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Abstract

The goal of this article is to provide a thorough introduction to the state of
the artin magnetic methods for remote-manipulation and wireless-actuation
tasks in robotics. The article synthesizes prior works using a unified nota-
tion, enabling straightforward application in robotics. It begins with a discus-
sion of the magnetic fields generated by magnetic materials and electromag-
nets, how magnetic materials become magnetized in an applied field, and the
forces and torques generated on magnetic objects. It then describes systems
used to generate and control applied magnetic fields, including both electro-
magnetic and permanent-magnet systems. Finally, it surveys work from a va-
riety of robotic application areas in which researchers have utilized magnetic
methods, including microrobotics, medical robotics, haptics, and aerospace.
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1. INTRODUCTION

Over approximately the past two decades, there has been an ever-increasing interest from the
robotics community in the application of magnetic methods for remote manipulation and wire-
less actuation. The vast majority of the research has focused on the control of microrobots under
the guidance of an optical microscope (motivated by the fact that other methods of micromanip-
ulation can be overly disruptive to a given task) and the control of micro- and mesoscale in vivo
medical robots (motivated by the fact that biological tissues are essentially transparent to mag-
netic fields that are relatively weak and vary relatively slowly). In such applications, the magnetic
object being manipulated or actuated is typically many of its own body lengths away from the
system generating the controlled magnetic field. The result is that the magnetic field does not
change greatly over the body of the manipulated object, and simply knowing the properties of the
magnetic field at the body’s center of mass is sufficient to accurately model the resulting force and
torque—a simplification that facilitates real-time control. There has been a rapid expansion in the
sophistication of magnetic methods in robotics. Many problems are now essentially solved, and a
number of conventions and best practices have emerged.

Our goal with this article is to provide a first course in magnetic methods for readers from
the robotics community who are interested in applying magnetic methods to their own remote-
manipulation and wireless-actuation problems. We assume a knowledge of linear algebra, calculus,
and traditional robotics (1) but assume no prior knowledge of magnetics. Our primary motivation
is to provide a solid tutorial on the topic rather than an exhaustive review of the literature. Along
the way, we reference those who have made key contributions. Throughout the article, we use
a consistent notation convention to help the reader quickly discern the types of quantities be-
ing represented (see the sidebar titled Notation). Our convention sometimes runs counter to the
conventions used in prior works.

There is a long tradition of design and control of magnetic devices (2), including motors and
other sensors and actuators. In such devices, the system elements are typically in close proximity to
one another. For example, consider the permanent-magnet rotor and the electromagnetic stator
in a brushless DC motor, which nearly touch one another. In such devices, the magnetic coupling,
which typically utilizes Lorentz force, is extremely strong, leading to efficient transfer of power.
However, the magnetic interaction is extremely complex, making closed-form analysis challenging
in all but the simplest of systems. Concepts such as reluctance and flux linkage have been developed
to aid in design, but the understanding of such systems still relies heavily on finite-element analysis
(FEA) methods. The modeling assumptions made in those methods are significantly different from
those of the manipulation or actuation problems of interest in this article, which typically have
components spaced relatively far apart. We do not discuss traditional magnetic devices further,
nor do we make use of their specialized design and analysis tools.

2. MAGNETIC FIELDS GENERATED BY MAGNETIC OBJECTS

Magnetic fields originate from the movement of electric charge, which can take the form of an
electric current, or electron movement inside a magnetized material. Magnetic fields are vector
fields, meaning they are vector-valued functions of position, b{Py}, where Py, is a position (units m)
and b is the magnetic-field vector (units T) there. We are particularly interested in magnetic fields
that are projected into space by some source in order to generate forces and torques on magnetic
objects for the purpose of manipulation or actuation.

Maxwell’s equations form the foundation of classical electromagnetism (3). They explain how
the magnetic field b and the electric field e are coupled in time and space in a given medium,
and they ultimately constrain the magnetic fields that can be generated by any system. Maxwell’s
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NOTATION

Scalars are represented by lowercase standard symbols (e.g., s) and matrices by uppercase blackboard-bold sym-
bols (e.g., M). We use bold lowercase for vectors (e.g., v = [v, v, v;]T) and bold uppercase for positions (e.g.,
P = [p. p, p.]"). A left superscript indicates a quantity being represented with respect to a certain frame (e.g., ‘v
indicates the vector v expressed in frame 7); in equations in which no frame designation is provided, the equation is
invariant to the particular frame, provided that each quantity in the equation is expressed with respect to the same
frame. The sum of two vectors is a vector, the sum of a position and a vector is a position, the subtraction of two
positions is a vector, and the sum of two positions is undefined; these operations must occur between quantities
expressed with respect to the same frame.

Uppercase standard symbols (e.g., C) represent z x 1 column arrays that comprise any combination of scalars and
vectors. C(7) is the ith element of such an array. The 2-norm of any such array, which includes vectors, is represented
by ||C||; such a norm is meaningful only if the elements have consistent units.

The hat notation indicates a vector that is unit length (e.g., v = v/||v|).

JR, represents a rotation matrix that describes the orientation of frame i with respect to frame j and also maps
vectors expressed in frame 7 into the respective vectors expressed in frame j (e.g., /v = /R;*v). /T; represents a
homogeneous transformation matrix that describes the pose (i.e., position and orientation) of frame 7 with respect to
frame j and also maps vectors and positions expressed in frame 7 into the respective vectors and positions expressed
in frame j (e.g., 'v =/T,v, /P = /T/P), assuming that homogeneous coordinates are used (i.e., v = [v, v, v, 0],
P= [px Dy P= I]T)

The function S{v} indicates the skew-symmetric matrix packing of a vector used in the cross-product operation

(e.g., a x b = S{a}b), which takes the form

0 —v. v
S{ivi=1| v, 0 —v,
—v, U 0

The gradient operator represents partial derivatives in each of the three basis directions of a given frame, which
takes the form V = [X 2 21T,
x 0y 0z
I, is an z x » identity matrix, and 0,,, is an # x z block of zeros.

equations in their entirety are too onerous for applications in robotics, which have relatively slow
dynamics. The progress that the robotics community has made in this field is due in part to appro-
priate quasi-static simplifications and selective application of Maxwell’s equations. Furthermore,
the practical considerations related to safely generating large electric fields mean that electrostatic
contributions are typically negligible in robotics applications. Given these simplifications, one of
the pertinent equations tells us that, in general,

db, b, 3b,
ax Oy dz

V:b=0 0. 1.

Another pertinent equation puts a constraint on the curl of b at a given point in space based on the
electric current flowing through that point and the time derivative in the electric field at that point.
For our purposes, we can assume there is no current flow at the given point we are considering,

and the field will be curl free:
db. b,  8b, _db. b,  db,

Vxb=0 = , — = , —= = .
dy 0z 0z ox ox dy
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2.1. The Magnetic Dipole Field (Approximation) and the Multipole Expansion

As we consider the field generated by a magnet from an increasingly distant vantage point, whether
itbe an electromagnet or an object made of magnetized material, the object appears to shrink down
to a point, and it becomes difficult to see the nuances of the field shape that are due to the specific
geometry of the magnet. Rather, it appears that the field is being generated from a single point
P., by a magnetic dipole m (units A-m?), which has both a strength and a direction, with the field
b at each point Py, described by

] T 2
b{P Pul=———0B®p —Pm)Pp—Pm) — |Pp —Pnl’I , 3.
{Pp, m, Py} <4n”Pb_Pm”5( Py, —Pu) Py — Pr) — [Py I ;))m

where 1y = 47 x 1077 T-m-A~! is the permeability of free space (Figure 1).
The dipole relationship is commonly represented in the literature as

b{r,m} = < Ho (3f'f'T — H3)> m, 4.

4 (Il

where r = Py, — Py,. The strength of a dipole field decays cubically with distance. At any given
distance from the dipole, the field is twice as strong along the axis of the dipole (i.e., r || m) asitis
along the axes orthogonal to the dipole (i.e., r L m). Finally, there is a “magic angle” of approxi-
mately 54.7° between the m axis and r at which b L m.

The discussion above considers the field of a magnet viewed from infinitely far away; in prac-
tice, we only need to be far enough away that the vectors from a given point of interest to each
location on the magnet are negligibly different from one another. But as we consider locations
closer to the magnet in which that assumption is not accurate, the magnet cannot reasonably be
modeled as existing at a point, and the dipole model loses accuracy. Magnets are typically quite
compact in their design—including both permanent-magnet geometries (e.g., cubes and cylin-
ders) and electromagnets (e.g., cylinders)—and they typically have a magnetic strength that is

Figure 1

A magnetic dipole, represented by a vector m at position Py, generates a dipole field with streamlines exiting
the north pole and entering the south pole. The field is radially symmetric about m. A magnetic-field vector
b is generated tangent to the streamline at any given point Py,. All of these vectors and positions can be
described with respect to any given coordinate frame 7.
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distributed fairly uniformly over their volume. As a result, a multipole expansion

Ho
+
4r ||

H“o N Mo o
b =|—-7Fr I
{r, m} (47r||r||3 {r} + e 2{1}

with even a small number of terms (see Section 7) can be an accurate approximation of the mag-
netic field b at location Py, measured with respect to the center of mass Py,. The first term in
this expansion is the dipole field of Equation 3, which decays with distance as oc ||r||~; the next
term is the quadrupole field, which decays with distance as o ||r||~*; and so forth. Note that the I
matrices are shape functions that are independent of the distance from the source. The terms that
follow the dipole-field term describe the deviations in the field from that of the dipole alone, but
the contributions of those terms decay away with distance more rapidly than that of the dipole
field. As a result, as we consider the field of magnetic sources, we find that approximating the field
using only the dipole model of Equation 3 becomes increasingly accurate with increasing distance
in general.

