsule 
robots in the presence of hydrogen peroxide. (e) Dependence of velocity of Pt-NP-modified Janus 
microcapsule robots on the concentration of hydrogen peroxide. Reproduced with permission from 
Ref. [9]. Copyright 2012 ACS Publishing Group
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parameters, such as the asymmetry, diameter, length, and shape of tube openings, 
make impact on the fuel supplying process. Although the mechanism of bubble 
propulsion within tubular structure is still under discussion, the dynamics of the 
bubble-tubular structure systems in one motion cycle are basically acknowledged as 
several steps including bubble formation, bubble growth, bubble migration, and 
bubble ejection (Fig. 15.2e) [13]. Initially, the oxygen from catalytic decomposition 
of hydrogen peroxide accumulate and form bubble on the inner wall of tubular 
structure (stage 1). Although the oxygen production is hindered in the catalyst area 
that is covered by bubble, other area with catalyst can still generate oxygen and 
accumulate on the bubbles, resulting in the growth of bubbles (stage 2). When the 
size of bubble is beyond the inner diameter of tubular structure, the bubble is under 
the imbalance capillary forces from both sides due to the geometric asymmetry of 
the tubular structure, leading to the migration of bubble toward the opening of tube 
with larger size (step 3). Noted that the migration of bubble within the tube cannot 
generate the drive force of the tubular micro-/nanorobots along their axis, once the 
bubble come out from tubular structure from the opening, it generates a momentum 
transfer to the fluid. To compensate the transfer of the momentum, a jet force acts 
on the tubular micro-/nanorobots and thus drive their propulsion (stage 4). The bub-
ble propulsion mechanism of tubular micro-/nanorobots is similar to that of the low 
Reynolds numbers natural microswimmers such as E. coli, which enable active 
motion in liquid though mechanical deformation of its body.

Fig. 15.2 Polymer tubular swimming nanorobots. (a) Schematic construction of polymer multi-
layer tubular swimming nanorobots. (b) TEM image showing the geometry of polymer multilayer 
tubular swimming nanorobots. (c) Schematic illustration showing the polymer tubular swimming 
nanorobots and its bubble propulsion using hydrogen peroxide as fuel. (d) Microscopic image 
showing the bubble propulsion of polymer multilayer tubular swimming nanorobots in the pres-
ence of hydrogen peroxide. Reproduced with permission from Ref. [12]. Copyright 2013 Wiley 
Publishing Group. (e) Schematic illustration showing the dynamic deformation process of the 
bubble nanorobot-bubble system within one moving step. Reproduced with permission from Ref. 
[13]. Copyright 2011 RSC Publishing Group
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15.2.2  Supramolecular Assembly

The aim of supramolecular chemists is to synthesize the simplest molecular struc-
ture capable of forming supramolecular assemblies that cannot be achieved by a 
single molecule or a collection of molecules with a novel function. These supramo-
lecular architectures produce a variety of functions, such as novel magnetic and 
optical properties, catalysis, molecular recognition, and transport processes. The 
term “self-assembly” is often used in supramolecular chemistry to refer to a highly 
rigid, organized synthetic structure promoted by molecular receptors using a bot-
tom- up approach. In addition, from a material perspective, self-assembly technol-
ogy allows the design of soft supramolecular structures with unique shapes that can 
facilitate better interfaces with biological systems. Thus, such structures could 
potentially be used for applications in biological media such as active drug delivery.

The Wilson group designed an asymmetric supramolecular bowl with narrow 
openings and placed a reactive catalyst (PtNPs) inside the structure (Fig.  15.3a) 
[14]. Dialysis of flexible polymer capsules assembled in the presence of organic 
solvents caused differences in osmotic pressure. The semipermeable membrane 
fails to balance the pressure and suddenly folds inward, leading to transforming the 
shape of the vesicle into oral cells. The catalytic nanoparticles were subsequently 
loaded into the structure, and the fuel diffuses inside the assembly to produce the 
propellant gas (Fig. 15.3b) [14]. Such supramolecular-based swimming nanorobots 
exhibit efficient propulsion using chemical fuel and represent the various advan-
tages including administration toward diseased area with shorten period for drug 
delivery, offering considerable promises for future dynamic delivery systems.

15.2.3  Biological Hybridization

The pursuit of the effective movement of swimming micro-/nanorobots with the 
biological functions of natural cells simulate substitutional efforts on the integration 
and engineering of biological entities onto the micro-/nanorobots. These biohybrid 
swimming micro-/nanorobots provide efficient motion in complex biofluids, accom-
plishing prolonged propulsion without the contamination in biofluids, drug encap-
sulation and release strategies, and improved positioning and targeting of imaging 
and therapeutic reagents.

As a natural cargo over millions of years of evolution, red blood cells (RBCs) 
and their derivative have developed various unique mechanical and biological prop-
erties such as antifouling effect and avert from immune attack, which are desirable 
for systematic delivery. Therefore the transformation of RBCs into the swimming 
micro-/nanorobots provides considerable expectation for active delivery. The Wang 
and Zhang group reported a RBC membrane-coated and magnesium-powered 
(RBC-Mg) swimming microrobot that mimics the motile natural cells. The RBC-Mg 
with Janus geometry was fabricated with successively deposited (alginate/chitosan) 
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multilayer, gold nanoparticles (AuNPs), and the (RBC) membranes, onto the mag-
nesium particles which were partially embedded on the parafilm (Fig. 15.3a) [15]. 
The resulting RBC membrane-coated magnesium (RBC-Mg) Janus microrobots 
exhibited hydrogen bubble-driven propulsion in water containing sodium chloride. 
More importantly, the coating of RBC membrane onto the Mg-based swimming 
microrobots hold antifouling capability that bestow efficient propulsion with extend 
period when the swimming micro-/nanorobots were subjected to biological fluids 
(Fig. 15.3b).

Moreover, the He group developed a drug delivery system though coating the 
mesenchymal stem cell membrane onto the particles [16]. The resulting particles 
exhibited the biological function of natural stem cell membrane, which promotes 
remarkable stability and tumor-targeting capability in vitro and in vivo. Once intra-
venously injected, the stem cell membrane coating enhanced the accumulation of 
particles in tumor tissues and thus exhibited anti-tumor effect. H&E staining analy-
sis of treated mice verified minor adverse effects in sensitive organ such as heart, 
liver, spleen, lung, and kidney tissues. Moreover, the He group switch the stem cell 
membrane coating toward upconversion particle for photodynamic therapy (PDT). 
Such biologically interfaced PDT system was achieved though the fusion of the 
upconversion particle-encapsulated mesoporous silica with the stem cell membrane 
[17]. Benefiting from the stem membrane coating, the resulting particles possess 
various merits such as extended circulation period, enhanced accumulation toward 

Fig. 15.3 Polymer stomatocytes swimming nanorobots based on supramolecular assembly. (a) 
Schematic supramolecular assembly of stomatocytes nanorobots. (b) Schematic propulsion of sto-
matocytes nanorobots driven by hydrogen peroxide as fuel. (c) TEM imaging of stomatocytes 
nanorobots. (d) Microscopic imaging showing the trajectories of chemically powered stomato-
cytes nanorobots. Reproduced with permission from Ref. [14]. Copyright 2012 Nature 
Publishing Group
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targeted tumor, and evasion from immune attack. The above investigation indicates 
that the biological hybridization such as coating of natural cell membrane offer a 
board of unique functions and properties toward swimming micro-/nanorobots and 
thus make them hold potential promises in the field of biomedicines.

Besides the cell membrane, the biological hybridization also extends the entire 
motile microorganisms. The Wang group demonstrated a variety of freestyle func-
tionalized sperm-hybrid microrobots though the integration of natural sperm with 
CdSe/ZnS quantum dots, iron oxide nanoparticles, and doxorubicin as model drug 
(Fig.  15.3c) [18]. Such sperm-based microrobots have shown effective self- 
propulsion ability in various biological and environmental media and have control-
lable swarm behavior after exposure to chemical attractants. The sperm-based 
microrobots enable the load, and release therapeutic payloads were demonstrated 
by placing it in an acidic environment where changes in sperm membrane permea-
bility allow rapid DOX release. Furthermore, inheriting the capability of natural 
sperms, the sperm robots can be sensitive to the local environment and subsequently 
autonomously leave or approach a targeted site by changing the osmotic pressure of 
solution leading to different flagella lengths.

