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Abstract

Robotic micromanipulation is a relatively young field. However, after three
decades of development and evolution, the fundamental physics; techniques
for sensing, actuation, and control; tool sets and systems; and, more impor-
tantly, a research community are now in place. This article reviews the fun-
damentals of robotic micromanipulation, including how micromanipulators
and end effectors are actuated and controlled, how remote physical fields
are utilized for micromanipulation, how visual servoing is implemented un-
der an optical microscope, how force is sensed and controlled at the micro-
and nanonewton levels, and the similarities and differences between robotic
manipulation at the micro- and macroscales. We also review representative
milestones over the past three decades and discuss potential future trends of
this field.
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1. INTRODUCTION

The invention of the microscope in the seventeenth century empowered humans to visualize the
previously unknown microworld and enabled the inception of micromanipulation—for instance,
the manual assembly of small parts by skilled watchmakers. It was not until the 1990s that intense
efforts to develop robotic micromanipulation technologies began, enabled by several different
developments: Robotic manipulation at the macroscale became more mature, the booming of mi-
crotechnologies (e.g., microfabrication) made it feasible to create precision tools for manipulating
small objects, and the need to perform precision manipulation tasks in many disciplines and indus-
tries required the replacement of manual operation with automated robotic micromanipulation.
Figure 1 shows an overview of robotic micromanipulation principles and systems. Micromanip-
ulation can be achieved with motor-driven micromanipulators or untethered physical fields (e.g.,
optical and magnetic fields) under optical microscopy imaging. These approaches have been used
to manipulate a multitude of objects, ranging in size from submicrometers to a few millimeters.

The past three decades have witnessed tremendous advances in robotic micromanipulation,
with some of the representative milestones shown in Figure 2 (for a more detailed list, seeTable 1
in Section 2). A robotic micromanipulator with six degrees of freedom (DOFs) was first developed
in the early 1990s (1). In the mid-1990s, scaling effects on micromanipulation (2, 3) and control
issues for micromanipulation (4–6) were reviewed. In 1999, fundamentals of robotic micromanip-
ulation using force fields were investigated (7), and in the early 2000s, robotic micromanipulation
techniques were developed for manipulating and characterizing biological cells (8). Since 2005, a
large number of mobile microrobots have been developed for micromanipulation tasks, embodied
as an artificial structure (9–12), a motile microorganism [e.g., a magnetotactic bacterium (13)], and
a biohybrid microswimmer (14). After 2010, the development of robotic micromanipulation sys-
tems became more targeted toward specific industry and clinical uses—for instance, to perform
robotic microassembly in industry (15) and precision robotic surgery or drug delivery (16–20),
with the ultimate goal of clinical deployment.

This article describes the fundamentals of robotic micromanipulation, reviews representative
major events over the past three decades, and discusses potential future trends of this field. Since
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Figure 1

Robotic micromanipulation principles and systems. A robotic micromanipulation system is built around an optical microscope.
Actuation is achieved by the use of micromanipulators or remote physical fields to manipulate micro-objects such as organelles (1 µm
and smaller), single cells (1–100 µm), microparts (100 µm–1 mm), and small organisms (approximately 1 mm). Acoustic image adapted
from Reference 74 with permission from the National Academy of Sciences.
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Figure 2 (Figure appears on preceding page)

Representative activities in robotic micromanipulation. (Left panels) Robotic micromanipulation using motorized micromanipulators.
(a) A micromanipulator with six degrees of freedom (DOFs) that uses piezoelectric actuators. Panel adapted from Reference 1 with
permission from IEEE. (b) Micromanipulation strategies utilizing scaling effects. Panel adapted from Reference 2 with permission from
IEEE. (c) A laser-based noncontact force sensor integrated into a microgripper for force-controlled grasping of micro-objects. Panel
adapted from Reference 112 with permission from IEEE. (d ) Microrobotic systems developed to manipulate and characterize
biological cells. Panel adapted from Reference 8 with permission from SAGE Publishing. (e) A contact detection method developed to
use computer vision microscopy during manipulation to determine the z coordinate under an optical microscope. Panel adapted from
Reference 100 with permission from SAGE Publishing. (f ) Robotic systems that target clinical infertility treatment. Panel adapted from
Reference 16 with permission from IEEE. (g) Robotic systems that target industrial microassembly. Panel adapted from Reference 15
with permission from Springer-Verlag. (h) Robotic micromanipulation for the assembly of thin 2-D crystals for new material
development. Panel adapted from Reference 149 with permission from Nature Publishing Group. (Right panels) Robotic
micromanipulation using noncontact fields. (i) Investigation of fundamentals of micromanipulation using programmable force fields.
Panel adapted from Reference 7 with permission from SAGE Publishing. ( j ) Synchronized micromanipulation of multiple objects
using laser trapping. Panel adapted from Reference 64 with permission from AIP Publishing. (k) A mobile microrobot actuated by
electrostatic force. Panel adapted from Reference 10 with permission from IEEE. (l ) A magnetic microrobot (fundamentals of magnetic
micromanipulation were also investigated around this time). Panel adapted from Reference 11 with permission from SAGE Publishing.
(m,n) Design and fabrication of artificial helical magnetic microswimmers. Panels m and n adapted from References 59 and 12 with
permission from AIP Publishing and the American Chemical Society, respectively. (o) A motile sperm (providing propulsion) combined
with a magnetic microtube (providing steering) to form a biohybrid microswimmer. Panel adapted from Reference 14 with permission
from Wiley. (p) Drug delivery into the hypoxic region of a tumor inside a mouse using biohybrid microrobots. Panel adapted from
Reference 18 with permission from Nature Publishing Group. (q) Control of a submicrometer magnetic bead inside a single cell for
intracellular navigation and measurement. Panel adapted from Reference 56 with permission from IEEE.

the scaling of physical laws (21, 22) and the manipulation of nanoscale objects (i.e., nanomanipu-
lation) have been extensively reviewed elsewhere (23–25), we do not discuss these topics. Instead,
we focus on how micromanipulators and end effectors are actuated and controlled, how remote
physical fields are utilized for micromanipulation, how visual servoing is implemented under an
optical microscope, how force is sensed and controlled at the micro- and nanonewton levels, and
similarities and differences between robotic manipulation at the micro- and macroscales.We also
discuss representative applications and discoveries enabled by robotic micromanipulation.