2.2. Magnetic Fields from Magnetized Objects

Magnetization is discussed in Section 3. For now, let us simply assume that each differential volume
of the material dv (units m*) has a magnetization { (units A-m~'), which can be thought of as
magnetic density, with a resulting differential magnetic dipole dm = dv located at point Pyy,.
The differential magnetic field db at some point P}, due to each differential dipole dm can be
found using Equation 3. To compute the magnetic field b{Py}, we then integrate over the volume
of the object.

A useful alternate method to calculate the field generated by such a magnet is use of the charge
model (2). Essentially, the magnetization of a magnet is replaced by equivalent positive and nega-
tive charges on the north- and south-pole faces, respectively, and then the field calculation involves
an integration over those surfaces (rather than an integration over the volume), using a method-
ology developed for electric fields.

The field generated by a uniformly magnetized sphere is perfectly modeled by the dipole model
of Equation 3. Any other geometry requires the multipole expansion of Equation 5. However,
due to the simple structure of the dipole model, it is common to assume a dipole field for other
geometries, with the dipole calculated as the product of an average magnetization and the volume
of the object, and assumed to be at the center of mass of the object (although that is not strictly
necessary). For common geometries, the modeling error associated with the dipole-field model,
as well as the geometric parameters that minimize this error, are described in Reference 4.

The fields of magnetic objects are homothetic, which can be useful in system design. If we
consider the field generated by a magnetic object of a given geometry and a given magnetization
P, and we scale only the object’s size, we find that the field map shrinks or stretches with the
scaled object. For example, if we consider a magnetic sphere of diameter d, the field at a distance 4
measured normal to the north pole will be the same regardless of the value of d. One consequence
of the homothetic property is that large magnets project their fields farther into space than do small
magnets (if we consider a field of some given magnitude); this result is quite intuitive. Another
consequence is that if we consider a location in the magnetic field with some given magnitude, we
find that the spatial derivatives in the field are smaller for larger magnets; this is the case because,
with a larger magnet, the field is changing less rapidly in space due to the homothetic property.
This actually leads to smaller forces (see Section 4) being generated on a magnetic object placed
in the field at a given strength for the larger magnet, which can be counterintuitive.
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2.3. Magnetic Fields from Electric Currents

To compute the magnetic field b generated at any position Py, due to an electric current i (units A)
flowing through a conductor (e.g., a coil of wire), we use the Biot—Savart law to compute the
differential field component db due to the current flowing through a differential length dl (units m)
of the conductor at one specific location Py;. If we integrate the effect of each point along the
length of the conductor, we arrive at the magnetic field at Py:

: idl x (P, —Par)  pof [ S{Pa — Py}
bP,z=/hb=f X Oy — Fa) _ Mot f STat = ot gy 6.
P, 7} KO Py —PalF 47 ) Py — Py’

We see that the field at every point in space is linear with respect to current.

When we calculate the field generated by a straight wire, we find a field that circulates around
the wire using the right-hand rule: the thumb points in the direction of current flow, and the
fingers then curl in the direction of the circulating field. If we form a wire into a small circular
loop, the result is a field that looks much like the dipole field of Figure 1.

The field of any such object can be described by the multipole expansion of Equation 5 and
will have a dipole moment m, which is calculated as

mm=§/&m—ma& 7.

where P, is any fixed reference point. Note that the dipole is linear with respect to current. For a
circular loop of thin wire with radius  (units m), m = 77274, where 4 is the winding axis direction,
which is governed by the right-hand rule: The fingers are curled in the direction of current flow,
and the thumb then points in the direction of 4. For cylindrical coils with inner radius 7; and
thickness , m = Z (377 + 37, + #*)4. For noncylindrical coils, the dipole can be approximated as
the product of the total circulating current 7 and the area of the loop.

It is common in the design of electromagnets to make use of a current density j (units A-m~2).
The current flowing through a conductor (e.g., wire) of cross-sectional area # (units m?) is i = ;.
Thinking in terms of current density often facilitates the design of electromagnets before explicitly
choosing a specific wire gauge, amplifier, and power supply.

The homothetic scaling seen in the fields of magnetized objects is not seen with electromag-
nets. When scaling the size of an electromagnet (e.g., the radius of the loop 7, as well as the
cross-sectional area #, by the same ratio), neither maintaining a constant current nor maintaining
a constant current density will result in a field that scales homothetically.

3. MAGNETIZATION

In this section, we describe how an object made of magnetic material becomes magnetized when
subjected to an applied magnetic field generated by another source. We assume that the object
is small relative to the local changes in the applied magnetic field, which is used to ensure that
magnetic effects, which are distributed across the volume of the object, can reasonably be approx-
imated as a lumped effect at the center of mass of the object. The result of this assumption is that
for a body of volume v, the magnetic dipole of the body is related to the average magnetization
as m = np. When considering magnetization, it is customary to represent the applied magnetic
field as h = b/ (units A-m~!), which is sometimes referred to as the auxiliary magnetic field (3).
We are ultimately interested in calculating the magnetic dipole of the object as a function of the
applied field, m{h}, which will enable us to compute forces and torques on the magnetized ob-
ject due to the applied field (see Section 4). In general, the relationship between the applied field
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and the magnetization of an object is given by the (dimensionless) apparent susceptibility tensor
’X,{"h} (most easily defined in the object frame), which is a function of the geometry of the object,
the bulk material property, and the field it is subjected to, leading to

'm{’h} = v'X, {*h} ‘h. 8.

For complex geometries, this relationship is best calculated using FEA methods, whereas analytical
models exist for simple geometries.

The nature of the apparent susceptibility tensor is a function of the size of the object. Below, we
consider macro- and mesoscale objects separately from micro- and nanoscale objects. The nature
of the apparent susceptibility tensor is also a function of the type of magnetic material. We focus
on ferromagnetic and superparamagnetic materials, which have proven to be practically useful
in the context of robotic manipulation or actuation, due to their relatively strong response to an
applied field. Readers interested in other forms of magnetization (e.g., diamagnetism) are referred
to References 2 and 5.

3.1. Magnetization of Macro- and Mesoscale Objects

Most engineered magnets used in robotics are large enough that we can assume a polycrystalline
object with many randomly oriented grains, such that shape anisotropy (i.e., the effect of geometry)
dominates over crystalline anisotropy in determining magnetization. There is a lower size limit
on the validity of such an assumption; micro- and nanoscale objects are discussed in Section 3.2.

When we discuss “magnetic materials,” we are typically referring to ferromagnetic materi-
als, which are materials whose magnetic properties are strongly influenced by the presence of an
applied magnetic field. All materials have the potential to be magnetic, due to the presence of
electrons within the material, but in most materials the magnetic contribution of the electrons
tends to average to zero when integrated over the volume of the material. In ferromagnetic ma-
terials, however, an applied field causes the contributions of the electrons to organize, resulting
in a net magnetization that is nonzero. Different materials and objects of different geometries
have different history-dependent input—output relationships between the applied field and the
resulting magnetization. The results needed to understand how ferromagnetic materials become
magnetized in an applied magnetic field are available in a number of textbooks on magnetism and
magnetic materials (2, 5). We provide a simplified summary here that will be sufficient for use in
robotic applications.

Let us refer to the magnetic field within the magnetic material as h;,. At any given location
in the material, the magnetization is related to the internal field by the (dimensionless) suscep-
tibility of the material, y {hi,}, which is a bulk material property, as P = y {hi,}hi,. In general,
the susceptibility is itself a history-dependent function of h;, and cannot be assumed to be con-
stant. The material’s permeability w (units T-m-A~! = N-A~?) and its susceptibility are related by
1= po(l + x), so u is also history dependent in general.

The magnetization curve of a general ferromagnetic material is depicted in Figure 2a4. A
few features are worth noting. First, there is hysteresis (i.e., the magnetization is a function
of both the current and previous values of the field). Second, there is an asymptotic approach
to a saturation Y. Third, there is a characteristic slope of the curve near || = 0, which is
considered the nominal susceptibility of the material. Fourth, when the field returns to zero,
in general the magnetization does not also return to zero; if the material has previously been
brought to saturation, then bringing the field to zero will cause the magnetization to be equal
to the remanent magnetization ., and it takes a coercive field h. to bring the magnetization
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Figure 2

Magnetization of (#) general ferromagnetic materials, (%) ideal soft-magnetic materials as well as paramagnetic materials, and (c) ideal
permanent-magnet materials. In this common representation, the internal field and the magnetization are represented by their scalar
projections (i.e., signed magnitudes) in any given direction within the material and are independent of object geometry.

2.8

back to zero. Materials with low coercivity are known as soft-magnetic materials, and those
with high coercivity are known as hard-magnetic materials. A review of macroscopic models of
magnetization that include hysteresis can be found in Reference 6. However, much of the work
applying magnetic methods in robotics has avoided traversing the hysteresis loop of hysteretic
materials during use because of the complexity of the response [with a few exceptions (7)]. Instead,
most robotics work uses materials that can be assumed to be either perfectly soft or perfectly
hard.

At the extreme of soft-magnetic materials we find materials in which the hysteresis is negligible,
and we can use the ideal model depicted in Figure 2b. In the context of robotics, these materials
can be modeled as having linear magnetization up to the point of saturation, with no history
dependence. In the magnetization of real materials, the sharp corner in the model will actually
exhibit a smooth transition between the linear asymptote and the saturation asymptote; this adds
only a small amount of error in the model, over a relatively small range of field values. Ideal soft-
magnetic materials are the typical choice for the cores of electromagnets. They can also be used
in devices designed to be manipulated or actuated.