15.3  Motion Control

15.3.1  Navigation Using External Field

The precise spatiotemporal control of the swimming micro-/nanorobots can be 
manipulated though the operation of the catalytic activity of micro-/nanorobots or 
chemical fuels supply. Various approaches to modulate the direction and velocity of 
swimming micro-/nanorobots have been described. One of the most conventional 
strategies to achieve the directionality of swimming micro-/nanorobots is to func-
tionalize micro-/nanorobots with magnetic materials and subsequently navigate 
their motion though manipulation of external magnetic field. For example, magnetic 
navigation of Janus polymer microcapsule robots can be accomplished though the 
assembly of citrate-stabilized magnetic nanoparticles with negative charge onto the 
positive charged polymer layer of the microcapsules robots [19]. The microcapsule 
robots enable the change of directionality along the magnetic field in the presence 
of 15% hydrogen peroxide. Another example from the He group indicated the mag-
netic guidance of tubular polymer swimming micro-/nanorobots toward targeted 
cancer cell. Upon the external magnetic field, the propulsion behavior of the tubular 
swimming nanorobots changed from random motion to directional movement 
which is aligned with the direction of magnetic field [12]. More interestingly, when 
the tubular attached toward the targeted cancer cells, it did not detach from the cells. 
Further characterization of the tubular nanorobot-attached cell indicated that it was 
partially penetrated into the membrane of cell.
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The Sen group demonstrated directional control of nanorods in a free fluid using 
(Pt/Ni/Au/Ni/Au) rods [20]. Noted that the magnetic field did not contribute to the 
velocity of the swimming micro-/nanorobots, but only their direction though mag-
netic alignment. Moreover, the Wang group demonstrated the precise motion of Au/
Ni/Au/Pt-CNT particles in complex microchannel systems [21]. In addition to 
direction control, a fast-moving magnetic field can be used to capture and release 
cargo. The microrobot system would be more versatile if the motion is controlled 
and regulated by a stimulus response valve equipped with molecules without chang-
ing the shape of the motor itself or affecting its catalytic activity. The Wilson group 
developed an stomatocytes microrobot reversibly controlled by a thermal respon-
sive valve/brake [22]. The temperature change mechanism stimulates and controls 
the motion of the self-assembled stomatocytes microrobot. A temperature-sensitive 
polymer brush was employed to graft onto the stomatocyte microrobots, the result-
ing microrobots enable the controllable entry of hydrogen peroxide. Thus the micro-
robots can regulate movement by controlling the opening of oral cells to increase or 
decrease in temperature.

Furthermore, near-infrared (NIR) light is of particular interest in the field of bio-
medicine due to its minimum absorption and optimal penetration in tissues. The He 
group designed a controllable “on-off” motion of polymer micromotor using NIR 
light [23]. The tubular nanorobots were fabricated though nanoporous template- 
assisted LbL deposition of polymers and Pt NPs into the nanoporous template, fol-
lowed by the functionalization of gold nanoshell. On the threshold concentration of 
hydrogen peroxide (0.1%) for propulsion, the swimming nanorobots remained 
immobile due to the slow formation of oxygen bubbles. Upon the illumination of 
NIR light, however, the swimming nanorobots were activated and displayed effi-
cient chemical propulsion in the same concentration of hydrogen peroxide. Such 
NIR light-induced on and off motion is attributed to the increased kinetics of cata-
lytic reaction and accelerated mass transport. These swimming nanorobots with the 
characteristics of near-infrared laser-controlled emission and self-propulsion can be 
further applied to highly specific cancer recognition and subsequent photothermal 
cancer treatment. Additionally, short heat pulses can be utilized to regulate the 
velocity of swimming nanorobots. It is found that Pt/Au nanowires traveled faster at 
high temperature than that at room temperature [24]. The enhanced velocity is 
attributed to the increase in the temperature of the electrochemical process and the 
decrease in the viscosity of the solution. Coupling with thermal and of magnetic 
guidance, advanced spatiotemporal navigation can be achieved.

Most of the reported inorganic artificial microswimmers are unable to change 
their shape [25], whereas stimulus-responsive polymers can make large changes in 
shape, size, and material composition. The Sanchez group reported a flexible, heat- 
responsive polymer microrobots that can be reversibly folded and unfolded by 
changing the temperature of the solution [26]. The catalytic swimming microrobots 
were of tubular geometry and consisting of Pt layer, polycaprolactone layer, and 
thermoresponsive poly(N-isopropyla-crylamide) (PNIPAM) layer. The swimming 
microrobots preserved tubular structure and exhibited tube-based bubble propulsion 
using hydrogen peroxide as fuel at room temperature. In contrast, the elevation of 
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environment temperature above 288  °C triggered change of shape owing to the 
phage transition of PNIPAM, and tubular microrobot was bent to a minimum radius 
of about 45 mm, leading to the stop movement. When the temperature drops below 
288 °C again, the tubular microrobot was bent to a minimum radius of about 45 mm; 
the microrobot can self-propel itself again. A radius greater than 70 mm means the 
tube will unfold and show an open polymer film. During several cycles from 20 °C 
to 308 °C, the swimming microrobots exhibited reversible control of the movement. 
The radius of the tubular microejector and the size of the bubble thus released 
greatly influence the velocity of the bubble-driven microrobots.

Different levels of pH maintain the activity of different enzymes and achieve 
various functions in human body. Scientists have taken advantage of these pH gra-
dients to promote the motion of artificial motors. Recently, magnesium or zinc- 
based micro-/nanorobots can be degraded through the digestive tract and used for 
acid power drive. The main products of degradation are also important nutrients to 
the human body. Biocompatible calcium carbonate can also be used in the manufac-
ture of microrobots in addition to inductive motion based on metal-acid reactions 
[27]. It has been reported that calcium carbonate Janus particles can be moved in 
situ in HeLa cells under very weak acid conditions (pH = 6.5). The strategy not only 
avoids the need for external fuels that may be harmful to biological systems but also 
achieves the controlled activation of micromotors in the presence of tumor cells. In 
addition to driving motion under acidic conditions, the motion control of microro-
bots can be further realized by adjusting the pH value of environmental conditions.

The Wang group reported electrochemical controlled movement of catalytic 
nanowire swimming robots [28]. The velocity of the nanowire robots were modu-
lated by increasing the potential of the gold electrode near the nanowire from nega-
tive to positive in solution. The process was reversible and also could be induced by 
increasing negative potential. Such potential-induced motion control is due to local 
changes in oxygen levels. Although the methods described above can be used for 
precise direction and speed control, more complex motion patterns are required for 
advanced applications. By assigning asymmetric geometry to nanowires, rotational 
components of motion can be realized. The Mirkin group employed photolithogra-
phy to coat the nanowires asymmetrically, exposing only one side of the catalytic 
surface and thus allowing the nanowires to spin in H2O2 [29]. The Sen group depos-
ited additional layers of Cr, SiO2, Cr, Au, and Pt on one side of the Au/Ru bimetallic 
nanowires in the vapor phase and showed a rotation speed of up to 400 rpm in 15% 
of H2O2, with an average rotation speed of 180 rpm (Fig. 15.4d).

15.3.2  Chemotaxis

In nature, swimming microorganisms approach or leave a targeted site through vari-
ous biological behaviors such as chemotaxis, which sense chemical concentration 
gradients and move toward or away from certain chemicals around microorganisms. 
Learning from the natural chemotaxis behavior, the Sen and Velegol group reported 
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an instance of chemotactic behavior in an abiotic artificial motion system, in which 
the 2.0-m-long platinum rod is shown to be oriented toward higher hydrogen perox-
ide concentrations through “active diffusion” [31]. These bimetallic microrods 
showed a directional movement toward a higher hydrogen peroxide fuel concentra-
tion gradient caused by a higher 30% fuel-soaked agarose hydrogel. After 110 h, 
more than 70% of the microrods gathered around the hydrogel, while at 38 h, the 
density of microrods was less than 30%. Chemotaxis of Janus spherical and tubular 
micromotors has also been implemented in microfluidic channels [32].

To extend the chemotaxis concept to biomedical applications, the Wilson group 
demonstrated that self-assembled stomatocyte nanorobots with soft interfaces pro-
duced higher hydrogen peroxide concentration gradients when moving to model 
cells [33]. The stomatocyte nanorobots enable the chemotaxis along the gradient of 
hydrogen peroxide secreting from neutrophils. To realize the chemotaxis toward 
inframammary factors, a neutrophil-hybrid swimming microrobots were developed 
by loading mesoporous silica nanoparticles with E. coli membranes, leading to the 
development of self-directed microrobots for targeted drug delivery [34]. The che-
motactic behavior of neutrophils was studied by studying the movement of E. coli 
in response to chemotactic gradient, using E. coli as chemokine factor.

After having realized the chemotactic motion of individual polymer swimming 
nanorobots along the gradient of chemicals, the He group focus on the chemotaxis 
of nanorobots swarm, which is of importance to fulfill biomedical tasks. In nature, 
the E. coli swarm could perform collective migration chemotaxis toward the nutri-
tion sources such as glucose. To realize the E. coli mimicking swarm chemotaxis, 
the polymer brush-grafted, glucose oxidase (GOx)-functionalized Janus swimming 

Fig. 15.4 Chemotaxis of polymer brush-grated swimming nanorobots. (a) Schematic fabrication 
of PNIPAM brush-grafted glucose oxidase-functionalized Janus swimming nanorobots. (b) TEM 
image of the fabricated polymer brush-grafted swimming nanorobots. (c) Schematic (left) and 
actual (right) chemotaxis of polymer brush-grafted swimming nanorobots toward a gel containing 
glucose in a cuvette. Reproduced with permission from Ref. [30]. Copyright 2019 Wiley 
Publishing Group
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nanorobots with diameter of ~50 nm were developed [30]. With the catalytic decom-
position of glucose fuels into gluconic acid, the Janus swimming nanorobots with 
GOx on one side of gold particles achieve the propulsion involving self- 
diffusiophoresis mechanism. As the scaling down to 50 nm, the directional motion 
of nanorobots were dramatically suffered from strong Brownian force and display 
rotation diffusion, which challenges the emergence of nanorobots swarm. To over-
come this issue, the PNIPAM brush were grafted onto the Au side, considerably 
enhance the translation motion of Janus Au nanorobots. Such elevated propulsion 
accomplished the emergence of Janus nanorobots swarm and collective chemotaxis 
along the concentration gradient of glucose at the macroscale (Fig. 15.4).