2. ROBOTIC MICROMANIPULATORS AND END EFFECTORS

Micromanipulation demands micromanipulators with a submicrometer positioning resolution
and a motion range of a few millimeters. This positioning resolution and motion range are nec-
essary to manipulate objects with characteristic dimensions of micrometers and to cover a field
of view under optical microscopy that is a few square millimeters or smaller. Micromanipulators
driven by DCmotors are closed-loop controlled with encoder feedback and can provide a repeat-
able positioning resolution and accuracy of 0.1 µm and motion ranges of up to a few centimeters.
Although commercial stepper-motor-driven micromanipulators have a claimed positioning reso-
lution of 0.02–0.05µm, this is based on the theoretical positioning resolution ofmicrostepping and
is not repeatable in practice due to step loss and backlash. Piezo-driven manipulators can achieve
a higher positioning resolution of nanometers but are less commonly used than DC-motor- and
stepper-motor-driven micromanipulators for robotic micromanipulation since the imaging reso-
lution of optical microscopy is typically approximately 0.2 µm, a limitation imposed by the diffrac-
tion limit of light.

These high-resolution motors form prismatic joints to provide translational motion, whereas
revolute joints are not often built in micromanipulators. Since microscopes have a limited field
of view and depth of field, rotation-induced translation can easily move the end effector out of
the field of view and/or out of focus. With only prismatic joints, most micromanipulators are
Cartesian manipulators with three prismatic joints connected in serial and orthogonal to each
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Table 1 Summary of representative milestones in robotic micromanipulation

Year Milestone Reference(s)
1991 Robotic micromanipulator with six degrees of freedom 1

1995 Reviews of the scaling effects of physical laws on micromanipulation 2, 3

1997 Review of control issues in micromanipulation 4

1998 Additional reviews of control issues in micromanipulation 5, 6
Force-controlled robotic micromanipulation 112

1999 Robotic parallel microassembly using programmable force fields 7

2000 Microassembly station with mobile piezoelectric microrobots 117

2002 Robotic cell manipulation 8

2004 Synchronized micromanipulation of multiple objects using laser trapping 64

2006 Microelectromechanical-system electrostatic mobile microrobots 10
Mobile microrobots using magnetic fields 11
On-chip micromanipulation and assembly of colloidal particles by electric fields 78

2007 Contact detection for determining z coordinates in micromanipulation 100

2009 Design and fabrication of an artificial bacterial flagellum 12, 59

2010 Hybrid microassembly combining robotic pick and place and capillary self-alignment 96
OctoMag electromagnetic system 52

2011 Clinical robotic cell surgery for in vitro fertilization 16
3-D assembly of microscale hydrogels 125

2013 Robotic microassembly systems for industry use 15
Magnetically navigated catheter in cardiac electrophysiology procedures 139
MicroStressBots driven by electrostatic forces 123

2014 Robot cell manipulation for drug testing 135
Protein harvesting with a rolling microrobot 83
Assembly of cell-encapsulating hydrogels 126
In vivo wireless biopsy using a magnetically actuated soft capsule endoscope 138
Magnetic microrobots with in situ force-sensing capabilities 109

2016 3-D acoustic tweezers for cell manipulation 74
Drug delivery into the hypoxic region of a tumor inside a mouse using biohybrid microrobots 18

2017 In vivo micromanipulation of single cells using an optical field 69

2018 Magnetic swarm control for hyperthermia treatment of cancer cells 62
Navigation of a submicrometer magnetic bead inside a single cell for robotic intracellular

manipulation
56

other. An additional tilt axis is sometimes added to form a four-DOF micromanipulator. The tilt
axis is redundant to the x and z axes but can help avoid synchronization issues in the simultaneous
control of the two axes, especially for biological applications, such as microinjection (26) and patch
clamp (27), where the motion of the end effector mounted on the tilt axis needs to be fast and
accurately controlled.

For kinematics, having fewer DOFs of micromanipulators reduces the dimension of the trans-
formation matrix that relates the positions of the end effector and the joints. Solving kinematics
without rotational DOFs does not involve trigonometric equations, which may rely on iterative
solving. A lack of rotational DOFs also means that there is no singularity in the micromanipu-
lator’s workspace because the Jacobian matrix is of full rank. Because the workspace of Cartesian

www.annualreviews.org • Robotic Micromanipulation 185
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micromanipulators is cubic, it is easy to adjust the manipulator workspace to cover the field of view
of the microscope. Furthermore, the inverse Jacobian matrix for the translational micromanipu-
lators can be directly computed using the full-rank Jacobian matrix instead of the pseudoinverse
matrix (28). Generally, the Jacobian matrix of Cartesian micromanipulators is a diagonal matrix,
and the position of the end effector can be directly controlled by moving each independent axis
of the micromanipulator.