At the extreme of hard-magnetic materials we find materials in which the magnetization is
insensitive to the field over a large range; these are permanent-magnet materials. In the context
of robotics, we can use the ideal model depicted in Figure 2¢. The magnetization is assumed to
be constant at the remanent magnetization (which is typically somewhat less than the saturation
magnetization). In the magnetization of real materials, the constant-magnetization regions of the
model will not be perfectly constant; however, this assumption adds only a small amount of error
in the model unless the field is very strong (typically well beyond the strength of fields generated
in remote-manipulation and wireless-actuation applications).

Although y and h;, are always parallel, h and h;, (and thus h and 1) are not necessarily parallel.
The origins of the apparent susceptibility tensor in Equation 8 are as follows. In any given direc-
tion x (without loss of generality), the magnitude of the internal field is a function of the magnitude
of the applied field in that direction and a demagnetizing field proportional to the magnetization
in that direction: b, , = by — ng, Y. Here, ng, is the geometry-dependent demagnetization factor
in the x direction of the object. We find that 74, — 0 as the geometry in the x direction becomes
longer relative to other dimensions of the object, and 74, — 1 as it becomes relatively shorter. A
direction of the object in which 74 is a local minimum is referred to as an easy axis of the object
(i.e., easy to magnetize).
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3.1.1. Magnetization of soft-magnetic spheres and ellipsoids. A sphere is the simplest of all
geometries, described by a single parameter, which leads to simple magnetization characteristics.
The demagnetization factor is 74 = 1/3 in every direction, and ¢ || h. In terms of the magnitude
of 1, there is a linear-magnetization region and a saturated region:

Sithil, Il < Yrae/3,

T = g I = va3.

Ellipsoids are the second-simplest geometry to consider, due to their smoothly varying shape
in all three dimensions. The magnetization in the linear-magnetization region can be described
by a linear relationship between the applied field vector and the resulting magnetization vector in
the object’s frame:

0 0 L0 0
XMy My 1
0. ) 0 X 0l A A 0
v="%Kh=| 0 g 0 [hx|0 L0 | 10.
0 0 £ 00 ;-

The final, approximate equality assumes an object made of material with a high nominal sus-
ceptibility being magnetized in relatively weak fields such that x > 1 (which is typical of many
remote-manipulation and wireless-actuation tasks), such that the magnetization is dominated
by the geometry of the object and is insensitive to the nominal material susceptibility. When
using Equation 10, if the magnetization is calculated beyond saturation (i.e., |||l > V), then
W]l = Y, and the orientation of 1 can be calculated as described in Reference 8.

Equations to solve for the demagnetization factors for ellipsoids of arbitrary geometry in a
uniform magnetic field are known (9, 10); these values are typically accurate approximations in
nonuniform fields. Special cases of ellipsoids include prolate ellipsoids, which have an axis of sym-
metry that is the unique longest dimension of the object, and oblate ellipsoids, which have an axis
of symmetry that is the unique shortest dimension of the object. Equations to solve for the demag-
netization factors for these symmetrical ellipsoids are provided in Reference 8. Prolate ellipsoids
are special ellipsoids in that they have a unique easy axis of magnetization.

3.1.2. Magnetization of nonellipsoidal geometries. Demagnetization factors have been com-
puted for the principal axes of nonellipsoidal objects (11), including cylinders (12, 13), cylindrical
shells and rings (14), rectangular prisms (15), and many others. A common approach is to de-
termine the equivalent ellipsoid of the object (13), in order to make use of Equation 10. The
calculations of equivalent ellipsoids rely on the assumption of uniform magnetization, implying
a very strong applied field, which is not typically the case for robotic manipulation or actuation
tasks. Although this method will enable determination of the magnetization along the three prin-
cipal axes of the object, in general the easy axes of the object may not correspond to any of these
principal axes and can in fact vary with the strength of the applied field for shapes that are not
highly symmetric. The equivalent ellipsoid method correctly predicts that a cube (which would
have a sphere as its equivalent ellipsoid) is isotropic. However, as a counterexample, consider a
thin square plate. The equivalent ellipsoid suggests that the shape should have a single hard axis
perpendicular to the plate face and be isotropic in the plane of the plate. However, depending on
the strength of the applied field, the plate will show an in-plane easy axis along the diagonal or
even the edge of the plate (16). Therefore, the ellipsoid approximation sometimes misses these
higher-order magnetic responses. Much of the magnetic physics literature on demagnetization
factors does not treat these higher-order effects because those studies are often concerned only
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with the response along the principal axes. Note also that the three demagnetization factors may
not necessarily sum to one for nonellipsoidal bodies like they do for ellipsoids (5). For general
nonellipsoidal shapes in robotics, we suggest using experimental or FEA methods to determine
the required response directly.

3.2. Magnetization of Micro- and Nanoparticles

At very small sizes (typically below 1 pm), magnetic materials tend to exhibit a different behavior
than they do at larger sizes. This change is due to the particles being on the scale of individual
magnetic domains and thus losing their characteristic ferromagnetic response, which depends on
magnetic interactions between domains.

Some materials used for micro- or nanorobotics that are ferromagnetic at large sizes exhibit
a special class of magnetic response known as superparamagnetism when at submicrometer size
(17). This response is a class of paramagnetism whereby magnetic moments in the material can be
aligned with an applied magnetic field in opposition to the randomizing effect of thermal fluctu-
ations. Many materials exhibit paramagnetism at any size; superparamagnetism is the term used
for those that are ferromagnetic at larger sizes and have a much larger susceptibility. Superpara-
magnetic nanoparticles thus exhibit a strong soft-magnetic response, which has enabled their use
in microrobotic manipulation for targeted drug delivery in the human body, most often using
superparamagnetic iron-oxide nanoparticles (18-20). Notably, due to the loss of ferromagnetic
response, micro- and nanoparticles typically do not exhibit magnetic coercivity and thus behave
like ideal soft-magnetic materials (see Figure 25). Magnetic manipulation of micro- and nanopar-
ticles is thus similar to that of larger soft magnets.

Under certain conditions, other complex micro- and nanoparticle magnetic responses can be
seen. For example, very small magnets (smaller than 1 pm, although the size is subject to many
factors) will contain only a single magnetic domain. These particles tend to exhibit a moderate
magnetic coercivity and high remanence, behaving like a hard magnet.

Micro- and nanoparticles can show anisotropy in magnetization, where nonspherical particles
exhibit preferential easy axes of magnetization in the same way as large soft magnets do. This
effect is maximized if the physical aspect ratio of the particle is large, as with thin films (21). Even
particles that are nearly spherical tend to exhibit a small amount of anisotropy from crystalline or
other effects, which enables them to be oriented in a magnetic field.

4. FORCE AND TORQUE ON MAGNETIC OBJECTS

In this section, we show how magnetic objects experience force and torque when subjected to an
applied magnetic field generated by another source.

4.1. Force and Torque on a Magnetic Dipole

When a permanent-magnet or electromagnet dipole m is placed in an applied magnetic field b,
or a soft-magnet dipole m is created by an applied magnetic field h = b/, the magnetic dipole
is compelled to translate and rotate in an attempt to minimize magnetic energy. An alternate
conceptualization is that force and torque are generated in an attempt to increase the energy
b - m through translation and rotation, respectively. In this alternate conceptualization, |lm]| is
considered constant at its instantaneous value.

Let us first consider force. If a translation of m in a given direction would result in an increase
in b - m, then a magnetic force will be generated in that direction. Since we are considering pure
translations of the dipole during the force calculation, m can be considered constant (in both
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Figure 3
Visualization of force and torque generation. A magnetic force f = [120]" is generated on a magnetic dipole m = [1 10]" in an applied

field b = [02 0] with spatial derivatives b,/3x = 0, db,/dy = 1,0b,/dz = —1 (not shown), 85, /dy = db,/dx = 1, 0b,/dz =

db./dx = 0, and db,/dz = b, /dy = 0. The magnetic dipole is broken into its components, and the red arrows indicate the field-vector
components that contribute to the respective force components. In addition, a magnetic torque (not shown) attempts to align m (i.e.,
the component m,) with the local field vector b, resulting in a torque T = [0 0 2] T.

magnitude and direction) during the spatial differentiation of b - m. Without loss of generality,
the force (units N) in the x direction is

_db-m) 3db'm) b’

" = — m. 11.
£ dx dx dx m

Combining the results for the individual components, we can express the force vector f using a
function that is linear with respect to m (see Figure 3):

T by oty b

dx m T e dx + 7y ox + 7, dx

— . — | aT — | b 9b — by by by
f=V®db m)= 5 m —I:ax 3y 0z | M= mxw—{—my@—kmzW . 12.

ab T by by by

9z My 3z + my 9z +m; 9z

We will refer to By = [g—g % %] as the field-derivative matrix, which is symmetric (due to

Equation 2) with a trace of zero (due to Equation 1). The force can also be expressed using the
compact operator notation on the field b:

by by by

My + 1y a3y +

a a ad , ,
f=(m~V)b=(mxa—l—m),—y—i—m,—)b: mx%—{—my%—}-mz% . 13.

s+ 4 B
Although not immediately evident, the final equalities in Equations 12 and 13 are equal due to the
constraint imposed by Equation 2.

In the formulations above, either the role of the dipole being manipulated or actuated and the
spatial derivative of the field are intermingled in the force calculation, or the role of the dipole is
factored out linearly. However, it is the spatial derivative of the field that we would typically con-
sider to be the system input that we will control in our generation of force, so it would be preferable
to linearly factor out the spatial derivative. In addition, the properties of the field-derivative matrix
limit the number of truly independent quantities in any magnetic field. These issues were observed
in Reference 22, leading to the following (nonunique) formulation that separates the role of the
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manipulated dipole from five independent spatial derivatives (i.e., gradients) treated as an input to
the force calculation:

", my, W 0 0 T
f= 0 m 0 m m [— _— — — —] — f=Mg{m}G. 14
-m, 0 m, -m. m,

The elements of G are drawn from the elements of the field-derivative matrix By.