15.3.3  Autonomous Sense and Act

Although effective in simple control under external field and chemotaxis to certain 
chemicals, it remains challenging in advanced intelligent navigation as natural 
micro-/nanoswimmers. For example, E. coli are able to sense the surrounding envi-
ronments and autonomously leave or approach for survival. To this end, the He 
group carried out variable modulation of chemically powered swimming nanoro-
bots though introducing polymer brush onto the polymer swimming nanorobots 
[35]. They firstly integrate the salt-responsive polymer brushes to realize the regula-
tion of the velocity of bubble-propelled swimming nanorobots. Thanks to grafting 
with salt-responsive poly[2-(methacryloyloxy)e thyltrimethy-lammoniumchloride] 
(PMETAC) brushes, the bubble-propelled Janus sphere swimming microrobots 
facilities the modulation velocity with the type and concentration of counterion in 
fluid. With the ion exchange with ClO4

− and polyphosphate anions, the PMETAC 
brush grafted and LbL-assembled Janus microrobot endow the reversible transition 
of propulsion between low and high velocities. The results indicate that the integra-
tion of polymer brushes with precisely adjustable responsiveness allows for the 
manipulation of velocity in a predictable manner and an autonomous acknowledge 
and response to the salt concentration in local environment.

Moreover, the responsive-stimuli were shift toward more general item, tempera-
ture. To this end, a thermoresponsive polymer brush, PNIPAM, was decorated onto 
the Janus Au-Pt bimetallic swimming microrobot for sense the surrounding temper-
ate and modulate the motion behavior [36]. Below the lower critical solution tem-
perature (LCST) of PNIPAM brush, the PNIPAM-Au-Pt Janus microrobots 
performed hydrogen peroxide-driven locomotion at a velocity of 8.5 μm s−1 with an 
orientation of “Au-Pt” orientation. It is attributed to hydrophilic and swelled 
PNIPAM brush which rendered the transformation of electron and diffusion of pro-
ton on the Au side, resulting in the propulsion of PNIPAM-Au-Pt Janus microrobots 
with a self-electrophoretic mechanism. In contrast, the orientation of locomotion 
was reversed above the LCST as the PNIPAM brush was transformed to be hydro-
phobic and collapsed, and therefore the propulsion mechanism was transited to the 
self-diffusiophoresis. Such PNIPAM-functionalized Janus swimming microrobot 
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endows reversibly transition of motion orientation with the switch of PNIPAM 
between hydrophobic and hydrophilic states. These above investigations offer strat-
egies to achieve the autonomous sense and act as the natural living microswimmers 
(Fig. 15.5).

15.4  Polymer Nanorobots In Vivo

15.4.1  Benefits of Propulsion Function in Active Therapy

The ultimate goal of scientists is to develop polymer nanobots that can directly enter 
diseased tissue for human treatment. Polymer nanobots are controlled nanoma-
chines that can transport drug payloads to disease sites and skillfully use other 
forms of energy around them to autonomously move through the medium. The 

Fig. 15.5 Sense and act of polymer brush-grafted swimming micro-/nanorobots on surrounding 
temperature. (a) Schematic fabrication of the PNIPAM brush-grafted Janus swimming microro-
bots. (b) Movement behavior of PNIPAM brush-grafted Janus swimming microrobots. (c) 
Schematic mechanism of thermoresponsive polymer brush on the movement modulation of Janus 
swimming micro-/nanorobots. Reproduced with permission from Ref. [36]. Copyright 2019 Wiley 
Publishing Group
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Wang group reports an endogenous enzyme-driven Janus platelet microrobots that 
causes uneven breakdown of urea in biofluids, resulting in enhanced chemical elec-
trophoretic motion (Fig. 15.6a). The effective propulsion of Janus platelet microro-
bots with urea as fuel greatly improves the combination efficiency and therapeutic 
effect with biological targets [37]. The Wang group synthesized biocompatible 
swimming microrobot pills by dispersing Mg-based micromotors in lactose/maltose 
pill matrix. In addition, these micromotor pills bestowed the cargos highly retained 
on the wall of stomach in animal experiments (Fig. 15.6b) [38].

15.4.2  Imaging and Control of Polymer Nanorobots In Vivo

In the biomedical applications of nanorobots, imaging of swimming micro-/nanoro-
bots in vivo is the primary problem to achieve clinical translation [39]. The imaging 
technology needs to have high spatiotemporal resolution, noninvasive, and be able 
to penetrate deeply to produce accurate and reliable control and navigation. The use 
of radionuclides in nuclear imaging technology can improve the sensitivity in imag-
ing research. According to the report, X-rays could be used to observe and power 

Fig. 15.6 Active therapy using polymer swimming micro-/nanobots. (a) Schematic of Janus plate-
let microrobots for targeted delivery (left) and actual Janus polymer microrobot (right). Reproduced 
with permission from Ref. [37]. Copyright 2020 Science Publishing Group. (b) Schematic of the 
microrobot pill composition consisting of a lactose/maltose pill matrix and the encapsulated swim-
ming microrobots consisting of Mg, TiO2 and PLGA (left) and merged images of the luminal lin-
ing of freshly excised mouse stomachs at 4 h after oral gavage of DI water (right). Reproduced with 
permission from Ref. [38]. Copyright 2018 RSC Publishing Group
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tiny metal robots [40]. The Sanchez group successfully tracked the catalytic micro-
robot by combining X-ray CT with positron emission tomography (PET) [41]. By 
modifying the gold surface with iodine isotopes, the movement of chemically driven 
tubular microrobots in the channel can be monitored in real time at the rate of 1 
frame per minute for 15 min. Other clinical imaging techniques, such as ultrasound 
imaging and fluorescence imaging, exhibit limited resolution and contrast in tissues. 
To overcome these problems, targeted adjustments have been made to achieve real- 
time visualization of the range. In a recent study, ultrasound imaging was used to 
track microbots in biofluids. A population of tiny machines is much larger than a 
handful and therefore easier to image [42].

In addition to ultrasound imaging, photoacoustic tomography (PAT) detects 
photon- induced ultrasound and provides high-resolution images at depths of up to 
7 cm. In order to achieve real-time imaging in deeper tissues within the body, a 
microrobotic system has been developed that enables real-time visualization in the 
gastrointestinal tract (Fig. 15.7a) [43]. A magnesium-based microrobot with a con-
trasting gold layer is encapsulated in enteric polymer-coated microcapsule. Once 
orally administrated, the microcapsules serving as microrobot pills endow the pro-
tection from gastric acid, exhibition of strong photoacoustic signal for PAT imaging, 
and NIR-triggered activation of swimming microrobots. In addition, PAT imaging 

Fig. 15.7 Imaging of the polymer-based swimming micro-/nanorobots in  vivo. (a) Schematic 
illustration and PAT image showing the imaging of swimming microcapsule microrobot in vivo. 
Reproduced with permission from Ref. [43]. Copyright 2019 Science Publishing Group. (b) 
Schematic illustration of fabrication and propulsion mechanism of zwitterion-based swimming 
nanorobots (left) and confocal laser scanning microscopy images of the HLA-based swimming 
nanorobots (right). Reproduced with permission from Ref. [44]. Copyright 2019 Springer 
Publishing Group
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can separate sudden breathing movements from the position of the microrobot, 
allowing accurate real-time monitoring in deep tissue in the body. The Mao group 
proposed a NO-dissipated hyperbranched polyamide/L-arginine (HLA) swimming 
nanorobots that converts the amino acid L-arginine into nitric oxide (NO) through 
NO synthase (NOS) or reactive oxygen species [44]. HLA nanorobots with unique 
fluorescence characteristics can reflect its entry into the cell process (Fig. 15.7b). 
The HLA-based nanorobots, which requires no additional fluorescent dye, is 
expected to be tracked in vivo by fluorescence imaging.