End effectors are tools mounted on amicromanipulator to interact with micro-objects for tasks
such as pick and place. Microgrippers and single-ended probes [e.g., micropipettes and atomic
force microscopy (AFM) probes] are typical end effectors used in robotic micromanipulation.Mi-
crogrippers have finger openings that typically range from several micrometers to a few hundred
micrometers. Their grasping motion is generated by electrostatic actuators (29), piezoelectric ac-
tuators (30), electrothermal actuators (31), or shape memory alloys (32). These microactuators
have small motion ranges of a few micrometers, which can be increased by employing amplifica-
tion mechanisms (30, 33). The amplification mechanisms consist of multiple links connected by
either rotating joints or flexure hinges. For kinematic modeling of compliant flexures, a pseudo-
rigid-body model is often used in which a flexure hinge is approximated as a rigid U joint and
torsional springs (34). The pseudo-rigid-body model, however, considers only the compliance of
flexures in their moving directions and cannot be used for full kinematic analysis. To analyze the
kinematics of flexures, a compliance matrix with 6-D compliance, including tension and bending,
can be used (35). More detailed information on microgrippers can be found in reviews by Yang &
Xu (36) and Verotti et al. (37).

Micropipettes are standard single-ended probes that are conventionally used in life sciences and
widely used in roboticmicromanipulation.They are commercially available and can also be custom
fabricated by laser-pulling a glass tube or a solid glass rod into a small tip with a diameter ranging
from submicrometers to a few hundred micrometers. Micropipettes are usually connected to a
pneumatic or hydraulic pump to control the pressure at the micropipette tip for extraction (38),
translocation (39), and characterization (40) of micro-objects. Multiple micropipettes can also be
cooperatively controlled for more complex manipulation tasks (41). Commercially available AFM
probes are also often used in robotic micromanipulation.These probes can be used as end effectors
without sensing functions, or the position of the probe and the force that the probe applies to the
object being manipulated can be accurately sensed and controlled (42, 43).With modifications to
standard AFM probes, specialized probes have also been developed by etching hollow channels
for force-controlled micromanipulation and fluid delivery (44).

Compared with micropipettes and AFM probes, microgrippers offer more flexibility for mi-
cromanipulation. All grasping fingers can be simultaneously actuated with only one DOF, or each
finger can be independently actuated with one or two DOFs (15). Microgrippers can also be in-
tegrated with position and/or force sensors, allowing the position of the gripping fingers and the
grasping force to be accurately controlled in closed loop (for more details on force control, see
Section 4). However, releasing a micro-object using microgrippers is more complex than using
single-ended probes. To facilitate object release, additional actuators can be integrated into the
microgripper to provide impact forces (45), or a liquid bridge (droplet) can be introduced be-
tween the gripping finger and the object. The thickness of the liquid bridge can be adjusted via
electrowetting (46) or temperature control (47) to achieve gripping or object release.

3. FIELD-DRIVEN MICROMANIPULATION

In field-driven micromanipulation, the mechanically connected manipulator joints are replaced
with components generating an actuation field, such as a magnetic, optical, acoustic, electric,
or fluidic field. The end effector is not mechanically tethered to the manipulator; instead, it is
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Figure 3

Field-driven micromanipulation strategies. (Top left panels) Magnetic micromanipulation. (a) Magnetic helical swimmer fabricated from
self-rolled semiconductive layers. Panel adapted from Reference 59 with permission from AIP Publishing. (b) Fluorescence image of
nanoparticles-coated Spirulina platensis as a biodegradable helical swimmer. Panel adapted from Reference 19 with permission from the
American Association for the Advancement of Science. (c–e) Scanning electron microscopy image (panel c) and schematic (panel d ) of a
gold–nickel–gold segmented nanowire, along with the magnetic actuation of the segmented nanowire (panel e). Panels adapted from
Reference 57 with permission from the Royal Society of Chemistry. (f,g) A multipole magnetic tweezer device integrated with a
confocal microscope (panel f ) and the imaging and illumination light paths (panel g). Panels adapted from Reference 56 with
permission from IEEE. (Top center panels) Optical micromanipulation. (h) In vivo manipulation of individual biological cells inside a
zebrafish using optical tweezers. Panel adapted from Reference 69 with permission from IEEE. (i) Schematic of an
optical-tweezers-based assay for measuring the force on RNA polymerase during DNA transcription. Panel adapted from Reference 68
with permission from Cell Press. (Top right panels) Acoustic micromanipulation. ( j ) Acoustic field around a particle in 3-D acoustic
tweezers. Panel adapted from Reference 74 with permission from the National Academy of Sciences. (k) Schematic illustration of an
acoustic tweezer device for cell separation. Panel adapted from Reference 75 with permission from the National Academy of Sciences.
(Bottom left panels) Electric micromanipulation. (l) Schematic of a microfabricated dielectrophoretic (DEP) device for particle and cell
manipulation. Panel adapted from Reference 79 with permission from the Royal Society of Chemistry. (m) A single suspended bead
trapped and manipulated inside the DEP device. Panel adapted from Reference 79 with permission from the Royal Society of
Chemistry. (Bottom right panels) Fluidic micromanipulation. (n) Schematic of trapping and transportation using a fluid vortex induced by
oscillation of a single piezoelectric actuator. Panel adapted from Reference 82 with permission from MDPI. (o) Protein crystal
harvesting using fluid vortices created by a rolling microrobot. Panel adapted from Reference 83 with permission from Elsevier.

often a mobile microrobot itself [e.g., an untethered microgripper (48, 49)] or the field itself (see
Figure 3).

3.1. Magnetic Micromanipulation

Magnetic micromanipulation, which has the advantages of untethered control and high preci-
sion, has undergone significant advances in the last decade. When a magnetic object is placed
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in a magnetic field, it is subjected to a magnetic force and/or a magnetic torque. Magnetic mi-
cromanipulation can be categorized into gradient-based micromanipulation and torque-based
micromanipulation.