Next, let us consider torque. If a rotation of m about a given axis would result in an increase
in b - m, then a magnetic torque will be generated about that axis. Without loss of generality, let
us consider m rotated from b by some angle 6, (units rad) about the x axis. The restoring torque
(units N-m) about the x axis is

_ 9(b-m) _ 3 (|Iblllm]l cos(b:))

: =— i . 15.
T 20. 30, bl [lm]| sin(®.) 5

Combining the results for the individual components, we can express the torque vector T as the
cross-product between the dipole and the field, with the torque attempting to align the dipole
with the field:

T=m x b =S{m}b. 16.

An important result of this equation is that T is always orthogonal to both m and b, so for this
single dipole, it is impossible to generate torque about the m axis, regardless of the magnetic field.
This constrains torque generation on a dipole to two degrees of freedom (DOFs), and thus force-
torque generation to five DOFs. Another important result is that the maximum torque that can
be generated on a permanent-magnet m in a field with a given strength is achieved when the field
is applied orthogonal to the dipole.

4.2. Force and Torque Between Magnetic Dipoles

In Section 4.1, we discussed the force and torque on a magnetic dipole in an arbitrary magnetic
field. If the source of the magnetic field can itself be accurately modeled by the magnetic dipole
field (Equation 3) at the location of the dipole being manipulated or actuated, then we can be more
specific about the applied force and torque.

The field-derivative matrix at location P;, generated by a dipole m; located at P;, is

3o

By{P;,m;, P;} = W

where r;; =P; —P;, which can be repacked to create the field-derivative array function
G{P;,m;, P;} for use with Equation 14. Explicitly, then, the force on the dipole m; at location
P; from the field derivative By {P;, m;, P;} is

30 AT AT T AT AT A
= W (rijm]) m; + (r,].mi) m; + <ml. m; —5 (rijm,) (rijmj)) 7 B 18.

We see that the magnitude of the field-derivative matrix, and the resulting forces, decay with
distance to the fourth power, which is more rapid than the field (and torque, as shown below)
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decays. It is easy to show that By {P;, m;, P;jm; = —By{P;,m;, P;}m;; that is, the forces between
dipoles are equal and opposite, as should be expected from Newton’s laws.
The field of dipole m; also imparts a torque on dipole m;:

Mo A AT
T{mj,Pj,m,-,P,-} = S{mf}b{P/,ml,Pl} = S{mj} (m <3r,-jrij — H;)) m,;. 19.

"This is simply the combination of Equations 3 and 16. It can be seen that the torque acting on the
dipole being manipulated or actuated (i.e., dipole m;) is linear with respect to the dipole acting
as the field source (i.e., dipole m;). However, unlike forces, magnetic torques are not equal and
opposite in general.

4.3. Force and Torque on Soft-Magnetic Objects

Permanent-magnet objects are typically approximated as constant-magnitude dipoles, enabling
the use of the methods in Section 4.1 directly. Here we consider magnets that are not well
approximated as a constant dipole, such as soft magnets. In the most general manner, the first step
to determine the force and torque on any magnetic objects in an applied field b is to first compute
the magnetic dipole m of the object due to the applied field h = b/uo, using the methods of
Section 3.1 for the macro- or mesoscale or those from Section 3.2 for the micro- or nanoscale.
The second step is to then compute the force and torque on m due to b using the methods in
Section 4.1. For many objects, there is not a unique equilibrium orientation of the object in a
static field; rather, the orientation is history dependent.

Because spheres and ellipsoids are the simplest geometries in terms of magnetization model-
ing (see Section 3.1.1), they are the objects for which we have the deepest understanding of the
forces and torques generated by an applied field (8). A soft-magnetic sphere magnetizes paral-
lel to the applied field and experiences no alignment torque. The force on a sphere simplifies to
f = |lm|| (V|/b]|), where m is calculated using Equation 9. For an ellipsoid, with a magnetization
tensor from Equation 10, the force and torque up to the point of saturation are

it _ i §{ixﬂib} 0 b 20
if | o 0 M{X/b}||ig | .

where the magnetization tensor has been rotated to correspond with the frame of the other vectors:
X, = RSX,R,". The torque varies quadratically with the field, and the force varies bilinearly
with the field and field derivative (beyond saturation, see Reference 8). If the ellipsoid has unique
demagnetization factors, six-DOF torque and force can be applied (although this remains to be
demonstrated).

Although complex soft-magnetic shapes are often avoided in robotics, their nonuniform mag-
netization enables additional capabilities, such as six-DOF manipulation (23). In this case, force
and torque are best calculated using FEA methods to first determine the magnetization response
within the magnet body. The force and torque can then be modeled as a continuously distributed
case of the multidipole object (see Section 4.4).

4.4. Beyond Point Dipoles

Consider an object, with a center of mass at P, in which » magnetic dipoles m; are rigidly embed-
ded at  distinct locations P;. We will typically know the magnetic dipoles “m; and their locations
‘P, expressed in the object frame and will have a homogeneous transformation *'T, that describes
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the pose of the object in the workspace frame. The vector °P; — °P, expressed in the object frame
is constant for each magnet since the magnets are rigidly embedded in the object. When the ob-
ject is placed in a magnetic field, each of the dipoles experiences a magnetic force f; described by
Equations 12-14 and a magnetic torque ; described by Equation 16, based on the field and field
derivatives at their respective locations. The total force on the object is simply the sum of the
individual forces, while the total torque on the object is the sum of the individual torques plus the
torques due to forces applied with moment arms relative to the center of mass:

£=Y6 =Y (v +SP-PJE). 21

i=1 i=1

Because an independent five-DOF force-torque can be applied to each of the dipoles in general,
it is possible to apply a six-DOF force-torque to the object.

Equation 21 is formulated in terms of a finite number of dipoles. However, as described in
Section 2.2 in regard to the magnetic-field sources, all magnetic objects will have distributed mag-
netization, with each differential dm at a distinct location Py, in the applied field. Thus, the true
force and torque on any magnetic object is calculated using the continuous (integral) version of
Equation 21. Consequently, modeling a magnetic object being manipulated or actuated as a point
dipole misses some higher-order effects (analogous to Equation 5), but in practice these higher-
order effects are relatively small and are typically negligible.

For small enough geometries, it is possible to model the force and torque using the field
and field derivative at a single point (24). Using Equations 14 and 16, one can express the force
and torque of # individual dipoles as a function of the field and field derivative at the center of

mass:
To “~ | S{m;} S{P; — P,}M¢{m;} b,

= . 22.
L EE ™)) o]

In Section 5, we show how this actuation equation can be further cast in terms of inputs such as
currents running through electromagnetic coils. In Reference 24, a primary (central) permanent-
magnet dipole is augmented by attaching an additional pair of permanent-magnet dipoles that are
antiparallel with each other and perpendicular to the central dipole (among other configurations
considered). The conventional five-DOF actuation is still performed on the central dipole,
but this configuration enables spatial derivatives in the field to apply a force couple to the two
new dipoles, resulting in a torque about the axis of the central dipole. This circumvents the
two-DOF torque (five-DOF force-torque) limitation when controlling a single magnetic dipole,
enabling full three-DOF torque (six-DOF force-torque). This multidipole concept was further
investigated in Reference 25, in which the three-dipole object was replaced by an equivalent
two-dipole object, which enabled the respective magnetic components to be varied by changing
the angle between the dipoles while maintaining a constant amount of magnetic material in the
object. This study found that there is an optimal angle to maximize the new torque DOEF, but
with an accompanying 61% reduction in the original five-DOF force-torque. It also found that
the new torque DOF scales poorly relative to the other five DOFs when the object is reduced in
size.

4.5. Magnetic Stability

Earnshaw’s theorem tells us that there can be no stable magnetic equilibrium point in a static
magnetic field (2). Typically, a magnetic object placed within a field will experience a force-torque
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that tends to move the magnetic object away from its current location. It is possible to create points
within a field in which there is neither magnetic force nor torque (e.g., the center of a Maxwell coil,
as described in Section 5.2), but a small deviation from such a point will result in a force-torque
that tends to drive the magnetic object away from the point. A result is that any system designed
to manipulate an untethered levitating magnetic object must use feedback control to stabilize the
position of the object.

There are certain uses of magnetic fields for manipulation that may at first seem to violate
Earnshaw’s theorem, but closer inspection reveals that they do not. So-called magnetic traps are
sometimes used to manipulate objects under the guidance of an optical microscope. Those objects
seem to be drawn to a stable point, and the point is in fact stable in a constrained 2-D plane (e.g.,
a horizontal microscope slide). However, in such a stable point there is a magnetic force pulling
the object into the constraint surface, and if the constraint were to be removed, the object would
not remain at that point. A similar phenomenon occurs when a magnetic object is attached to
a compliant device (e.g., a magnetic catheter). When such a device is placed in a static magnetic
field, it deforms until it reaches an equilibrium pose in which the magnetic force-torque is perfectly
balanced by a mechanical reaction force-torque from the compliant device.

Earnshaw’s theorem does not apply to diamagnetic materials, which exhibit an opposite mag-
netic response compared with ferromagnetic materials (that is, the magnetization forms in the
direction opposite to the applied field, with x, < 0). Diamagnetic materials can levitate stably (or
cause the stable levitation of other objects) and have been used in robotic manipulators that utilize
ferromagnets levitating over diamagnetic graphite sheets (26).