15.4.3  Active Therapy of Nanorobots In Vivo

Various therapeutic studies have been conducted on nanorobots that can transport 
therapeutic agents to hard-to-reach tissues. One important issue is to overcome the 
upstream flow to controllable delivery. To this end, the Kastrup group reported the 
calcium carbonate-based swimming microrobots that enable self-propulsion though 
flowing blood. The swimming microrobots were consisted of carbonate and 
tranexamic acid. The propulsion is involved in a bubble propulsion from the chemi-
cal reaction between calcium carbonate with acid. The large number of bubbles 
produced by the mixture of CaCO3 and XA-NH3+ has also been used in various 
cases for coagulase autoigniting transport systems [45]. In contrast to conventional 
surface modifications, chemically propelled microrobots enhanced their retention 
without the need for complex and precise surface designs for specific diseases. A 
zinc-based microrobot that can move autonomously in the gastrointestinal (GI) tract 
was evaluated in vivo using a mouse model [46]. Relying on the chemical propul-
sion from zinc and acid, the drug-loaded microrobot exhibited high bubble propul-
sion in GI tract. Such active and effective propulsion promoted the penetration of 
mucus in GI tract, resulting in the extended retention in vivo. Magnesium-based 
microrobots have been widely used for in vivo therapy due to their optimal propul-
sion in biological media while minimal toxicity toward the body [47]. A study of 
gastric therapy for Helicobacter pylori infection based on active delivery of 
magnesium- based micro-/nanobots has been reported.

The enteric polymer-coated swimming microrobotic system consists of a 
magnesium- based tubular micromotor coated with an enteric-coated polymer layer 
that accurately locates and maintains controllability in the required portion of the 
gastrointestinal tract [48]. The dissolution of their enteric coats activates their push 
toward local tissue penetration at the targeted site. Compared with the passive treat-
ment vector, the active delivery efficiency of the in vivo drug carrying microrobot is 
enhanced, and the bacterial burden is reduced. Another therapeutic example of 
magnesium- based microrobots in the stomach is to regulate the local physiological 
conditions of gastric juices (such as neutralizing the pH of the stomach) to facilitate 
pH-triggered drug release. The reaction of magnesium and gastric acid with the 
local convective coupling caused by active motion leads to the rapid depletion of the 
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microrobot’s protons without side effects and offers considerable promise for the 
habitation and controlled release of proton pumps [49].

Besides the targeted drug delivery, active vaccine delivery is another important 
therapeutic application. For example, a magnesium-based polymer robotic toxoid 
has been developed and used for oral vaccination. The toxification of the red cell 
membrane coating on the microrobot neutralizes the toxic antigen payload and 
induces mucosal immunity [50]. Then intestinal localization, made of mucosal 
adhesion and enteric-coated microbots, simulated invasive infections. High propul-
sion of microrobot in the gastrointestinal tract enhanced the retention and acceler-
ated uptake of antigens in vivo.

The He group designed a self-moving particle composed of biocompatible gold 
and magnetite nanoparticles and biocompatible polyelectrolyte complexes that can 
be used to aid tissue welding with infrared lasers, thus effectively sealing mouse 
wounds in vivo [51]. The resulting Janus microrobots possess considerable photo-
thermal property and thus can not only accomplish the thermophoretic motion under 
the exposure of NIR light but also exhibited sealing effect of swimming nanorobots 
though melting collagen fibers. This approach proves that temperature measure-
ments at the level of individual particles demonstrated successful photothermal 
heating, while the mechanical properties of welded liver, skin, and meat confirmed 
the mechanical repair of welded biological samples.

15.5  Conclusion

In this chapter, we summarize the recent research efforts on chemically powered 
swimming polymeric nanorobots including the controllable construction, propul-
sion mechanisms, motion navigation, movement in complex media, and applica-
tions in vivo. Inspired by the Richard Feynman envised that the operation of atoms 
and molecules to fabricate the nanoscale robots, also the chemically powered 
motion from natural biomolecular motors. Inspired by them, a serious of polymer 
swimming nanorobots capable of autonomous propulsion driven by chemical fuels 
have been developed by assembling various molecules into nanoscale architectures 
in a controllable manner. Benefiting from the “top-down” approaches, various func-
tional materials including natural polymers, enzymes, and synthetic nanoparticles, 
could be utilized as building blocks to construct the polymer-based nanoarchitec-
tures with controllable geometry and size. The robotic transformation of these nano-
architecture results in the development of various polymer swimming nanorobots 
driven by chemical fuels. Such polymer nanorobots are able to be served as swim-
ming robots and intelligent cargo, performing drug encapsulation, self-propulsion, 
navigation toward targeted area, controllable release, and active delivery toward 
diseases. With continuous chemistry and material innovations, we envision that the 
swimming micro-/nanorobots will prove to be of considerable importance for 
diverse biomedical applications and eventually realize the “Fantastic Voyage” vision 
in scientific story.
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Chapter 16
Magnetic Micro-/Nanopropellers 
for Biomedicine

Tian Qiu, Moonkwang Jeong, Rahul Goyal, Vincent M. Kadiri, 
Johannes Sachs, and Peer Fischer

16.1  Introduction

The motion of micro- and nano-objects in a fluid is, in the most general case, 
described by the Navier-Stokes equation. However, biomedical applications benefit 
from propellers that are so small that the mass (inertia) becomes negligible in fluid 
media. In this case, the Navier-Stokes equation can be approximated with the Stokes 
equation, which is simpler and shows no explicit time dependence. Therefore, the 
propulsion behavior of externally powered micro- and nanopropellers, which are 
proposed to perform biomedical tasks such as targeted drug delivery or minimally 
invasive surgery in fluids and soft tissues, is determined by the Stokes equation. A 
common measure of the applicability of this approximation is the Reynolds (Re) 
number [1]:
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If the inertial forces are small, which is the case for microswimmers and nanoro-
bots, viscous fluid forces are dominant. This is the regime of low Reynolds numbers 
(Re < 1), where reciprocal movements cannot propel a swimmer. This complicates 
the number of effective propulsion mechanisms at low Re, a fact that is captured by 
the “scallop theorem” of Purcell [2]. A scallop that opens and closes its arms peri-
odically cannot swim. It does not matter how fast or slow the scallop opens or closes 
its arms, as at the end of the opening and closing cycle, which is reciprocal, it expe-
riences no net displacement. Thus, in Newtonian (incompressible) fluids, like water 
or glycerol, biological and artificial microswimmers (that are not pulled by an exter-
nal force or torque) require more sophisticated propulsion strategies.

One possibility to overcome the problem of time-reversibility is demonstrated by 
flagellated bacteria that spin their flagella in a corkscrew-like stroke in order to 
swim. Here the continuous rotation is non-reciprocal, because of the chiral sym-
metry of the flagella. The propeller effect describes the translation of a helix due to 
rotation-translation coupling [3]. It is an efficient method for propulsion especially 
for very small microswimmers. The handedness of the (chiral) corkscrew and its 
rotation sense fixes the direction of the movement, e.g., a right-handed screw moves 
forward upon a clockwise rotation and backwards upon a counter-clockwise rota-
tion. In contrast, the left-handed mirror-image structure will translate in the oppo-
site direction.

It is also possible to build artificial corkscrew-shaped propellers that mimic this 
propulsion strategy. These have been experimentally demonstrated by utilizing rigid 
micro-screws that where actuated by means of an external magnetic field that is 
rotating (Fig. 16.1) [4–6]. The rotation of the propeller by an external torque (as 
opposed to the inherent internal motion provided by the bacterium) is also advanta-
geous for actuation. The slender body of the corkscrew means that the structure can 
be used to efficiently navigate complex biofluids. Rotating magnetic fields can also 
be more easily established over larger volumes and at greater distance than mag-
netic gradient fields. The latter can only be used to pull a magnetic object, whereas 
the unidirectional motion of a screw-propeller ensures high maneuverability and 

Fig. 16.1 Artificial micro-/nanopropellers (b) mimic bacteria flagella (a) to rotate and propel at 
small scale in fluids for biomedical applications
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controllability, which is a highly desirable feature for externally powered biomedi-
cal devices.

In this book chapter, we review recent advances concerning artificial micro- and 
nanopropellers that are powered by magnetic fields and that can navigate through 
biological fluids and tissues for potential biomedical applications. Specifically, the 
chapter is organized as follows: In Sect. 16.2 we review the symmetry requirements 
for propulsion at low Re numbers by rotation-translation coupling; in Sect. 16.3 we 
describe the fabrication of micro-/nano-helices using physical vapor deposition; in 
Sect. 16.4 we review schemes to wirelessly actuate micro- and nanopropellers with 
magnetic fields. In Sect. 16.5 we discuss materials and, in particular, recent achieve-
ments in realizing propellers that are biocompatible, which is important for bio-
medical applications.

16.2  Theory of Micro-propulsion by 
Rotation-Translation Coupling

The propulsion force of the micro-/nanopropellers in fluids is generated by the cou-
pling of the rotation to the translation of a helical shape. The rotation of the struc-
tures is generally driven by an external rotating magnetic field. We assume there is 
no field gradient and that no other external forces are present. The solution to the 
Stokes equation in low Re hydrodynamics reduces to two coupled equations [1]:

 

U C L

B L

=
=

−

−

1

1ΩΩ  
(16.2)

where U is the translational velocity vector and Ω the rotational (angular) velocity 
of the object, whereas L is the torque exerted on the object by the external field. The 
coupling mobility tensor C and the rotation resistance tensor B relate the external 
torque to the objects’ translational and rotational motion. Further, the equations 
show that, in general, the object’s rotational motion is coupled to its translation, i.e., 
a translating body will always rotate and a rotating body will always translate, if the 
corresponding tensors are nonzero.