3.1.1. Gradient-based manipulation. The magnetic force F exerted on a magnetic object
is F = m∇B, where B is the external magnetic field and m is the magnetic dipole moment of
the object. The object with the magnetic dipole, either induced or permanent, is subject to a
magnetic force when the magnetic gradient ∇B exists. The magnetic gradient can be generated
by electromagnetic coils or permanent magnets. Electromagnetic coils generate a controllable
magnetic gradient field when an electric current is applied to them, which is then used to exert
forces on the magnetic object. For example, in the multipole magnetic tweezer system (50), a con-
trollable gradient field is generated near the pole tips. The current in each coil can be controlled
in order to generate a high magnetic gradient (∼50 T/m) that can then be used to position a
5-µmmagnetic bead in 3-D. Other well-known systems utilizing electromagnetic coils, including
magnetic resonance imaging (MRI)–based systems (51), OctoMag (52), and MiniMag (53), were
also designed to generate a magnetic gradient in the workspace by controlling the current in
each coil. Permanent magnetic systems have the advantages of low heat generation and a strong
field, in which the positions and/or directions of the permanent magnets are controlled to create
an inhomogeneous magnetic field flux and thus a magnetic gradient. For example, Ryan & Diller
(54) designed a rotatory permanent magnet system to control the moment direction of eight
permanent magnets and created a controllable magnetic gradient field of up to 2 T/m in order to
position a submillimeter object in three dimensions. With gradient-generated forces, devices in
the size range of centimeters to submillimeters have been actuated to perform imaging, biopsies,
and surgery inside organs (e.g., the stomach, ear, and eye) (52), serve as controllable valves in mi-
crofluidic channels (55), and navigate a microdevice inside a mouse embryo for measurement (50).

However, when the object to manipulate is scaled down to microscales and below, gradient-
generated forces become as small as a few piconewtons. According to the scaling law, the magnetic
force scales with the magnetic moment and decreases with the third power of the object’s size.
Therefore, to generate a force of tens of piconewtons and greater for micromanipulation and
measurement, magnetic coils (or their magnetic poles) must be placed sufficiently close to the
manipulated object since themagnetic gradient scales by a factor of four with the distance between
the magnetic coils and the object to manipulate. For instance,Wang et al. (56) were able to exert a
force as large as 60 pNon a 0.7-µmmagnetic bead in a small workspace of 40µm× 40µm× 20µm
to perform mechanical measurements inside a cell.

3.1.2. Torque-based manipulation. The magnetic torqueT is exerted on the magnetic dipole
as T = m × B. The magnetic torque causes a magnetic object to rotate until the direction of the
dipole is aligned with the magnetic field. Through the magnetic torque, a time-variant magnetic
field can rotate a magnetic object on a 2-D surface or propel a helical microswimmer in 3-D space.
When magnetic torque is used to actuate a magnetic object to rotate on a 2-D surface, the object
is called a surface walker or surface roller (57). These surface walkers are usually (but not always)
wire-shaped objects and rotate about their short axes because of the magnetic shape anisotropy—
i.e., high-aspect-ratio shapes (long rods and wires) are preferentially magnetized along the long
axis. When the roller is sufficiently heavy and rolls on the surface, the friction between the roller
and the surface moves the object forward. For example, a dumbbell surface walker was made by
assembling a nickel nanowire to two polymer microbeads; through the application of rotating
magnetic fields, the walker generated vortices that were used for micro-object transportation (58).
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Magnetic torque has also been used to propel helical magnetic objects in 3-D. Inspired by the
bacterial flagellum, Zhang et al. (59) designed and fabricated a helical magnetic microswimmer
(Figure 3a). The helical microrobot has a magnetic head and a helical tail that rotates around
its helical axis under a rotating magnetic field to move forward or backward in the direction per-
pendicular to the plane of rotation. As the torque depends on the magnitude of the magnetic flux
density B (in contrast to a force that depends on the gradient of B), the torque is easier to generate
by a strong magnetic field, for example, using Helmholtz coils. Due to the large output of torque
generation and its convenience of application to swarm control using a large magnetic flux density,
the helical microswimmers actuated by rotatory magnetic fields have shown great promise in drug
delivery (60), gene delivery (61), and cell delivery (62). Loaded with stimulus-responsive agents
(e.g., liposomes or bacteria), these microrobots can perform smart delivery in response to pH
or temperature changes (18). Yan et al. (19) navigated a swarm of helical swimmers, constructed
by coating magnetic nanoparticles onto the surface of helical-shaped biodegradable Spirulina
platensis, in the peritoneal cavity of a mouse.

The magnetic gradient and torque can also be used together for micromanipulation.The mag-
netic gradient, which generates controllable but limited forces, can be used to position a magnetic
object for locomotion, while magnetic torque can be exerted on the object to rotate it or induce
shape changes for actuation or grasping. For example, Zhang et al. (63) assembled multipole mi-
croscale bricks with different magnetic moment directions to form a base–arm–finger structure
for grasping micro-objects. They used a magnetic gradient to navigate the assembled device close
to a target, then used magnetic torque to induce conformational shape changes in the structure to
generate a grasping motion.

3.2. Optical Micromanipulation

Optical micromanipulation has been applied to many areas, including microassembly, biophysical
characterization, and cell manipulation. It utilizes the optical field created by focused laser beams.
When laser beams create a highly focused optical field near the object being manipulated (e.g., a
microparticle), gradient force and scattering force are generated. The gradient force stems from
the intensity gradient of the electric field of the focused laser beams, and the scattering force results
from the optical momentum of the light transferred to the particle. The balance between these
two forces results in an equilibrium point near the focus location.Optical micromanipulation uses
visual feedback to control the position of the equilibrium point and manipulate trapped objects
in 3-D. Arai et al. (64) developed synchronized optical micromanipulation strategies in which the
laser scanning patterns of a single laser are varied to control multiple targets independently.

Based on visual servoing and optical tweezers’ ability to rapidly generate high-resolution forces
(at the piconewton level), robotic optical micromanipulation has been applied to sort and transport
cells (Figure 3h). The target cells, including yeast cells (65), live sperm cells (66), and embryonic
stem cells (67), are trapped by the optical field and manipulated to designated locations. The force
generated by laser tweezers is typically on the scale of piconewtons. While such forces are large
enough to sort and transport cells and molecules (68) (Figure 3i), they are limited for applications
such as cell mechanics and tissue engineering, where nanonewton forces are often required for
mechanical measurement or stimulation. Increasing the laser power can further increase the force
but can also damage the object being manipulated.