5. STATIONARY SYSTEMS FOR MANIPULATION AND ACTUATION

5.1. Electromagnetic Control of Magnetic Fields for Manipulation
and Actuation

For an arbitrary arrangement of electromagnets—which may include air cores (i.e., no cores), ideal
soft-magnetic cores below saturation, other ideal soft-magnetic elements below saturation, or any
combination thereof—the magnetic field is linear with respect to the currents flowing through
the electromagnets (22, 27). This linear mapping between the applied currents I = [i; -+« #,]"
(units A) and the field and field gradient at each point Py, in the workspace can be represented by

i b\c 7 blx o bnx
by bly o bny
bz blz et bnz i
by iy ., Oy ! b B
dx dx ox .
e | = | 31 .. Obu . — F= = 1 =Tl 23.
dy dy dy : G G
by iy, e || g,
9z 02 2z
aby aby, by
9 w T Toy
by abyy by
- 9z - Loz " oz

The kth column of the F; matrix represents the field array F at the given Py, that is created by
setting current 7 to 1 A and all other currents to 0 A.

Analysis of the F; matrix provides insight into how well any electromagnetic system can control
the field and field derivative in the workspace. For example, to achieve full force-torque manip-
ulation, all eight terms in the field array F must be independently controllable (i.e., F; must be
full rank); thus, at least eight sources are necessary (22). F; not only can define what is or is not
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possible for a system, but also can indicate how feasible a control approach is. Let the F; matrix
be partitioned into its field and field-gradient components as in Equation 23. Then the singular
values of the matrix GNg, where Ny = (I, — B" (BB")'B) is the right null space of B, describe
the system’s capability to control the field derivative (units T-m~!-A~!) independently from the
field (22). Likewise, the singular values of BNg describe the system’s capability to control the field
(units T-A~") independently from the field derivative. Together, these two decompositions enable
aunit-consistent analysis of the field-generation system as it would be used in a control application.

If we consider the force and torque acting on a permanent-magnet dipole placed in the field,
we find that they are linear with respect to the field array, as described in Equations 14, 16, and
22. We can construct an actuation matrix (for lack of a better term) Ay {P,, m} to map the array
of currents to a given output array I of interest (22, 27):

Y = Ay {Py, m}] = My {m}F;{Py}/ = My{m}F{Py, I} 24.

To form the actuation matrix to manipulate a given permanent-magnetic dipole m, which has a
magnitude and an orientation (its position is already encoded in the F; matrix), we utilize relations
defined in Equations 14 and 16 to construct a manipulation matrix My {m} matrix, which will take
different forms depending on our desired output Y. Similarly to the way that the ability of the
system to generate a field array can be analyzed using Fy, the ability of a magnetic tool to be
manipulated can be analyzed using My. Some common manipulation matrices that have been
employed are

— _ _ S{m} 03><5 _ H; 03><5
My (m) = [Is O], MT,f{m}—{OSXB MG{m}}, Mb,f{m}—{OM MG{m}}, 25.

for field, field and force, and torque and force, respectively, where Mg{m} is defined in
Equation 14. M, is useful because some magnetic objects will align with the field in an open-
loop fashion; the field is often rotated such that magnetic objects will rotate synchronously.
M. ¢ describes the full torque-force wrench on a magnetic object, which is typically employed in
closed-loop control. My, ¢ is particularly useful in the manipulation of untethered magnetic objects;
force is explicitly controlled (which is often used in closed-loop control of position or velocity),
but orientation is controlled open-loop by assuming that the magnetic object will continually
align itself with the field. When My is used for the manipulation of untethered magnetic objects,
itis typically assumed that the field is changed slowly enough that the object is always aligned with
the field, which leads to the assumption m = ||m||f), with ||m|| constant for permanent-magnet
objects and calculated based on the local easy axis for soft-magnetic objects (see Section 3).

Given some desired output Yy, the currents can be found using the pseudoinverse (i.e., gen-
eralized inverse) of the actuation matrix Ay, which returns the value that minimizes ||I|| (which is
the minimum-power solution if each of the electromagnets has the same resistance) subject to the
constraint that the output error ||} — Y|l is minimized:

I = ALY, 26.

When soft-magnetic objects are manipulated, they are magnetized by the applied field as
described in Section 3, so the manipulation matrix will depend on the applied field, in which
case a linear solution is not possible for some actuation matrices, and nonlinear methods must
be employed. Solutions can be framed as a control or optimization problem, such as locally
linearizing the system and controlling the change in the output rather than controlling the output
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directly. The rate of change (using dot notation) of Equation 24 is

. . My {m) OMy {m .
Y = Py, [} =M ——F ... 27.
Jyr{m, Py, I} ( y{m}+[ P () 0F®) ]) ; 7
where Jy; is the Jacobian that maps changes in currents to changes in outputs, 3M§F{m) describes

how the manipulation matrix changes with changes in the applied field array, and F =F P}
(i-e., the matrix F; is itself a Jacobian of the linear Equation 23).

5.2. Magnetically Orthogonal Systems Based on Specialized Electromagnets

A variety of magnetic systems, particularly early systems, have utilized special types of electro-
magnets whose fields have simple models by design. These electromagnets are combined in ar-
rangements that create multi-DOF capabilities, where each electromagnet has a specific task that
is decoupled from the others (i.e., each electromagnet is responsible for a single term in the field
array F).

The first and most important of these specialized systems is the Helmholtz coil. If two circular
coils of equal radius 7 are arranged coaxially, with the same current i/ flowing with the same
handedness, then the field in the common center of the coils will be locally uniform and aligned
with the axial direction, due to the symmetry in the system. That is, because the spatial derivative
in the field is zero in each direction, the field near the common center is very similar to that of
the field at the common center. A Helmholtz coil is such an arrangement in which the separation
distance between the coils is 7 (Figure 4a), which is optimally uniform in the sense that the
second derivative of the field in the axial direction is also zero. The nominal field magnitude
is |Ib|l = (0.72uo/7)i. It is also possible to make square Helmholtz coils, although they do not
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Nominal field approximation in the central workspace of (#) a Helmholtz coil, (#) a Maxwell coil, (¢) a uniform saddle coil, (d) a gradient
saddle coil, and (e) a double-saddle Golay coil. Arrowheads indicate the direction of current flow in the coils associated with the field
shown. For the Helmholtz and Maxwell coils, the actual radially symmetric field streamlines are also shown.
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exhibit radial symmetry; for square coils of side length /, the separation distance is 0.54/ (28), and
the resulting field magnitude is ||b|| = (1.30u0//)i. Alternatives to the Helmholtz-coil spacing
have been explored with different definitions of optimal that consider the field throughout the
workspace rather than focusing entirely on the common center. A Helmholtz coil can be used to
generate an essentially force-free torque on a magnetic object.

If we return to our set of two coaxial circular coils of equal radius 7, but instead source the
current through the coils with opposite handedness, we find that the fields perfectly cancel to
[Ib|| = 0 at the common center, but the spatial derivative of the field in the common center is not
zero. A Maxwell coil is such an arrangement in which the separation distance between the coils
is +/37 (Figure 4b), which is optimal in the sense that the second derivative of the field in the
axial direction is zero, creating a so-called uniform gradient. The nominal field derivative in the
axial z direction is 8b,/3z = (0.6419/7*)i. A Maxwell coil can be used to generate an essentially
torque-free force on a magnetic object.

Saddle coils get their name from their characteristic shape, with their geometry constrained to
the surface of a cylinder. Saddle coils can be optimized to generate a uniform field (Figure 4¢) or
a gradient field (Figure 4d) orthogonal to the axis of the cylinder (29). Double-saddle Golay coils
(Figure 4e) create a transverse gradient (30). Saddle coils can be combined with Helmholtz and
Maxwell coils to facilitate a cylindrical workspace with access from the ends of the cylinder.

The most common use of Helmholtz coils in robotics is the arrangement of two or three
mutually orthogonal nested sets of coils (31). Each Helmholtz coil generates a uniform field
aligned with a basis direction, and by controlling the independent currents, one can create a
uniform field in the common center with controllable direction and magnitude. The parametric
design of triaxial Helmholtz coils, both circular and square, is provided in Reference 32. Incorpo-
rating a single Maxwell coil into a triaxial Helmholtz coil provides some additional manipulation
capability (33, 34).

The clinical MRI scanner is the most notable system utilizing the specialized coils described
above. It has potential for biomedical robotics, not least because MRI scanners are already available
in hospitals. Unlike other magnetic-actuation systems, an MRI scanner cannot modify the strong
uniform z-axis bore field produced by its main superconducting magnets. The bore field of several
teslas in an MRI scanner is significantly larger than the field created by other systems, and thus
magnetic materials are typically treated as saturated in the scanner, with magnetization aligning
with the scanner’ bore field. The scanner incorporates a Maxwell coil (35,/9z) and two Golay coils
(3b,/0x and 9b,/dy) that enable spatial changes in the field magnitude (but not direction), as well
as radio-frequency electromagnetic coils used for imaging. Section 8.2.2 describes applications of
the MRI scanner.

Even coils without the optimal designs described above will exhibit a similar field-generation
capability and may be required as a design compromise. For example, six independent coils ar-
ranged on the face of a cube (like three orthogonal pairs) will result in a system with similar capa-
bilities to a triaxial Helmholtz—Maxwell system (35, 36). A system designed for capsule endoscopy
utilized 12 independent coils arranged as six pairs, with the ability to set all independent field and
field-derivative components (37).

5.3. Magnetically Nonorthogonal Systems of Electromagnets

In recent years, there has been a move away from magnetically orthogonal systems to systems
of electromagnets that surround a workspace and work together in a coupled fashion, where all
electromagnets are active for all actuation commands in general. This design philosophy is less
constraining on the size and shapes of workspaces that can be created.
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Figure 5

Electromagnet configurations: (#) OctoMag; (b) 45°-45°-45°; (c) square antiprism; (<) cubic; (¢) open
asymmetric; (f) parallel planar array, shown here with 13 magnets; (g) 9-magnet planar array;
(b)) Omnimagnets, shown here with 3 Omnimagnets (and thus 9 electromagnets).