The exact form of the tensors B and C is determined by the geometry of the pro-
pellers’ body, i.e., its symmetry. For example, a sphere, is an object with highest 
symmetry with three mutually perpendicular planes of mirror symmetry, has C = 0 
[1]. Consequently, a sphere cannot be propulsive by means of rotation-translation 
coupling at low Re. In contrast, a nonzero coupling tensor (C ≠ 0) is found for a 
chiral corkscrew shape. Thus, and because of the inspiration from biology, most 
experiments with artificial micro- and nanopropellers consider shapes with helical 
and thus chiral geometries in order to generate propulsion by means of an external 
rotating field. Chiral corkscrew shapes have been found to be optimal for propulsion 
[7]. It is generally assumed that chirality (handedness) is essential for efficient pro-
pulsion by means of an external rotating field and rotation-translation coupling.
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This raises the question if chirality is strictly required for rotation-translation 
coupling or if a shape that is not chiral (achiral objects that possess mirror-image 
symmetry) can also translate when they are rotated by an applied magnetic field. 
This is not a purely academic question, as it is easier to synthesize or fabricate 
objects with high symmetry. Hence it is interesting to ask if such objects can also 
propel when magnetized and spun by a magnetic torque.

To shed light on this question, the fundamental symmetries that underlie rotation- 
translation coupling at low Re have recently been analyzed [8, 9]. Explicitly solving 
Eq. 16.2 for a magnetized and arbitrary shaped object [8, 9] that is subject to a rotat-
ing external field reveals that even objects that do not possess a chiral shape can 
propel at low Re. For instance, an achiral V-shaped body, which exhibits two mutu-
ally perpendicular planes of mirror symmetry, was shown to be able to propel under 
certain conditions. The V-shaped object was demonstrated to be propulsive as long 
as it does not rotate around one of its principal axes of rotation. However, theory and 
experiments proved that the orientation of the dipole moment with respect to the 
body of the V-shape plays a crucial role whether the V-shape can be propelled or not 
[9]. In the symmetry analysis, especially when determining if the object is chiral, it 
is essential that both the geometric shape and the object’s magnetic dipole moment 
are considered [9]. If the symmetries of the whole object (shape and dipole) are 
considered, it is possible to correctly predict whether or not the object is propulsive 
and in this case if unidirectional or bidirectional propulsion will occur. The latter 
case means that the object has equal probability to move forward or backward, i.e., 
the rotation sense of the external field does not fix the propulsion direction. Note, 
however, that even the V-shape with its high geometrical symmetry can be designed 
to yield unidirectional propulsion if the V-shape is magnetized in a particular direc-
tion [9].

The mathematical definition of chirality is parity (spatial inversion), and hence, 
the V-shaped object’s overall chirality is determined by executing the parity opera-
tor on both, the geometric shape and the dipole moment. Interestingly, in case of 
unidirectional propulsion, the object is necessarily chiral due to the orientation of 
the magnetic dipole moment it carries. On the other hand, one can design a magne-
tized chiral V-shaped object, which is non-propulsive upon rotation as is shown in 
Fig. 16.2. Therefore, chirality is certainly not a prerequisite for efficient propulsion 
via rotation-translation coupling, and in addition, parity alone does not fully explain 
the propulsion of such propellers. Instead, it becomes necessary to consider charge 
conjugation. Consequently, applying parity in conjunction with charge conjugation 
symmetry to a magnetized object is sufficient to fully predict whether the object will 
propel in a rotating magnetic field.

In practice, and in particular with a view of biomedical applications, magnetic 
fields applied to magnetized micro- and nanopropellers are used for externally 
driven propulsion, because it is easier to realize large torques. However, actuation of 
a V-shape by an external electric field is also possible and has recently been experi-
mentally realized. Remarkably, because in this case the V-shape carries an electric 
dipole moment, and not a magnetic moment, its symmetry becomes achiral, and it 
therefore constitutes the first demonstration of an achiral propeller that propels by 
rotation-translation coupling at in a fluid at low Re [9].

T. Qiu et al.
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It should be mentioned that not only rotating but also precessing external fields, 
i.e., the external field vector rotates on a cone due to a superposition of an in-plane 
rotating field with a constant component orthogonal to it, can be used to propel 
highly symmetric V-shaped objects. In this case, also propellers, which are non- 
propulsive in a rotating field, can exhibit unidirectional motion [10]. Extending the 
types of applied magnetic fields from purely rotational to precessing fields and at 
the same time to consider additional geometrical shapes promises to extend the 
design space of propulsive micro- and nanorobots for biomedicine.

Irrespective of the body shape or its symmetry, the velocity of external field- 
driven propellers always depends on the external field’s rotation speed [6, 8, 9]. 
Beyond a certain rotation frequency, at the step-out frequency, the micro- or nano-
propellers can no longer follow the external field any more. Therefore, they will not 
maintain a constant angular synchronous velocity for frequencies larger than the 
step-out frequency. Instead, an asynchronous slip-motion will occur, and the pro-
pulsion velocity will drop to zero. The step-out frequency depends on several 
parameters, e.g. the strength of the magnetic dipole moment, the amplitude of the 
external magnetic field, and the viscosity of the fluid.

The discussion in this section starts with the governing Stokes equation, which 
does not have any explicit time dependence, and thus a reciprocal motion does not 
lead to a net translation in Newtonian fluids. However, most biofluids are non- 
Newtonian (e.g., the vitreous, mucus, blood, and so on), and in such fluids the time- 
reversibility problem can also be overcome by exploiting the time-dependent 
properties of the fluid itself, i.e., a scallop can even with reciprocal motion generate 
a net translation in non-Newtonian media. For this, it has to open and close its arms 
with varying speeds, as has been demonstrated with an artificial micro-scallop that 
was actuated with an external oscillating magnetic field [11]. Utilizing the biofluids’ 
non-Newtonian rheology, i.e., its shear rate-dependent viscosity, allows the small 

Fig. 16.2 Parity and charge conjugation symmetry need to be both taken into account to give a 
comprehensive prediction of low Re propulsion. (a) Three V-shaped objects that carry a magnetic 
dipole moment with different orientations (shown as the red arrows) with respect to the body 
shape. All three objects are parity-odd and therefore chiral but exhibit different propulsion gaits; 
(b) Experimental data show the propulsion gaits corresponding to the designs in a, including uni- 
and bidirectional, as well as a non-propulsive V-shaped object. (Reproduced with permission [61]. 
2020, University of Stuttgart)
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robot to propel with a reciprocal motion. This significantly simplifies the robot 
design and allows most actuators to be used for swimming in most biological fluids, 
even though they are not propulsive in Newtonian fluids (water) due to the scallop 
theorem. This may lead to new designs of simpler artificial microswimmers that are 
especially designed to operate in biological media and tissues.

16.3  Fabrication of Micro- and Nanopropellers by Glancing 
Angle Deposition (GLAD)

A few microfabrication techniques exist to fabricate micron-sized corkscrew shapes, 
but we focus here on the technique known as glancing angle deposition (GLAD). 
This technique can be used to fabricate the smallest propellers as well as the highest 
number of propellers, and that allows a large number of materials to be used includ-
ing the strongest magnetic materials, which as we shall show are nevertheless bio-
compatible. The complex helix-shaped micro- and nanopropellers mentioned in the 
previous section were all fabricated using GLAD. It is a physical vapor deposition 
(PVD) method where a solid source material is heated in a crucible, either thermally 
or by an electron beam, under high vacuum conditions until it starts to melt and 
evaporate. Due to the low background pressure, the evaporant forms a directed flux 
and coats a surface (substrate). The substrate, on which the propeller structures 
grow, is tilted and held into this flux. Thus, the incident atoms and molecules adsorb 
on the surface of the substrate. The micro- and nanopropellers are not grown under 
normal incidence as is customary in PVD, but with oblique angle deposition (OAD), 
a technique where the evaporant and the substrate are intentionally tilted with 
respect to each other. Due to the tilt, the flux is shadowed, especially if there are any 
seed particles, and columnar structures will grow. The tilt-angle is commonly 
denoted as α, as shown in Fig. 16.3a. The GLAD technique adds another degree of 
freedom by rotating the substrate during deposition around the surface normal. The 
corresponding angle is denoted by ϕ. Those two parameters can be either constant 
or dynamically adjusted to grow complex and low-symmetry-shaped bodies on the 
micro- and nanoscale. Usually α is constant and if ϕ is constant too, a tilted column 
will form. If this process is repeated after the ϕ angle was changed by 180°, another 
column tilted in the opposite direction grows on top, and hence results in the 
V-shaped zig-zag structure as shown in Fig. 16.3b. Sometimes it is useful to have 
columnar structures that form columns perpendicular to the substrate. This is pos-
sible if a constant α angle and a continuous and fast ϕ rotation is used during the 
deposition process. An example of such pillar structures is shown in Fig. 16.3c. In 
case the ϕ angle is varied continuously but with a slow rotation speed, a helical 
corkscrew shape will form. Thus, the GLAD technique is useful for the fabrication 
of complex three-dimensional micro- and nanostructures, sometimes also denoted 
sculptured thin films (STF). During the deposition, multiple materials can be com-
bined or deposited sequentially, which results in a large number of possible shapes 

T. Qiu et al.



395

and structures. Typically 109–1010 structures grow on a cm2 of substrate area. The 
entire growth process only takes a few hours.