Considering the low force output, Brownian motion and thermal disturbances pose challenges
to robotic optical micromanipulation. Significant efforts have beenmade to develop control, track-
ing, and planning methods for high-precision sorting and transportation of micro-objects. For
instance, a disturbance compensation controller (69), stochastic path planning (70), and modified
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A* path planning (71) were developed for transporting cells inside tissue to compensate for force
disturbances caused by Brownian motion and blood flow.

3.3. Acoustic Micromanipulation

Acoustic micromanipulation, which is a dynamic and noninvasive technique, manipulates a spec-
imen using sound waves. Interdigital transducers deposited on a piezoelectric substrate convert
electric signals to surface acoustic waves by generating periodically distributed mechanical forces.
The objects being manipulated are pushed to either acoustic pressure nodes (minimum-pressure
regions) or pressure antinodes (maximum-pressure regions), depending on the density and com-
pressibility of the object, as shown in Figure 3j. Micromanipulation of objects using sound waves
is achieved by controlling the positions of pressure nodes (72).

Acoustic waves or acoustic tweezers have been used to trap and manipulate microscale particles
and biological cells without direct contact, which has important applications in biology, chemistry,
engineering, and medicine (73). Piezoelectric transducers are often integrated into microfluidic
devices for high-throughput cell sorting and assembly, as shown in Figure 3j (74). Viruses and
circulating tumor cells have also been purified from blood using acoustic tweezers for diagnostic
applications, as shown in Figure 3k (75), and cells have been assembled using acoustic tweezers
inside a microfluidic chip to create engineered tissues (76). Compared with optical tweezers and
magnetic tweezers, which generate a local field to manipulate a single object, acoustic tweezers
are advantageous in swarm control because the acoustic wave has multiple pressure nodes to trap
the objects to manipulate. Additionally, acoustic tweezers have a large force output (e.g., 150 pN
on particles smaller than 5 µm) compared with magnetic tweezers and optical tweezers (which
typically generate forces of approximately 50 pN and 10 pN, respectively, on a particle of the
same size) (77). To manipulate submicrometer objects, the acoustic waves generated by integrated
transducers must have a wavelength comparable to the size of the objects.

3.4. Electric Micromanipulation

Microparticles suspended in fluids respond to AC and DC electric fields through several mech-
anisms. When a DC field is applied to polarizable particles, the charged particles move toward
oppositely charged electrodes by electrophoresis. When an AC field is applied, the electric field
exerts a dielectrophoretic force on the particles. Particles of a few nanometers to tens of microme-
ters can be manipulated by controlling the field strength, frequency, and electrode geometries. In
addition to direct electric force applied to the micro- and nanoparticles, DC or AC electrokinetics
may drive liquid flows inside the workspace and further lead to the transportation and redistribu-
tion of the suspended particles. Electric micromanipulation, through either an AC or DC elec-
tric field, has been used for microassembly of nanoparticles and nanowires (78), measurement of
single-cell mechanics (Figure 3l), microbead manipulation (79) (Figure 3m), and DNA analysis
(80). However, the electric force applied to the manipulated targets strongly depends on the elec-
trical properties of the medium and the size, shape, and electrical properties of the target particles
(79). Recent advances in optical dielectrophoresis synergistically leverage both optical and elec-
tric fields and use a light intensity approximately 1,000 times less than that of traditional optical
tweezers for programmable and less invasive micromanipulation (81).

3.5. Fluidic Micromanipulation

For fluidic micromanipulation, a fluidic field can be generated by oscillating piezoelectric actua-
tors, rotating amagnetic rod-shapedmicrorobot, or controlling the flow rate inside amicropipette.
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Micromanipulation task High-level
controller

Encoder/current/voltage feedback

• Automatically
• Manually

• End effector
• Mobile microrobot
• Manipulated object

Low-level
controller Actuator Target

• Micromanipulator
   joints
• Actuation fields

Task
planning

Sensor
fusion

Visual feedback

Force feedback

• Capacitive
• Piezoresistive

• Bright field
• Phase contrast
• Confocal

Optical
microscope

Force
sensor

• Differential
   interference
   contrast

• Piezoelectric
• Vision based

Figure 4

Control architecture in robotic micromanipulation, in which the micromanipulation task is either automatically planned with a task
planner or manually planned with human input. A high-level controller receives visual and/or force feedback and computes the desired
input for the actuator (e.g., desired motor velocity or desired current for magnetic micromanipulation). A low-level controller receives
sensor feedback from the actuator (e.g., encoder position feedback) and controls the actuator to follow the desired input.

For instance, fluid vortices were created by oscillating a micropipette connected to a piezoelectric
actuator to trap and transport 100-µm beads (Figure 3n) (82), a rod-shaped microrobot was con-
trolled by using a rotating magnetic field and visual servoing to generate vortices to manipulate
protein crystals (Figure 3o) (83), and fluidic flow was controlled in a micropipette for rotating
(84), transporting, and depositing (85) biological cells. Quantifying and controlling the fluidic
force exerted on the target object during manipulation can be challenging due to the difficulty of
accurately modeling fluid dynamics.

4. CONTROL

Vision, force, and position are the most common modalities of feedback in robotic micromanip-
ulation. Figure 4 shows a general control diagram; this section discusses how visual and force
feedback is obtained in robotic micromanipulation and how the high-level controller in this ar-
chitecture is designed.