A variety of systems have been designed to surround the workspace with configurations of eight
electromagnets arranged such that their respective axes all pass through a common point in the
center of the workspace (which is an arbitrary constraint). Each of these configurations is capable
of full eight-DOF field generation. The first such configuration was the OctoMag (27), which
had a set of four electromagnets oriented 90° from a central axis (i.e., in a plane) and another set
of four electromagnets oriented 45° from the central axis, with the two sets rotated 45° from each
other about the central axis (Figure 54). Variants on the OctoMag configuration are described
in References 38-40. A departure from the OctoMag (Figure 5b) oriented the electromagnets
in the planar set such that they were also 45° from the central axis (41). A variant on this idea
(Figure 5¢), introduced in Reference 42 and dubbed the square antiprism in Reference 43, ori-
ented the electromagnets 60° from the central axis; this is the eight-electromagnet configuration
for which the magnets are maximally separated and thus maximally independent (43). Another
configuration, employed by the company Magnetecs (44), has electromagnets on each of the eight
corners of a cube (Figure 5d). A critical comparison of a subset of the above eight-electromagnet
configurations was performed in Reference 43, which quantified the trade-off between field
(torque) generation, field-derivative (force) generation, and access to the workspace. Each of
the configurations described above shows a high degree of symmetry about a central axis of
the workspace. The need for such symmetry was critically questioned in Reference 43, which
introduced an open-asymmetric configuration (Figure 5e) that has substantially improved access
to the workspace without a substantial loss in the system’s field-generation capability.

A number of systems have been described that use more than eight electromagnets, creating a
degree of redundancy. One such concept comprises an arbitrary number of parallel electromagnets
arranged in a plane with a hexagonal packing (Figure 5f), creating a workspace that is scalable
in the planar direction (45) but relatively shallow in the direction orthogonal to that plane. The
electromagnets can also be arranged with a square packing (46), but hexagonal packing has a higher
packing density. A related nonmodular system concept (47) uses exactly nine electromagnets in
a 3 x 3 planar array, with four of the outer electromagnets rotated to point toward a common
central workspace (Figure 5g).
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Another modular concept involves Omnimagnets (48). An Omnimagnet is a cubic device com-
prising three nested mutually orthogonal coils with an optional spherical ferromagnetic core at
the center, which was optimized to be well modeled by the dipole model of Equation 3. Although
it is possible to utilize a single Omnimagnet as a manipulation or actuation source (49), Omn-
imagnets were developed for use in modular and reconfigurable systems, with » Omnimagnets
providing 37z independent electromagnets (50). Although Omnimagnets may still surround a sys-
tem workspace (Figure 5b), the axes of the individual electromagnets are no longer all pointing
toward the workspace.

5.4. Electromagnet Design

Electromagnets are typically designed as insulated copper wire (i.e., magnet wire) wrapped around
a ferromagnetic core, which serves to amplify the field. The core is typically made of an ideal soft-
magnetic material to avoid effects of hysteresis. In some cases, the core extends beyond the coil,
typically to enable the relatively small-diameter core to get closer to the workspace while keeping
the relatively large-diameter coils at a distance. In some cases, the electromagnet (either the coil
or the core) is tapered, also with the goal of getting closer to the workspace. To date, designing
ferromagnetic-core electromagnets has been an iterative process, relying heavily on FEA methods.
However, a few sources have shed some light on design trade-offs (38, 51-53).

Shaping the tips of electromagnetic cores can result in further focus of the magnetic field,
which leads to stronger gradients in a small workspace (38, 54). An extreme version of tip shaping
is seen in magnetic tweezers, in which fine-tip cores are used for micro- or nanomanipulation in
an optical microscope (18, 55, 56). If the goal of the design is to achieve the maximum magnetic
field and/or gradient in a small space, then all of the flux from the generating magnets should be
focused into the workspace using a soft-magnetic yoke that forms a closed magnetic circuit with
a small gap, which is the workspace (57, 58). Yoke-based systems can achieve fields up to 1 T in
strength for small gap sizes but are sometimes limited in workspace size and ability to generate
fields and gradient forces in an arbitrary direction.

Electromagnets can also be designed without any core, which is sometimes referred to as having
an air core. The benefits of such a design choice are that the field of an individual electromag-
net can be computed simply using the methods of Section 2.3 and that multiple electromagnets
are quasi-statically decoupled from each other (which is particularly desirable in systems of mov-
ing electromagnets). The optimal design of coreless electromagnets, in terms of maximizing field
strength at a given point, is known (59); however, when constrained to a (tapered) cylindrical vol-
ume, the optimal design is less than 1% better than the best (tapered) cylindrical design. Coreless
electromagnets are rarely used because it is typically assumed that cores will enable stronger sys-
tems. If the object being manipulated or actuated is small relative to the workspace, such that it is
many of its own body lengths away from the cores, this assumption is likely correct. However, as
objects become larger, their self-attraction to the cores can make cores undesirable (60).

It is common to include a cooling system to mitigate resistive heating in electromagnets
(27). However, the effectiveness of cooling systems is ultimately limited by the coolant—coil
heat-exchange area and the coolant’s temperature. Cooling with liquid nitrogen, for example,
both increases this temperature differential and substantially reduces the coil resistance, enabling
larger currents to be sourced through the coils without overheating (61). Superconducting elec-
tromagnets, which do not have resistive losses and can sustain a higher current density than typical
electromagnets, have also been explored for manipulation systems (62). These systems require
cryogenic cooling, which raises potential safety concerns if the cooling cannot be maintained
and the magnets quench (i.e., transition to nonsuperconducting). Care must be also taken when
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designing strong superconducting magnets to consider the material’s maximum current density,
maximum current slew rate, and maximum transverse magnetic field, as these factors can initiate a
quench.

6. MOVING SYSTEMS FOR MANIPULATION AND ACTUATION
6.1. Moving Permanent Magnets

Permanent magnets can generate strong fields—with no electrical currents or the associated gen-
eration of heat—which can be controlled by translating and/or rotating these sources. Although
the effects of translation and rotation on the field and field derivative are nonlinear, control of these
systems can be achieved using nonlinear solution methods. These sources are commonly modeled
as point dipoles, which is quite accurate even for nonspherical magnets as long as the interaction
distances exceed two minimum-bounding-sphere radii (4). If closer distances are required, more
complex field models can be employed. Because their magnetization is not sensitive to the field
they experience, superposition applies and each source can be treated independently. Thus, the
field and its gradient at location Py, from # actuating permanent magnets are the summation of all
of the individual contributions:

bRy} = > bBy,m, B, GlPy) = G(Pym, B, FIPy) = [g{;‘;}}} o
i=1 i=1
The force and torque on an object at position P}, follow directly from Section 4.

A general actuation system using permanent magnets would move the six-DOF pose of each
actuating magnet. Thus, each actuating magnet’s motion can provide up to six field-array inputs,
with radially symmetric fields (e.g., spheres and axially magnetized cylinders) providing only five.
However, the ability to fully control the poses of the magnets will be mediated by the robotic
positioning system, parameterized by the array Q (e.g., the positioning robot’s joint angles). These
relationships are nonlinear, so solutions are typically framed as a control or optimization problem
(63-65), analogous to Equation 27:

My {m} My {m}
IF(1) ~ 9F(8)

7 = Irolm, Py, 010 = (Wil + | P |) sextpn Qiiveti, 2.
where Jyo{Q} is the positioning robot’s velocity Jacobian that maps the joint velocities to the six-
DOF velocities of the magnet(s), and Jrx {Pp, Q} is a Jacobian that relates the magnet velocities
to changes in the field array. The actuating magnet or magnets are driven in the direction that
reduces the error between the actual and desired output Y. To maintain control, care must be
taken to keep the Jacobian Jy full rank, which is a necessary condition (22).

Several special cases have been implemented. The first is the use of a single actuating mag-
net, mounted on a six-DOF robotic arm such that its full position and orientation can be con-
trolled within the workspace of the robot arm (63, 66). This approach creates a very large actuation
workspace that is limited only by the reach of the robot arm and leaves the workspace relatively
unobstructed. However, the method relies on gravity for downward motions. A second approach
is to constrain individual actuating magnets to each rotate about a single axis. This has been done
with eight actuating magnets arranged around the workspace (64). This approach has the advan-
tages that it uses a system with no translating parts and can generate a more uniform field than a
single movable source can.

Other hybrid approaches are possible as well. The Stereotaxis Niobe system consists of two
very large permanent magnets with a workspace in between, where each magnet can translate
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and rotate within a constrained range to ensure safety and usability in a clinical environment
(67). This system is used to create uniform fields for catheter steering and can create large field
strength. Many variations with coupled rotations of permanent magnets have also been shown,
which can generate relatively large fields but have a reduced ability to create arbitrary fields and
field gradients (68). Other systems have been created for manipulation on 2-D surfaces (69) or to
locally repel microparticles (see Reference 19 and references therein).

6.2. Moving Electromagnets

Electromagnets can also be moved through space to vary magnetic inputs to a robotic system.
Nonlinear methods still apply, with I and Q as the complete input set:

My {m} oMy {m}
aF(l) = aF@®)

¥ = (My{m} + [ F]) (F1Py, QU + Jex Py, Q. Nxo(QIQ).  30.