To further facilitate the shadow-effect pre-patterned substrates are used, which 
already have well-structured nucleation seed patterns. A common procedure is to 
create a monolayer of closed-packed silica beads with sizes between 0.1 μm and 
5 μm on a silicon substrate [12]. The seed particles can be deposited on an entire 
wafer using the Langmuir-Blodgett method [6]. For this purpose, nanoparticles, 
such as silica beads, are first gently pipetted onto a water surface and then trans-
ferred to the wafer by dip coating. The vertical columnar structures seen in Fig. 16.3c 
were grown on top of a monolayer of Langmuir-Blodgett-deposited SiO2 beads. 
Another method for pre-patterning the GLAD substrate is to use Block-Copolymer- 
Micelle-Nanolithography [13], a method that coats a wafer with a (non-closed- 
packed) hexagonal monolayer of ~10 nm gold nanoparticles. This method has been 
used to pattern the substrate on which the zig-zags and helices in Fig. 16.3b, d were 
grown. The pre-patterning improves the quality of the structures, as it prevents the 
fusion of particles during the deposition. Depending on the materials that are used, 
it is sometimes also advantageous to actively cool the substrate during evaporation, 
which means the thermal energy of the incident atoms is reduced and hence their 
ability to diffuse on the substrate after their adsorption. This can be an important 
feature as the high surface mobility of the adatoms facilitates the growth of highly 
symmetric (e.g., spherical) shapes rather than complex structures, such as heli-
ces [14].

Fig. 16.3 Glancing angle deposition for the fabrication of micro-/nanopropellers. (a) Schematic 
visualization of the deposition process and the shadow effect. (b) SEM of nano-zigzags with one 
arm Ni and one arm SiO2 grown on Au nanodots (scale bar 200 nm). (c) TiO2 pillars grown perpen-
dicular to the substrate on SiO2 beads (scale bar 1 μm). (d) Chiral corkscrew-shaped SiO2 struc-
tures grown on Au nanodots (scale bar 200 nm). ((b), (c), and (d) are reproduced with permission 
[61]. 2020, University of Stuttgart)
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Another advantage of GLAD is the wide choice of possible evaporation materi-
als as well as the ability to alloy several elements by simultaneous evaporation of 
two or more source materials. Micro- and nanopropellers typically comprise a mag-
netic head, grown with a fast ϕ rotation of, e.g., Co, Fe, or Ni (but also see Sect. 
16.5 for a discussion of biocompatible materials), followed by a helical structure 
made out of an oxide such as SiO2 [6]. After the GLAD process, the propellers are 
magnetized in a strong external magnetic field while still attached to the substrate. 
For further applications, the individual structures are then transferred into solution 
via ultrasonication to obtain colloidal suspensions of magnetic propellers.

16.4  Magnetic Actuation Systems

Micro-/nanopropellers cannot use traditional powering and actuation mechanisms 
as in large-scale robotics, such as on-board batteries or electromagnetic motors, due 
to their small size. Moreover, tethers for power transfer, such as wires or tubing, 
would restrict the locomotion of small-scale robots; thus untethered power trans-
mission is needed for minimally invasive biomedical applications. Magnetic fields 
are commonly used in the medical field for imaging as well as for wireless actuation 
[15], due to its large biological tissue penetration depth, high controllability, and 
reliability. The magnetic fields can exert relatively large forces and/or torques on 
small-scale magnetic robots [16].

The magnetic torque τ, which is generated in a magnetic material is:

 ττ = ×m B  (16.3)

where m is the magnetic moment and B is the external magnetic field vector. The 
torque applied on the magnetic material/structure can cause translation, for instance, 
via rotation of a micropropeller [17] or can induce an angular displacement of a 
magnetic rod [18].

Magnetic fields have also been widely applied to the actuation of micro-/nanoro-
bots for potential biomedical applications both in vitro and in vivo [19–21], i.e., 
steering a micro-guidewire by a magnetic field gradient [22], propelling micro-/
nanopropellers in biological fluids by a rotating magnetic field [23–25], conducting 
micro-rheological tests [18], and steering chemically powered micro-/nano-motors 
in the intestine [26–28].

The generation and control of the magnetic field is achieved either by a specific 
configuration of permanent magnets or by controlling the electric currents in elec-
tromagnetic coils. A few examples of magnetic actuation systems are summarized 
in Table 16.1. In this section, we discuss some typical magnetic actuation systems. 
These systems are often customized, and the details depend on the particular appli-
cation, i.e., the required field strength, the working volume, and the frequency range 
in case of an oscillating field. The design of the magnetic actuation system therefore 
needs to consider particular applications and operating conditions. Two main cate-
gories, i.e., permanent magnet systems and electromagnetic systems, are discussed 
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in the following sections, respectively, and their advantages and disadvantages are 
compared in Table 16.2.

16.4.1  Permanent Magnet Actuation Systems

The basic concept of an actuation system based on permanent magnets is that sev-
eral permanent magnets are distributed in space in a particular configuration to gen-
erate a superimposed magnetic field that is controllable in a defined volume. 
Compared to electromagnetic setups (Table  16.2), permanent magnet-based sys-
tems often offer higher field strength in a larger working volume. Moreover, perma-
nent magnets do not require expensive ancillary equipment, such as electric 
amplifiers or active cooling systems. They are also less bulky, lighter, and generally 
cheaper. However, the trade-off is that the permanent magnet is always energized 
and that mechanical driving systems are required, in order to change the field ampli-
tude or direction. Mechanically moving permanent magnets is also not suitable for 
high-frequency actuation.

Combining several permanent magnets that can be manipulated individually in 
their position and orientation provides a system with several degrees of freedom 
(DOF). For example, superimposing magnetic fields from a pair of magnets at an 
angle creates a small region of zero magnetic field strength, which can be used to 
push magnetic particles away from the permanent magnet [29].

To generate a time-varying magnetic field, a mechanical drive system is needed 
to rotate or translate the permanent magnets. As the permanent magnets cannot be 
“turned off” and since the magnetic attraction force between two magnets is 
inversely proportional to the distance square, the attractive force pulling a magnetic 
object toward the magnet can lead to very strong forces at short distance and can be 
a cause for safety concerns. A safer design does not rely on translation of magnets, 
but instead utilizes the rotation of the permanent magnets around a fixed support 
axis. Different approaches are listed in Table 16.1 and can be categorized according 
to three basic criteria:

Table 16.2 General comparison of magnetic actuation systems

Key parameters Permanent magnet systems Electromagnetic systems

Field strength Strong Weak
Working space Large Small
Controllability (on/off) Low High
Driving frequency Low High
Active cooling system No Yes
Mechanical motion, noise, and 
vibration

Yes No

System total weight Low High
Cost Low High
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 1. The magnets are connected by a synchronizing mechanical drive mechanism 
(e.g., via a belt or gears) and are driven by one electrical motor (Fig. 16.4a) [18, 
30]. Jeong et al. presented a magnetic actuation system using the synchronized 
rotation of four permanent magnets [18] (Fig. 16.4a). The magnets are firstly 
positioned in a desired direction and then connected using a timing belt-pulley to 
achieve a rotating magnetic field that is homogeneous at the center and that 
showed a strength of 105 mT. This system was designed for biomedical applica-
tions, with ample of space in between the magnets and access ports in all direc-
tions to accommodate medical imaging equipment, such as X-ray, ultrasound, 
and fluorescent imagers. These were used to localize the robots in the specimen. 
Although the system has only 1-DOF rotation, the addition of two sets of mag-
nets provides two additional DOF, making the setup comparable to a 3-axis 
Helmholtz coil system.

 2. Each magnet is individually driven and rotated by an electrical motor (Fig. 16.4b) 
[31, 32]. A permanent magnet system which has 5-DOF was reported by Ryan 
et al. using eight independent rotating magnets attached to eight servo motors. 
This system could generate a magnetic field of 30 mT and a magnetic gradient of 
0.83 T ∙ m−1 and no constraints on the direction of the magnetic fields [31]. This 
kind of system with multiple motors allows individual rotation of each magnet, 
which allows for the control of the magnetic gradient and the field direction [31, 
32]. However, it requires several strong motors (that match the strong magnetic 
torque between the permanent magnets), and it requires a synchronized control 
of each of them.