4.1. Visual Servoing

Optical microscopes provide high-resolution (up to ∼0.2 µm), small-field-of-view (smaller than
a few square millimeters), and low-depth-of-field (less than tens of micrometers) visual feedback.
Visual servoing with computer vision microscopy feedback aims to minimize the error between
the features s(t ) extracted frommicroscopy images and the desired features s∗.The typical features
s(t ) are the image coordinates of the centroid of the servoed object, which can be an end effector, a
mobile microrobot, or an object to manipulate. The classical proportional controller (86) assumes
an exponential decrease of the error, v = −λL+

s [s(t ) − s∗], where v is the controller output, λ is
the controller gain, and L+

s is the pseudoinverse of the interaction matrix Ls (also called the image
Jacobian matrix). Ls relates the velocity of the servoed object in the global Cartesian space to the
velocity of the same object in the image space.

With the camera fixed on the microscope, visual servoing under microscopes almost always
uses an eye-to-hand configuration. In this configuration, the controller output v is the velocity
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of the servoed object with respect to the camera’s coordinate frame. For visual servoing of a mo-
torized micromanipulator, the controller output v is a set of velocities of the manipulator joints
that directly change the velocity of the end effector. For field-driven micromanipulation without
manipulator joints, the velocity of the microrobot or manipulated object is indirectly adjusted by
changing the current or voltage that controls the field. Hence, the controller should additionally
include the dynamics model that correlates the velocity of the microrobot or the manipulated
object with the current or voltage controlling the field (50, 87).

The magnifications of a microscope require modifications to the interaction matrix Ls. A zoom
factor, defined as the ratio between the objective lens’s focal length and the tube lens’s focal length,
can be added to the interactionmatrix (88). Alternatively, the focal lengths of the objective lens and
the tube lens can be added as two additional dimensions to the interactionmatrix (89).The limited
depth of field of a microscope only allows viewing a single plane perpendicular to the optical
axis. Attention needs to be paid to avoid choosing coplanar image features, as they may cause
singularities in the interactionmatrix (90).To calibrate the interactionmatrix,Zhou&Nelson (91)
fabricated planar calibration patterns on a glass slide and applied iterative single-plane calibration
methods, using parameters (e.g., focal length) provided by microscope manufacturers as initial
values.Ammi et al. (92) generated virtual calibration patterns by using amicromanipulator tomove
an end effector tip in 3-D space. They estimated the interaction matrix using the 3-D coordinates
obtained from the micromanipulator.

The microscope imaging mode must also be considered when obtaining visual feedback s(t ).
For bright-field images, general computer vision algorithms can be readily used for noise reduc-
tion, image segmentation, feature extraction, and target tracking.Contrast imagingmodes, such as
phase-contrast microscopy and differential interference contrast microscopy, use polarized light
illumination to convert the difference in optical path lengths into image intensity to enhance con-
trast but also cause halo or side illumination effects (93). These effects lead to inhomogeneous
image intensity, which must be accounted for before image segmentation algorithms can be ap-
plied. For instance, the Hilbert algorithm transforms an image into the frequency domain and
reverses the sign of the components with negative frequencies to remove the inhomogeneity in
image intensity (94). TheWiener filtering algorithm can also be applied to deconvolute the image
with the point-spread function (i.e., the spatial domain version of the optical transfer function) of
the contrast imaging modes (95).

To obtain depth information along the z axis, confocal microscopy can be used to scan images
along the z axis to provide image stacks, or a second microscope can be added for imaging from
the side (96, 97).Micromanipulation under confocal microscopes, however, requires fluorescently
labeling both the end effector or microrobot and the manipulated object for clear visualization
(56, 98). Laser scanning confocal microscopes usually have a low bandwidth (e.g., less than 10
frames per second). A higher bandwidth of a few hundred frames per second can be obtained using
spinning-disk confocal microscopes, but with the sacrifice of worse imaging resolution along the
z axis and higher background noise than those obtained by laser scanning confocal microscopes
(99).

Regular microscopy vision feedback can also be used during micromanipulation to estimate
depth information. For example, when an end effector is lowered along the z axis, once the
contact between the end-effector tip and the substrate or manipulated object is established, the
contact can be visually detected based on the change in the motion of the end-effector tip (100)
or the deformation of the contacted object (101). This vision-based contact detection method
can achieve an accuracy of 0.2 µm but requires multiple frames of images to accurately determine
a reference z coordinate of the substrate or the manipulated object (100). Once the reference
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z coordinate is set, the depth can be obtained in real time by subtracting it from the current z
coordinate of the micromanipulator.

Vision algorithms have also been developed to directly calculate depth information from mi-
croscopy images. Most of these algorithms use the focus–defocus method to estimate the relative
z coordinate between the current focal plane and a reference plane (102), with images of the
manipulated object or end effector at different focal planes stored as a reference library (103).
The position and pose of the end effector can also be estimated when a priori knowledge [e.g., the
computer-aided design (CAD)model of an object] is available (104, 105). In general, focus–defocus
approaches are sensitive to the microscope’s illumination conditions and the focus algorithm se-
lection. The resolution of focus–defocus approaches is limited by the axial resolution (i.e., the
depth of field) of the microscope. For instance, using a 20× objective lens with a typical numerical
aperture of 0.4, two objects with a z coordinate difference of 5.8 µm are both in focus in images
and cannot be differentiated.

Besides the classical proportional controller, more sophisticated controllers have also been de-
veloped for different robotic micromanipulation tasks. For the visual servoing of a moving object,
Zhang et al. (106) added a feedforward compensator in the high-level controller (Figure 4) to
compensate for the movement of the object. Leung et al. (84) developed controllers to switch
between in-plane (x–y axes) control and out-of-plane (z axis) control. To position multiple ob-
jects in a micropipette using fluidic fields, Zhang et al. (85) developed an optimal controller to
minimize the volume of the excess medium aspirated together with the object. For simultaneous
visual servoing of multiple magnetic objects, Diller et al. (107) modeled the dynamics, including
the interaction between multiple magnetic objects, and integrated them into the controller.