The F term is the summation of the analogous terms from Equations 27 and 29 but with a
configuration-dependent coupling between the two field Jacobians. Calculating these coupled
Jacobians is generally not trivial for systems with soft-magnetic coupling (e.g., ferromagnetic
cores) but can be straightforward for coreless systems because the fields generated by the indi-
vidual coils are independent.

A variety of systems have combined the specialized coils of Section 5.2, in various arrangements,
with the capability to move one or more of the coils in order to increase the DOFs of control. A
pioneering work in magnetic methods in robotics utilized this strategy by combining a Helmholtz
and Maxwell coil coaxially and then robotically rotating that system (70). Others have expanded
on that concept with additional DOFs of control (71, 72).

Other systems are more reminiscent of those in Section 5.3. Four air-core electromagnets have
been mounted on robotic positioning arms for medical use (73). The BigMag system comprises
two sets of three electromagnets, with each set capable of one-DOF rotation (74). The DeltaMag
system comprises three electromagnets, each of which can rotate about a single axis (75). These
concepts yield larger, more open workspaces than would be possible with equivalent stationary
systems.

Because the average applied field over any spherical volume is equal to the applied field at
the center of that spherical volume (3), it is possible to approximate the magnetization of a soft-
magnetic sphere using knowledge of the applied field at only a single point. This was described
in the context of systems of Omnimagnets in Reference 50, which provided an algebraic (approx-
imate) solution for the coupled field of multiple Omnimagnets. In Omnimagnets, the locations
of the spherical cores coincide with the locations of the three coils of the respective Omnimag-
nets, but the methodology will work for soft-magnetic spheres in any location with respect to the
field-generation system.

7. SYSTEM CHARACTERIZATION AND CALIBRATION

The methods and analysis described in the previous sections assume an accurate understanding
of the field generated by the system, which can be achieved through either characterization (i.e.,
field mapping) or calibration (i.e., fitting parameters to a structured model). For stationary elec-
tromagnet systems, with or without soft-magnetic coupling, field maps or models are generated
in the workspace frame with all electromagnets in situ. We first address this special case and then
discuss movable sources.
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Characterization relies on field measurements, with no physics-based model. Measurements
of the field contribution from each coil are obtained from either FEA simulations or direct ex-
perimental measurements. The field data are recorded in a lookup table and are later interpolated
using standard methods, such as trilinear or tricubic interpolation, to extract the field and field
derivative at a point (35, 45, 57, 76-78). B-splines have also been suggested as a convenient way
of interpolating the measured data while providing some filtering capabilities (79). Each interpo-
lation model is used to fill in a column of the B matrix described in Equation 23 when applying a
unit current. Although characterization methods have been applied successfully in the literature,
they cannot detect and correct for uncertainties in the sensor readings, orientations, or locations.
Furthermore, since only magnetic-field (not field-derivative) sensors are presently available, the
numerical differentiation used to calculate the field-derivative matrix By (and associated G) re-
sults in values that do not conform to Maxwell’s equations (i.e., Equations 1 and 2). Success using
characterization methods is due primarily to the robustness of feedback control.

Calibration of a magnetic system does not share the limitations of characterization, as it fits
a physics-based model of the field to the data collected (47, 80). Model-based calibration works
by approximating each field source with a single- or multipole expansion of a field source (see
Equation 5), where the calibration process defines the locations, orientations, and strengths of
each source. When implementing such an approach, care should be taken to identify all magnetic
sources. For example, in a system with eight ferromagnetic-core electromagnets, each current
input magnetizes each of the cores differently; thus, the system should consider potentially 64
sources. A model comprising only dipole-field (single-pole) terms, with fewer sources considered
than the ideal described above, is often sufficient (27, 63, 81). However, including all potential
sources, as well as the first three terms in the multipole expansion, results in less that 1% error in
practice (80). The basic procedure is as follows. Given a system with 7. current inputs associated
with 7, magnetic source locations, a set of n. x n; dipole sources, located at positions P;; with
unit-current source strengths m;; associated with () = 1 A, are used to model the field in the
workspace. For a given field measurement by, at location Py, taken with input current array I, the
expected field measurement is

ne M

by =b, + Z Zb{Pk,mi,jlk(i),Pi,j}, 31

i=1 j=1

where b, is a constant background term (e.g., Earth’s field). Given ,, field measurements by, the
calibration process finds the set of unit-current source strengths m; ; and source locations P; j, as
well as the background field, to satisfy the minimization problem

M

arg min Z by — bel1%, 32.

m;;,P;jbe p_;

which can be solved using interior-point methods (47) or nonlinear programming (80). Because
the dipole fields are nonlinear with respect to the optimization variables, there are multiple solu-
tions to this nonconvex optimization problem. Consequently, a good initial guess of field source
position and orientation is necessary to achieve a reasonably optimal solution. In addition, care
should be taken to verify that the solution does not result in sources located within the workspace,
as such a solution would lead to infinite-magnitude field estimates at these locations. If this hap-
pens, the optimization should be run with a different initial guess, possibly with additional con-
straints or a different number of sources.

Both the characterization and calibration approaches discussed above were presented for
the special case of stationary electromagnetic sources, with any soft-magnetic components

www.annualreviews.org o Magnetic Methods in Robotics

2.23



Annu. Rev. Control Robot. Auton. Syst. 2020.3. Downloaded from www.annualreviews.org
Access provided by University of Lausanne on 02/15/20. For personal use only

AS03CHO02_Abbott

ARjats.cls

October 4, 2019 19:4

below saturation. For movable magnetic sources, including permanent magnets and coreless
electromagnets, field maps or models are generated in each individual source’s coordinate frame,
using an appropriate simplification of Equation 31: For coreless electromagnets, 7, = 1; for
permanent magnets, m,; are the source strengths, with no notion of current. The field maps
or models are then transformed to the workspace frame when implemented in the system. The
field transforms as a standard vector “*b = “R;°b, whereas ‘By = [% % %] transforms as a
rank-2 tensor "By = “R/By"R,’. Movable sources with soft-magnetic coupling will require
more elaborate methods.

8. EXTENSIONS AND APPLICATIONS
8.1. Extensions

Here we describe two extensions to the basic methods described above, which have the potential
to be applied in a variety of applications.

8.1.1. Rotating fields. We introduced the triaxial Helmholtz coil in Section 5.2 as a means
of generating controllable uniform fields. The most common use of such a system is to generate
rotating fields. This has been particularly important for the actuation of microrobots that
transduce the rotating field into rolling, swimming, or screwing, as the microrobots experience
a force-free torque that attempts to align their magnetic components with the field (31). It
is possible to generate a locally uniform field using other electromagnetic systems by setting
the desired field gradient to G = 0s4. Alternatively, superimposing a strong gradient field can
effectively lock the surrounding workspace while leaving a selected location free for rotation
(36).

When a magnetic dipole is rotated about (and orthogonal to) an axis, the magnetic-field vec-
tor at each location in space also rotates about (and is orthogonal to) some axis. Reference 81
showed that this problem is always invertible: Given a desired field-rotation axis at a given posi-
tion, the necessary dipole-rotation axis can be computed. This method can be used to generate
rotating fields that can be used for actuation. The fields are nonuniform and thus not force free in
general, and both the magnitude and angular velocity of the field vary throughout each rotation
cycle. However, this method enables the field source to be adjacent to the workspace rather than
surrounding it. Both electromagnetic (48) and permanent-magnet (82) field sources have been de-
veloped to generate continuously rotating dipole fields. Combining multiple rotating dipole fields
can generate rotating fields that are more uniform (83).

8.1.2. Multi-degree-of-freedom magnetic mechanisms. By utilizing multiple constrained
magnet dipoles in one robotic device, many degrees of freedom can be controlled. If we assume
that the robotic device is small relative to the size of the field-generation source, then all of the
dipoles experience approximately the same field and gradients. In this case, there are eight inde-
pendent components of the field array F that can be exploited for control. If multiple dipoles in
the robotic device have distinct magnetization directions, they will each experience different (but
potentially coupled) magnetic force and torque in response to these eight inputs. Proper design
to achieve a full-rank actuation matrix can enable up to eight-DOF actuation (40).

8.2. Applications

The vast majority of prior work in magnetic methods in robotics has been applied in two areas
(and often their intersection): microrobotics and medical robotics.
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8.2.1. Microrobotics. Magnetic manipulation is commonly used in the actuation of micro-
robots, often under the guidance of an optical microscope and for in vivo medical applications.
"This work typically takes the form of transducing the magnetic forces and torques into a secondary
propulsion mechanism (rolling, chiral or helical swimming, wiggling, vibrating, etc.). Both soft
and hard magnets are utilized in microrobotics applications. Application of control techniques
to single- and multiagent microrobotic systems has been a major focus area. Although there are
other methods of actuating microrobots—such as acoustic, optical, and chemical or biohybrid
methods—magnetic actuation is perhaps the most commonly used because of the excellent capa-
bility for precise wireless actuation and limited need for the fabrication of complex microdevices.
The design and control of microrobots actuated by magnetic fields are subject to microscale physi-
cal forces; microrobots exist in an environment that is stochastic and has high viscosity, dominated
by surface forces such as friction and adhesion. Numerous survey papers (84-87) and even a text-
book (88) have reviewed the use of magnetic methods in microrobotics, so we refer the reader to
those sources.

Much recent activity has been in the area of multi-microrobot control using magnetic fields
(89). Small groups of microrobots can be independently controlled by utilizing nonlinear mag-
netic effects (7), fluidic drag (90, 91), interagent magnetic forces (92), and nonuniform magnetic
fields (52). Other recent work has been in the area of swarm control of large numbers of microm-
eter or smaller particles. Groups of micro- or nanoparticles will form long chains due to magnetic
attraction, and without control, these chains form randomly and make it difficult to create coor-
dinated motions. However, magnetic microparticles can be aggregated into swarms by careful use
of rotating magnetic fields (93-95) that can create reconfigurable shapes suitable for manipulating
objects or squeezing through tight areas.