 3. The combination of a set of fixed magnets and a set of rotatable magnets 
(Fig. 16.4c) [33]. Baun et al. reported a system that is composed of an inner ring 
with 16 magnets and an outer ring with 8 magnets that can achieve a field strength 
of 100 mT and a gradient of 0.3 T ∙ m−1 [33]. The magnets on the system are 
coaxially assembled along a specific direction to generate a dipolar magnetic 
field, a quadrupolar magnetic field, and the combination of both magnetic fields 
which defines the magnetic gradient to manipulate objects placed in the working 
volume. The movement direction is controlled by rotation of the outer ring 
(quadrupole). If particles are not placed in the center, they move slowly toward 
the rim due to the magnetic gradient.

16.4.2  Electromagnetic Actuation System

Many types of electromagnetic systems have been proposed and are commonly 
used to manipulate small-scale robots. Basically, magnetic fields are generated by 
controlling the electric current applied to a coil or to a pair of coils. One of the 
advantages of electromagnets is that the strength of the magnetic field is controlla-
ble even at high frequency.
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Fig. 16.4 Permanent magnet actuation systems. (a) Synchronized magnet rotating system; (b) 
Independent controllable magnet system; (c) Three cylinder Halbach system. (Reproduced with 
permission. (a) [18] 2019, IEEE; (b) [31] 2019, IEEE; (c) [33] 2017, Elsevier)

One of the commonly used types of electromagnetic actuation systems is a 
Helmholtz coil geometry. The Helmholtz coil is comprised of a set of identical coils 
aligned coaxially where the distance between the two coils equals the radius of coil. 
This particular configuration ensures a relatively homogeneous magnetic field in the 
central region between the two coils, which is beneficial for the study of micro-/
nanopropellers that are actuated by a rotating magnetic field. This gradient-free sys-
tem permits the study of magnetic torque-driven micro- and nanorobots. Assembling 
three pairs of (Helmholtz) coils (Fig. 16.5a) along three orthogonal directions can 
be used to generate relatively homogeneous fields that can point in any arbitrary 
direction. Wu et al. used a system of three pairs of coils that were arranged in an 
almost Helmholtz-like geometry to control the propulsion of helical magnetic 
micropropellers to move in the porcine vitreous to reach the optic disc region on the 
retina [25].

Electromagnetic actuation systems have also been widely used to generate gradi-
ent fields [23, 34–36]. For example, Kratochvil et al. demonstrated 5-DOF (3 trans-
lation, 2 rotation) electromagnetic actuation system, named OctoMag (Fig. 16.5c) 
[34]. This system consists of eight electromagnetic coils and generates magnetic 
field strength of 50 mT in a working space of 4 cm3. The magnetic field strength was 
strengthened by soft magnetic cores inside the coils. The OctoMag successfully 
demonstrated that the robot’s movement could be controlled in a fluidic tank, and it 

T. Qiu et al.



401

also showed that it could be used to steer a needle tip to puncture tissue [37]. To 
extend these electromagnetic systems to accommodate a full human body, however, 
causes numerous engineering challenges. Rahmer et  al. designed a clinical-scale 
magnetic field generator using 18 copper coils which have cylindrical soft magnetic 
iron-silicon cores to increase the field flux (Fig. 16.5b) [38]. The magnetic field 
strength from 30 to 90 mT at a frequency up to 10 Hz were applied for the experi-
ment. The working space where the magnetic field is still homogeneous was reported 
to be spherical volume with a diameter of 200 mm. The resulting magnetic field was 
used to move a millimeter-scale helical robot to penetrate into a fillet of pork com-
posed of muscle and connective tissue [38]. However, the system equipped with 
100 kW cooling capacity uses more than 110 A per stack [38]. An alternate approach 
was presented by Azizi et al. who utilized the fringe fields of a superconducting 
magnetic resonance imaging (MRI) machine (Fig. 16.5c). A robotic arm was used 
to position a bed in the fringe field to navigate a guidewire in the blood vessels. The 
magnetic fringe field gradient (larger than 2 T ∙ m−1) from the MRI scanner exerted 
a large pulling force to steer the tip of the micro-guidewire in the neck and brain 
arteries of a swine [22]. However, objects placed in the vicinity of an MRI magnet 
also compromise the quality of the field homogeneity necessary for nuclear mag-
netic imaging.

Fig. 16.5 Electromagnetic actuation systems. (a) A 3-axis Helmholtz coil with the cooling sys-
tem; (b) A clinical-scale high-power system; (c) OctoMag system with 5-DOF; (d) The fringe field 
of an MRI scanner is used as the gradient field for magnetic manipulation. (Reproduced with per-
mission. (b) [38] 2018, PLOS ONE; (c) [34] 2010, IEEE; (d) [22] 2019, Science Robotics)
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It is clear that electromagnetic actuation systems outperform permanent magnet 
systems in aspects of controllability and whenever time-varying fields are needed. 
They are in general also safer to operate. However, electromagnetic coils require 
cooling systems and expensive power supplies and are thus bulky and expensive. 
Regardless, whether electromagnetic or permanent magnets are used, the magnetic 
field strength always decays quickly over distance, which means it is difficult to 
realize high field strengths, which determines the magnetic driving force/torque on 
the robots, over a large volume (e.g., as is needed if it is to accommodate a human). 
Previous studies have shown that actuation based on homogeneous rotating mag-
netic fields scale better than gradient fields for a given distance [19]. Given the 
constraints in the magnet system, it is advantageous to optimize the micro-/nano-
propeller design (helical geometry) and the magnetic materials, to increase the effi-
ciency of converting the external driving magnetic field to actual locomotion inside 
biological fluids and tissues.

16.5  Biocompatible Magnetic Materials for Micro-/
Nanorobots

Section 16.2 demonstrates the crucial role magnetic materials play in the maneuver-
ability, reliability, and performance of magnetic propellers. Yet, as is to be expected 
in such a relatively young field, the fabrication and types of materials used for dif-
ferent propellers vary widely. While some materials can simply be deposited in a 
physical vapor deposition (PVD) chamber (e.g., Ni), others require more compli-
cated solution processing or annealing steps (ZnxFe3 − xO4) [39]. In recent years, the 
use of nanopropellers has progressed from the first proof-of-concepts studies [4, 5] 
to the propulsion through biological media [24, 25, 40] as well as biomedical appli-
cations [41, 42]. This led to a closer inspection of the materials used in micro-/
nanorobots [39, 43].

The following section will provide a few criteria which are helpful in evaluating 
the properties of magnetic materials and to judge their suitability toward specific, 
especially biomedical, applications. An overview of commonly used materials is 
provided. FePt in the L10 phase is identified as a particularly promising material for 
biomedical micro-/nanodevices.

16.5.1  Criteria for Magnetic Materials

 Biocompatibility

Biocompatibility describes the absence of adverse biological effects (death, toxic-
ity, oxidative stress) caused by the presence of a certain chemical or nanostructure. 
Determining cell viability is a common cell culture technique that can easily be 
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adopted for a rapid in vitro measure of biocompatibility. There are many types of 
ready-to-use commercial cell death assays. These are typically simple colorimetric 
assays, which are, for instance, based on calcein AM, a cell membrane permeable 
compound that is metabolized into a dye by live cells, and the ethidium homodimer-
 1, a membrane impermeable dye that only penetrates dead cells [44]. This in turn 
means that these dyes provide characteristic fluorescent readouts for dead versus 
live cells and hence biocompatibility that can be analyzed in a fluorescence micro-
scope or via flow cytometry measurements. Assays like these can readily be per-
formed in vitro with low cost. Compared to cell death assays, in vivo toxicity tests 
are as complicated, as they are varied due to the often complex interrelations 
between different cell types and organs. Regardless, in vivo biocompatibility testing 
is ultimately required for biomedical micro-/nanorobots to ascertain their long-term 
pharmacokinetics [42].

 Magnetic Properties: Coercivity

The coercivity HC describes the magnetic field necessary to re-magnetize a ferro-
magnetic material. The working principle of helical nanorobots, as depicted in 
Fig. 16.1, however, relies on reorienting a magnetized section thereby transferring 
torque τ – without re-magnetizing the robot. For this, low ~2 to 100 mT rotating 
fields are used. Soft magnetic materials that have coercivities in the ~mT range are 
thus unsuitable as magnetic materials for nanopropellers. This, conversely, justifies 
the use of high coercivity (~T) materials – hard magnets – in nanopropeller applica-
tions, to avoid re-magnetization while allowing for the application of high mag-
netic fields.

 Magnetic Properties: Remanence

The magnetic remanence MR describes the residual magnetization in a ferromag-
netic material in the absence of an external magnetic field. As Eq. 16.3 illustrates, 
the magnetic moment of a propeller determines the torque that can be applied to the 
robot. While keeping the driving magnetic field strength the same, a higher mag-
netic remanence allows for a higher torque, or inversely a smaller magnetic field 
strength B can achieve the same torque. The former could lead to higher propulsion 
velocities and the latter to a simplification of the magnetic setup.