4.2. Force Sensing and Control

For closed-loop force-controlled micromanipulation (Figure 4), force sensors are integrated into
the micromanipulator, end effector, or mobile microrobots. In robotic micromanipulation, force
sensors are used tomeasure forces typically at the level of micronewtons and below. Several micro-
force sensors based on capacitive, piezoresistive, and piezoelectric principles have been developed
(108). Compared with macroscale force sensors, which can be easily mounted to a robotic arm, it
is more difficult to integrate microforce sensors into a micromanipulator, end effector, or micro-
robot. For example, piezoresistive or piezoelectric microforce sensors must be carefully mounted
(e.g., glued), to predefined positions along proper orientations in the micromanipulation system
(108). When the mechanical properties of a microstructure are known, vision can be used to es-
timate force information. Jing & Cappelleri (109) integrated a microbeam with calibrated low
stiffness (0.01 N/m) into a magnetic microrobot and calculated the force applied by the micro-
robot by visually measuring the deformation of the microbeam.

In most field-driven micromanipulation, however, it is difficult to integrate force sensors into
themobile microrobot. Instead, the relationship between the applied force and the current or volt-
age used to control the field can be theoretically calculated and experimentally calibrated (50, 110).
For instance, in gradient-based magnetic micromanipulation, the force exerted on the microrobot
can be calculated by using its dipole moment m and the gradient of the external magnetic field
(∇B). In optical micromanipulation, there are at least two models for force prediction depending
on the size of the trapped particle and the wavelength of the trapping light. For objects that are sig-
nificantly smaller than the wavelength of light, the conditions for Rayleigh scattering are satisfied,
and the particle can be manipulated as a point dipole in an inhomogeneous electromagnetic field.
Accordingly, the force applied to the trapped particle is calculated as the Lorentz force. For ob-
jects that are much larger than the laser’s wavelength [e.g., biological cells of tens of micrometers
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compared with a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser with wavelength
of 1,064 nm], the force can be calculated with the ray-optics model (87). In a simplified model for
cell manipulation with optical tweezers, the trapping force is often considered proportional to the
distance between the cell and the laser when the cell is close to the laser beam (110).

One common goal of closed-loop force control in micromanipulation is to reduce the impact
force at the tip of a probe or to control the force applied to themanipulated object. In impact-force
control, one typical solution is to design a hybrid controller that seamlessly switches between posi-
tion control and force control, with feedback from position sensors (e.g., encoders) andmicroforce
sensors (111).The hybrid control system first controls the speed and position of a micromanipula-
tor until the end effector is close to the target object, which can be identified by visually detecting
the presence and motion of the end effector in the microscope’s field of view, and then switches
to force control until the desired impact force is achieved. This switching control approach has
been demonstrated to be effective for controlling the impact force and protecting the fragile end
effector and target object in micromanipulation (112). To control the microforce applied to the
target object, the system characteristics need to be analyzed and integrated in the force controller.
For example, Dario (113) obtained the frequency response for both the idle (i.e., not grasping)
and grasping phases for force-controlled micromanipulation. In robotic cell manipulation, force–
position relationships derived from cell mechanics can be used to control the out-of-plane position
of the end effectors by utilizing an impedance controller to maintain the manipulation force at a
desired level (114).

Force control is also crucial for providing haptic feedback in teleoperated micromanipulation,
where a master human–robot interface is used to operate a slave microrobot. In the master–slave
system architecture, the critical problem is to properly scale the positions from the master end to
the microscale and scale up the contact forces in the microworld to provide feedback to the opera-
tor. Ideally, the teleoperated system should provide a geometric similarity and dynamic similarity,
and the operator should be able to control the slave robot with minimal distortion of informa-
tion.One method to achieve this goal is to use an impedance controller to remodel the microscale
environment (115). A limitation of impedance control is that the force feedback to the master is
calculated from the velocity and acceleration with a simple mass-spring model of the slave system.
The simplified dynamic models may not be accurate since the dominating forces (e.g., van der
Waals forces and capillary forces) at the microscale are complex and nonlinear. In teleoperation
with optical tweezers, forces are often measured by high-speed video cameras and then scaled up
from the piconewton level to the newton level in order to provide a sensation through the haptic
interface (116).

5. SUMMARY AND OUTLOOK

Table 1 summarizes major milestones in robotic micromanipulation in chronological order. The
use of robotic micromanipulation for microassembly dates back to the 1990s. Fatikow et al. (117)
and Yang et al. (118) used robotic microassembly for the 3-D integration of heterogeneous com-
ponents to construct miniaturized devices. Since serial assembly via robotic pick and place suf-
fered from low assembly efficiency, and most micromanipulation systems were developed for a
specific task and lacked the versatility to assemble disparate micro-objects, parallel microassem-
bly was developed for increased throughput. Adhesion-based transfer printing using an elastomer
stamp enabled the assembly of diverse materials, such as silicon and graphene, with a through-
put of millions of objects per hour (119). Parallel arrays of nanowires and carbon nanotubes were
deterministically positioned to construct sensors and transistors (120). The integration of trans-
fer printing with robotics has potential for parallel assembly with high efficiency and accuracy.
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Another parallel microassembly approach is to use micromachined cavities, electrostatic traps, or
capillary force for self-assembly (121). Capillary-force-driven self-assembly was developed for the
assembly of piezoelectric actuators and for self-transport and self-alignment of microchips (122).
A swarm of microrobots has also been magnetically controlled for programmable 3-D assembly of
microparts (48, 123). To control the microrobots individually for distributed operation, different
magnetic forces were exerted on each geometrically or magnetically distinct microrobot. Control
strategies for autonomous planning and cooperative assembly are necessary to unleash the full
potential of multiple microrobots. Besides microassembly for device construction, 3-D cellular
structures have been assembled for tissue engineering applications. For instance, vasculature-like
microtubes were robotically assembled for nutrient delivery (124), and cell-encapsulating hydro-
gels were assembled into biological constructs by untethered magnetic microrobots (125, 126).