Other main current research topics in the microrobotics area are in localization and feedback
using medical imaging (including MRI, ultrasound, and, more recently, magnetic particle imag-
ing), control of micrororobotic swarms for targeted drug delivery, the development of biomedi-
cally safe or degradable magnetic micro- and nanorobots, and the deployment of microrobots for
therapy inside the body.

8.2.2. Medical robotics. Magnetic manipulation has been used in medicine since the 1600s
(96) but was originally relegated mostly to removing ferrous objects from within the body using
lodestones. With today’s advances in both magnetic materials and computation, magnetic manip-
ulation in medicine has garnered significant interest (97) and is being investigated for endoscopic
inspections, catheter manipulation, and MRI-guided interventions.

8.2.2.1. Capsule endoscopes. Swallowable camera pills, known as capsule endoscopes, are
already used clinically, but these are passive devices that are propelled by the gastrointestinal
tract. There has been substantial effort to make the capsules active robotic devices to enable
improved diagnosis and therapy (98, 99), and much of that effort has involved magnetic methods.
Different solutions have focused on individual organs within the gastrointestinal tract—the
stomach, the small intestine (i.e., small bowel), and the large intestine (i.e., colon)—but many
techniques could be translated to other organs with minimal modifications. In addition, much of
the research in this area has addressed (magnetic) localization of the capsule along with magnetic
actuation.

Some work aimed at the stomach has assumed that the capsule is in contact with the walls
of the stomach or the surface of a fluid filling the stomach. Permanent-magnet systems enabled
only orientation control (67), whereas electromagnetic systems enabled full-DOF control (37,47).
Other work has assumed that the capsule is levitating in the fluid (i.e., not in contact) such that its
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orientation will align open-loop with the applied field; that work used a single large permanent
magnet, positioned above the capsule, for control (63). Other work has developed capsules with
magnetically actuatable mechanisms (100).

For the small intestine, approaches have focused largely on the use of an external screw thread
on the capsule, which enables magnetic torque to be transduced to rotation, which is transduced
into forward or backward motion in the lumen (101). Reference 102 and references therein de-
scribe the state of the art in the propulsion and localization of magnetic capsules in a lumen using
a single rotating permanent magnet and the method of Section 8.1.1.

The work in the large intestine has utilized both magnetic force and torque. In certain cases,
the capsule is a true capsule that is completely untethered (66). Other works have considered so-
called tethered capsules, which have a tether that enables energy and matter to be transmitted to
the capsule, but the primary means for controlling the pose of the capsule is magnetic and not via
the tether (65, 103, 104). With a tethered capsule, it cannot be assumed that the capsule will align
with the field open-loop (as in Reference 63). To date, rather than modeling the tether, the tether
has been treated as a force-torque disturbance on the capsule that is addressed with closed-loop
control.

8.2.2.2. Catheters and other continuum devices. ~Flexible magnetically guided instruments have
been used in medicine since the 1950s (105). Initial developments focused on steel-tipped devices
guided using movable magnetic sources to access difficult-to-reach regions of the vasculature and
brain (96, 106). It was shown that such devices could be designed and controlled to locomote
through both large and small lumens by setting up a swimming-like motion (107). Using these
techniques, clinical experiments were performed for navigating the bronchus (108), performing
cerebral catheterization for targeted delivery of cytotoxic drugs (109), and making intracranial
EEG recordings (110). Since these initial efforts, control of magnetic continuum devices has
branched into two areas: catheter-like devices and steerable-needle devices.

Magnetic catheters have received the most attention and are in clinical use (111, 112). Other
devices, such as magnetically guided cochlear-implant electrode arrays (113) and endolaser probes
(114), have similar mechanics. Manipulation of these devices relies on the interaction between the
magnetically induced force and torque and the internal stress to stabilize the system. Treated in its
full form, this multiphysics problem becomes nonlinear and is most accurately treated using FEA,
which can be used to characterize and control the system by constructing a data-driven predictive
model for use in a feedback loop (115). However, much can be accomplished with increasingly
complex approximations to the full model. The first approach, which assumes no knowledge of
the magnetic system or elastic properties, learns the local mapping between the system inputs
and resulting device motions directly from the captured endoscopic image (39). If localization is
available, the most easily implemented approach is to treat the interaction between the magnetic
element and the elastic element as an unmodeled disturbance and use the same control approaches
discussed above for untethered systems (65, 103, 116). This method relies on the robustness of
the feedback control system to correct for the elastic disturbance to the system and is effective in
many situations. If the tether is highly flexible but not extensible, then its effect on the magnetic
components can be accounted for as a position constraint, while the closed-loop controller can
correct for the minor elastic effects (117).

For systems in which the elastic effects cannot be ignored, but the deflections are small and the
magnetic field is fairly uniform, Euler-Bernoulli beam theory can be used to predict the deflec-
tions and create a Jacobian-based controller to step the continuum device from one equilibrium
configuration to another (118-120). Another approach, which can handle larger deformations but
simplifies the continuum-mechanics modeling, is to represent the continuum magnetic device as
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a series of elastic joints connected by rigid segments (121, 122). If the magnetic fields are uni-
form and the continuum device deflects with constant curvature, then a geometrically exact and
closed-form model that can handle large deformations can be created using Kirchhoff elastic rod
theory (114, 123-125). Finally, Cosserat elastic rod theory can be used to numerically model and
control magnetic continuum devices with heterogeneous constructions and large deformations in
a nonuniform magnetic field efficiently with minimal approximations (126, 127). One advantage
of this approach is that it can predict and avoid complex nonlinear behaviors, such as solution
bifurcations, that may become problematic for the control schemes discussed (127, 128). Each of
these approaches incrementally steps from one stable configuration to another and ignores the dy-
namics that realize this change. A dynamic treatment of magnetic continuum devices and control
system that can adjust these dynamics is an open research area.

Steerable-needle devices, which have received relatively less attention in the magnetic-
actuation literature, rely on interactions with tissue to create mechanical deformations in their
shape. Both soft-magnetic (129) and permanent-magnet (130) tips have been explored. These de-
vices use magnetic torque to deflect the tip to be out of alignment with the current trajectory. The
asymmetric forces between the tip and the surrounding tissues cause the device to deflect upon
insertion, enabling precise device trajectories.

8.2.2.3. MRI scanner. We introduced the use of a clinical MRI scanner as a magnetic-
manipulation system in Section 5.2. Clinical MRI scanners, with minor hardware and software
modifications, have been used for actuation of micrometer- to centimeter-size magnetic objects,
with the gradient coils used to create forces on magnetic objects (131-133). Imaging can be time-
multiplexed with the actuation to leverage the MRI imaging for real-time feedback (albeit at rela-
tively slow feedback rates). Magnetic particles can be moved against blood flow, with the potential
for targeted drug delivery (134). Robotic mechanisms can be driven wirelessly (135, 136) for ap-
plications such as needle insertion. Active magnetic catheters can capitalize on the strong bore
field (120, 122). Another use of this uniform field is to introduce large soft-magnetic spheres into
the scanner, which severely distort the field and create field gradients (137); by manipulating the
position of these spheres, these field gradients can be used for robotic manipulation of other ob-
jects. Itis sometimes possible to leverage the magnetic-actuation hardware to also enable magnetic
localization of the medical device being controlled (138).

8.2.3. Other areas. Compared with microrobotics and medical robotics, other areas have re-
ceived relatively limited attention but highlight the potential broad applicability of magnetic
methods in robotics.

8.2.3.1. Untethered magnetic baptic interfaces. The techniques developed for magnetic ma-
nipulation can be applied in the context of untethered magnetic haptic interfaces (UMHIs), in
which a magnetic object is attached to a tool (e.g., stylus) or directly to the body (e.g., a finger-
tip). UMHISs eliminate the need for a mechanical linkage, with its associated inertia and friction.
They differ substantially from Lorentz-force (maglev) haptic interfaces, which in many aspects of
construction and control are more similar to electromagnetic machines (e.g., motors) than to the
types of systems discussed in this article. UMHISs based on planar coils (e.g., Figure 5f) have been
the most explored to date (45, 46, 139, 140). The open-asymmetric design shown in Figure Se
was also motivated by its use as a UMHI. There is evidence that UMHIs may substantially reduce
the instability typically associated with the rendering of stiff haptic virtual walls (60). In addition
to kinesthetic (i.e., quasi-static) rendering, high-frequency sensations can be rendered (139-141),
including force-torque illusions.
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8.2.3.2. Aerospace systems. One of the earliest uses of the methods described in this article
was active control of an aircraft within a wind tunnel (142, 143). A sphere rigidly embedded in an
airframe model enabled its support in a wind tunnel with no mechanical attachments that would
disturb the airflow. The control inputs also enabled the estimation of drag forces on the model.

Finally, there is a body of literature focused on techniques to enable coordinated con-
trol of modular and fractionated spacecraft, known as electromagnetic formation flight (see
Reference 144 and references therein). Each spacecraft is assumed to have three orthogonal
electromagnetic coils to generate controllable magnetic dipoles, which are used to control the
relative positions of the spacecraft via dipole~dipole interactions.

9. CONCLUSIONS

This article has provided an introduction to the use of magnetic methods in robotics. Although
our terminology and magnetic-modeling approach may differ from those of other works, we have
striven to introduce the reader to a consistent way of thinking about magnetic systems that can
be used to study nearly all magnetically actuated robotics problems. As much as possible, we have
connected these concepts to core concepts in robotic manipulation to enable the reader to leverage
the wealth of knowledge concerning the mathematics of robotics.
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