 Biodegradability

The biodegradability characterizes a materials’ property to be digested via biologi-
cal processes or decomposition in biological media such as blood or cell media. 
Biodegradation is a common feature of many macroscopic biomedical tools such as 
degradable sutures made from polylactic acid (PLA) and/or polyglycolic acid [45]. 
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A major advantage of magnetic materials based on iron, for instance, is that they 
decompose easily inside the body. Their biocompatibility and rapid clearance are 
two major reasons why iron oxides have enjoyed increased popularity over the last 
years [46]. However, not every biodegradable material is necessarily biocompatible. 
In the case of nickel or cobalt, the products of the metals’ dissociation are highly 
toxic toward cellular functions, making these materials rather undesirable for bio-
medical applications [47, 48].

The biodegradability of an entire microswimmer has been realized in coating 
helically shaped microorganisms (Spirulina) with biodegradable iron oxide nanopar-
ticles [49–51]. Similarly, biodegradable polymers have been used to fabricate iron- 
oxide- containing artificial soft microswimmers by a number of methods [51–54]. 
The difficulty in all of these studies is that the magnetic loading is limited and the 
magnetic strength of the nanoparticles is also low, which results in weak magnetic 
moments and thus small torques. In contrast, FePt is a harder magnet with a far 
higher magnetization [43].

 3D Nanostructuring

Section 16.2 introduces GLAD as a promising method of generating three- 
dimensional nanoswimmers. As discussed in the previous subsection, other meth-
ods such as 2-Photon polymerization are also capable of producing similar, if bigger, 
structures. The method of fabrication limits which materials can be used. For 
instance, the hard magnet NdFeB cannot be evaporated using an electron beam or 
thermal evaporation making it unsuitable for fabrication via GLAD. 2-Photon 
polymerization, while suitable for the fabrication of some biodegradable polymeric 
propellers, can only accommodate a relatively small loading of magnetic powders, 
such as FeOx nanoparticles. Two photon polymerization cannot process more favor-
able metals with high magnetic remanence and coercivity. These typically have to 
be added in a subsequent processing step [55]. Direct incorporation of strong bio-
compatible magnetic materials is, however, possible with GLAD.

16.5.2  Magnetic Materials for Biomedical Applications

Nickel is cheap and has excellent deposition characteristics in PVD and has thus in 
the past been a material of choice for many early nanoswimmer applications [25, 
55]. However, similarly to cobalt, it is not ideal for biomedical applications since it 
shows toxicity and is chemically unstable in biological media [48].

Iron, on the other hand, is similarly inexpensive and can also be nanostructured 
via GLAD [25]. Its corrosion and degradation products are biocompatible and iron 
typically exhibits a high saturation magnetization of 1.6 T. The remanent magneti-
zation of pure iron is usually less impressive at the nanoscale (40 emu/cm3), and 
crucially iron’s coercive field of ~0.2 mT is low when compared to other hard 
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magnets like NdFeB’s 1.2 T [56, 57]. Iron oxides are typically soft magnets and are 
thus not ideal materials in order to realize large forces and torques. Additionally, 
FeOx species are difficult to nanostructure via PVD since carefully controlled post- 
processing steps are usually required to obtain the correct phase [58].

Combinations of multiple magnetic materials are also possible, at the expense of 
a more involved fabrication process, as demonstrated by Venugopalan et al. Here Fe 
is first deposited via GLAD or PVD, and solution processed annealed zinc ferrite 
coatings are subsequently incorporated. This process yields multimodal non- 
agglomerating nanopropellers that could double as magnetic hyperthermia 
agents [39].

Finally, NdFeB is probably one of the most widely used hard magnets. Since 
NdFeB is not stable in moisture, it typically has to be coated with a protective layer. 
In addition, NdFeB cannot easily be nanostructured using physical vapor deposi-
tion. However, there is an attractive processable, biocompatible hard magnet that is 
suitable for nanopropeller fabrication: iron platinum (FePt).

 FePt a Strong Magnetic Material for Nanodevices

The L10 phase of iron platinum has recently come into focus as a promising material 
for the construction of hard magnetic nanodevices due to a number of advantages 
over NdFeB [59]. L10 describes the face-centered tetragonal phase of a ~50:50 iron/
platinum alloy where iron and platinum positions are arranged in an alternating 
ABA fashion (Fig. 16.6 center) as opposed to a face-centered cubic phase. FePt has 
the highest recorded magnetic energy products of up to ~70 MGOe – the maximum 
magnetic energy storable in a material – and coercivities of up to 7 T that easily rival 
those of other conventional, typically Nd- or Sm-based hard magnets [59]. What 
makes this comparison especially interesting is the fact that FePt is completely rare- 
earth free. Due to the addition of the platinum and its effect on the iron’s electronic 
configuration, FePt also exhibits a significantly higher remanence than pure iron, 
despite exhibiting a lower saturation magnetization of 3.1 μB (2.7 μB from Fe and 
0.4 μB from Pt) [59]. While the merits of iron as a material for biomedical applica-
tions were already discussed, there is also precedence of platinum being used in this 
capacity. In addition, FePt can be processed without the need for inert gases, and it 
is unreactive and thus does not need to be coated with a protective layer [43, 59]. 
FePt is thus uniquely positioned to be a next-generation magnetic material for 
micro- and nanorobotic devices. L10 FePt nanoparticles smaller than 10 nanome-
ters are considered as superparamagnetic contrast agents for MRI. It is not cytotoxic 
and is therefore a prime candidate for applications in biomedical nano- and micro-
devices that can leverage these hard magnets’ unique combination of easy nano-
structuring, biocompatibility, and high magnetic moments [60].
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 Fabrication and Characterization of FePt Nanopropellers

Using GLAD, nanopropellers that use FePt instead of the standard Ni or Fe can be 
fabricated via a co-deposition of iron and platinum followed by an annealing step at 
680 °C to obtain the correct phase, fct L10. This phase transition can be observed 
both via XRD and SQUID magnetometry. The latter further reveals that L10 FePt as 
used in this shape exhibits a magnetic remanence of 333 emu/cm3, which rivals that 
of microstructured NdFeB (400  emu/cm3). Compared to Fe-based propellers of 
similar geometry, this is an eightfold increase in magnetic remanence [43].

Table 16.3 offers an overview of how nanostructured L10 FePt compares to other 
magnetic materials. The increased magnetic moments are also reflected in the maxi-
mum propulsion speeds for these propellers which reach up to 13 body lengths per 
second. Microswimmers’ typical propulsion behavior increasing speeds for higher 
magnetic fields and frequencies is observed up to the respective step-out frequen-
cies, where the propeller cannot follow the magnetic field.

 Biocompatibility Tests and Gene Delivery

Despite both major components in the microswimmers (FePt and SiO2) having indi-
vidually been deemed biocompatible, it is important to note that their combination 
in the form of the microswimmer also shows no detectable toxicity. Upon 

Fig. 16.6 L10 FePt (crystal structure in center) as a novel material for biomedical microswimmers. 
(a) The material can be 3D nanostructured via glancing angle deposition; (b) It is biocompatible 
(pictured are the results of a CellROX assay for reactive oxygen species.) and (c) It exhibits higher 
magnetic coercivity and remanence than previous materials Ni and Fe. (d) FePt-based microswim-
mers enable targeted active gene delivery in A549 cells. (Reproduced with permission [43]. 2020, 
Wiley VCH)
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incubation with multiple cell lines (HEK and A549), both the cell viability and reac-
tive oxygen species (ROS) assays confirmed that the FePt nanopropeller is fully 
biocompatible [43].

This in turn allowed for their biomedical application to deliver green fluorescent 
protein (GFP) encoding plasmids into A549 cells. FePt microswimmers enabled 
both the passive transport of the plasmids into the cell’s cytoplasm, which after an 
incubation time of 24 h started expressing GFP, and the active, i.e., targeted delivery.

16.6  Conclusion

In this chapter, we summarize some of the recent advances of magnetically driven 
micro-/nanopropellers for biomedical applications. We emphasize the challenges 
and new developments in the geometrical design, nano-fabrication, wireless actua-
tion, and the choice of biocompatible materials for these small-scale robots. Recent 
advances have focused on motility studies in organ models in vitro or in ex vivo 
animal organs. The next step is to test these micro-/nanorobotic systems in vivo and 
to demonstrate a useful biomedical application. The constraints given by the rela-
tively low torques that can be realized in laboratory magnetic systems calls for 
shape-optimized structures, with large magnetic moments that can also slip through 
the complex matrices found in real tissues and organs. Nanopropellers are thus 
promising for a truly minimally invasive nanomedicine of the future.
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Table 16.3 Comparison of magnetic materials for micro-/nanopropellers

Material Biocompatibility
Coercivity 
[T]

Magnetic 
remanence  
[emu/cm3] 3D nanostructuring

Ni No [47, 48] 0.01 [43] 11 [43] PVD [41, 63]
Co No [47, 48] 0.09 [64] 0.2 [65] PVD [66]
Fe Yes (concentration-

dependent) [67]
0.028[43] 40 [43] PVD [63]

FePt 
(680 °C)

Yes [43, 60] 1.3276 [43] 333 [43] PVD [43]

NdFeB – 1.2 (bulk) 
[57]

400 [43] –

Fe3O4 Yes [46] ~0 [68] ~0 [68] 2-Photon-
polymerization [52, 
53]
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