Since the early 2000s, robotic micromanipulation techniques have been developed for manip-
ulating biological cells (8). Mechanical characterization of single cells has been enabled by micro-
force sensors (127, 128) and force-feedback microgrippers (129). Several control strategies were
developed to accurately position micropipettes and control force interactions with cells during
cell manipulation, including switching impedance control (130), sliding mode control (131), and
adaptive control (132). Around 2010, robotic intracytoplasmic sperm injection was invented for
clinical in vitro fertilization (16), representing the first effort to pursue clinical robotic surgery at
the cellular level (i.e., robotic cell surgery). Robotic cell manipulation techniques were also devel-
oped for manipulating adherent cells (133, 134). A robotic adherent cell manipulation system was
created for measuring cell–cell communication on large-scale samples (thousands of cells versus
tens of cells in manual operation) with a success rate higher than 95% (26). The technology was
used for testing drug efficacy in pursuit of cardiac arrhythmia treatment (135).

More recently, the era of robotic intracellular manipulation and measurement began.The abil-
ity to directly interrogate intracellular structures inside a single cell for measurement and ma-
nipulation has significant implications for understanding subcellular and suborganelle activities,
diagnosing diseases, and developing new therapeutic approaches (136). Wang et al. (56) three-
dimensionally positioned a submicrometer magnetic bead in a cell using a generalized predictive
controller. The system was also capable of three-dimensionally applying a force of up to 60 pN
with a resolution of 4 pN. The submicrometer bead was magnetically controlled to move from an
initial position in a cell to multiple target positions on the cell nucleus. The results revealed that
significantly higher stiffness exists in the major axis of a cell nucleus than in its minor axis, and the
cell nucleus stiffens upon the application of an intracellularly applied force (56).

Field-driven micromanipulation has significantly developed over the past decade, employing
magnetic, optical, acoustic, electric, fluidic, and other fields. Among these techniques, magnetic
micromanipulation has the advantages of specificity, large force output, and deep tissue penetra-
tion. At the organ level, magnetically actuated microrobots have been controlled inside the eye for
untethered surgery and drug delivery (137), and magnetic capsule endoscopes and magnetically
guided catheters have been developed for intraorgan imaging and/or biopsy (138, 139). At the tis-
sue level, microassembly of tissue constructs was achieved via magnetic micromanipulation (126),
and magnetically controlled microtransporters have delivered cells to target sites for cell therapies
(140). At the cell level, magnetic beads have been controlled by external magnetic fields to probe
the inside of a single embryo (50) or a single cell (56) for stimulation and characterization. Due
to the poor scaling of magnetic force, magnetic microrobots can lack sufficient propelling forces
for navigation in vivo. Thus, biohybrid magnetic microrobots utilizing self-propelled bacteria
were developed and successfully delivered drugs deep into the hypoxic region of a tumor (18).
These swarms of bacteria consisted of Magnetococcus marinus bacterial strain MC-1 containing
magnetosomes that respond to external magnetic fields, but other magneto-bacteria can also be
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used to form biohybrid magnetic microrobots (141). In the pursuit of clinical deployment, shear
from the bloodstream, immune responses (e.g., effects from macrophages), and the mechanical
inhomogeneity of different types of tissues or organs require more robust propulsion, sensing,
and control. The safety requirements for in vivo applications also demand that untethered
magnetic microrobots be traceable, biocompatible, and retractable or biodegradable. Therefore,
biodegradable materials, such as degradable hydrogel composites (60), biohybrid microswimmers
(142), and biological matrices (19), have become a focus in recent studies of magnetically actuated
microrobots.

For closed-loop in vivo navigation of untethered microrobots, visual servoing with image feed-
back from clinical imaging systems such as MRI, computed tomography (CT), and ultrasound is
also under intensive development. Presently, commercial MRI and CT systems have a typical spa-
tial resolution of 200–500 µm and a bandwidth of less than a few frames per second (143, 144).
A higher bandwidth of 30 frames per second can be achieved by using real-time MRI, but with
the trade-off of poorer spatial resolution of approximately 1.5 mm (145). Ultrasound imaging can
achieve up to 100 frames per second and a high spatial resolution of a few micrometers by us-
ing high-frequency sound waves [e.g., >100 MHz (146)]; however, its low signal-to-noise ratio
(e.g., structures such as bones that strongly reflect sound waves can cause artifacts in ultrasound
imaging) poses difficulties in robust image processing.The rapid advances of clinical imaging tech-
nologies, such as ultrasound elastography (147) and photoacoustic tomography (148), will play an
integral role in the eventual clinical applications of untethered mobile microrobots.

As one can see from the summary in Table 1, robotic micromanipulation is a relatively young
field. However, fundamental physics; techniques for sensing, actuation, and control; tool sets and
systems; and, more importantly, a research community are now in place after three decades of
development and evolution. On the one hand, there is still plenty of room for innovation, such
as image-guided navigation and control in the in vivo environment and the development of new
robotic micromanipulation techniques using acoustic fields. On the other hand, the next few years
will likely witness a more tangible impact of robotic micromanipulation in industry and clinical
settings.The endless creativity and passion instilled by the robotic micromanipulation community
will continue, and this vibrant field will undergo more exciting and transformative development
over the next decade.
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Caitlyn Clabaugh and Maja Matarić � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �33

Modular Reconfigurable Robotics
Jungwon Seo, Jamie Paik, and Mark Yim � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �63

Control Across Scales by Positive and Negative Feedback
R. Sepulchre, G. Drion, and A. Franci � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �89

Formal Methods for Control Synthesis: An Optimization Perspective
Calin Belta and Sadra Sadraddini � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 115

Discrete Event Systems: Modeling, Observation, and Control
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