
Article https://doi.org/10.1038/s41467-023-42783-5

Three-degrees-of-freedom orientation
manipulation of small untethered robots
with a single anisotropic soft magnet

Heng Wang 1,2 , Junhao Cui 1,2, Kuan Tian 1 & Yuxiang Han1

Magnetic actuation has been well exploited for untethered manipulation and
locomotion of small-scale robots in complex environments such as intra-
corporeal lumens. Most existing magnetic actuation systems employ a per-
manent magnet onboard the robot. However, only 2-DoF orientation of the
permanent-magnet robot can be controlled since no torque can be generated
about its axis ofmagneticmoment, which limits the dexterity ofmanipulation.
Here, we propose a newmagnetic actuationmethod using a single softmagnet
with an anisotropic geometry (e.g., triaxial ellipsoids) for full 3-DoF orientation
manipulation. The fundamental actuation principle of anisotropic magneti-
zation and 3-DoF torque generation are analytically modeled and experi-
mentally validated. The hierarchical orientation stability about three principal
axes is investigated, based on which we propose and validate a multi-step
open-loop control strategy to alternatingly manipulate the direction of the
longest axis of the soft magnet and the rotation about it for dexterous 3-DoF
orientation manipulation.

Small-scale untethered robots, ranging from pill-sized capsule
robots to milli-scale and even micro-scale robots, have demon-
strated great potential in various applications such as micro-
manipulation1–3, pipeline inspection4,5, and medical operations6–10.
Small untethered robots can navigate through tortuous pathways in
complex environments and access hard-to-reach target places with
high precision due to their tiny size and high maneuverability.
Especially in minimally invasive medical procedures, untethered
robots are expected to deliver drugs and implants11–13, examine and
diagnose potential diseases14–16, and perform surgical tasks17–19 in
narrow lumens and cavities inside the human body that are impos-
sible or difficult to access using existing medical devices. Employ-
ment of small untethered robots in medical operations can avoid
large open incisions and thus bring benefits of shortened recovery
time and reduced medical complications and risks. In the last two
decades, a few untetheredmedical robots have been put into clinical
use such as capsule endoscopes20, which use an embedded camera
to image the gastrointestinal tracts for diagnostic purposes. Com-
pared with tethered devices such as flexible continuum robots and

catheters21–23, untethered robots have better maneuverability
and dexterity since they are not constrained by the tether. Fur-
thermore, tethered robots cannot serve as permanent or temporary
implants7.

To enable mobility and manipulation of untethered robots, an
actuation system needs to be developed based on either self-
propulsion methods or external actuation methods. Self-propulsion
methods integrate power sources, motors, and micro-mechanisms
(e.g., legs24,25, fins26, treads27, balloons28 etc.) onboard the untethered
robot for actuation and locomotion. However, it is not feasible to
integrate these self-propulsion components into robots in the sub-
millimeter scale due to the limited internal space. Instead, external
power from magnetic fields15,16,29–33, light34,35, acoustic waves36, and
chemicals37 can be applied to drive small robots. Except for magnetic
fields, other external actuation methods are normally used for actua-
tion of micro- and nano-scale robots due to their limited driving force.
Magnetic fields can permeate the human body safely without the
occlusion problem and can exert strong forces and torques on robots
with an onboard magnetic object over a long range. Therefore,
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magnetic actuation emerges as an ideal remote actuation method for
locomotion and manipulation of small untethered robots across dif-
ferent scales.

Magnetic actuation systems can be categorized as direct actua-
tion systems and indirect actuation systems assisted by secondary
propulsion mechanisms32. In direct magnetic actuation systems, the
robot embedded with a magnet is directly driven by the magnetic
force and torque generated by the interaction between the onboard
magnet and an externally applied magnetic field, with no need for
additional onboard mechanisms. The external magnetic field can be
generated by either an array of electromagnetic coils38–41 or a perma-
nent magnet42–44. The direction and strength of the applied field and
field gradients can be controlled by tuning the electric currents and/or
pose of the magnetic sources. In indirect magnetic actuation systems,
propulsion mechanisms, e.g., helical propellers45, screw threads46, and
soft legs47, are designed and integrated into the magnetic robot to
transmit the power of the externally applied rotating magnetic field to
oscillations of the propellers for locomotion. In this work, we are
focused on the direct magnetic actuation method.

Existing magnetic actuation systems usually employ a single
permanent magnet rigidly fixed to the small robot39,42,46, which can
generate magnetic forces in three directions and magnetic torques in
two directions in a non-uniformmagnetic field. However, nomagnetic
torque canbe generated about the axis of themagneticmoment of the
permanent magnet. Therefore, the degrees of freedom (DoF) of
orientational manipulation are limited to two although 3-DoF transla-
tional manipulation is feasible. The lack of the 3rd DoF of orientation
actuation limits the dexterity of manipulation and locomotion of
untethered robots and impairs their capability of performing sophis-
ticated tasks. Researchers (Diller et al., Giltinan et al., and Thornley
et al.) have proposed two innovative approaches to remedy this defi-
ciency. The first approach is to add one or two auxiliary magnets to
generate magnetic torque about the 3rd DoF of orientation via a force
couple48,49. The problem with this approach is that the use of multiple
magnets increases the weight of the robot and requires a complicated
assembly technique. Another approach is to use a single permanent
magnet with a complicated anisotropic shape to generate the mag-
netic torque in the 3rd DoF, which can be considered as a continuous
variant of the first approach50. A common problem with these two
approaches is that the added torque in the 3rd DoF attenuatesmagnetic
torques in the other 2 DoFs49.

Unlike permanent magnets with fixed axis of magnetization, the
magnetization of soft magnets varies with the applied magnetic field
and thus softmagnets exhibit different dynamic behaviors inmagnetic
actuation. It has been pointed out by earlier literature that soft mag-
nets have the potential for 6-DoF magnetic manipulation32. Although
Abbott et al. derived a model of magnetic torque and force on an
axially symmetric soft magnet that is capable of 2-DoF orientation
manipulation51, neither dynamic modeling nor experimental demon-
stration of 3-DoF orientation manipulation using a soft magnet was
conducted.

Here we propose a magnetic actuation method that uses a sin-
gle anisotropic soft magnet instead of a permanent magnet to
enable full 3-DoF orientation manipulation of small untethered
robots. This paper starts withmodeling of the geometry-induced tri-
axial anisotropic magnetization of a single soft-magnetic object,
which is the fundamental mechanism for 3-DoF torque generation.
Then tri-axial ellipsoids and elliptical cylinders are proposed to
demonstrate the capability of 3-DoF torque generation. The 3-DoF
magnetic torques are modeled and experimentally validated, which
shows that the magnetic torque about the second-longest axis is the
maximum and is equal to the sumof the torques about the other two
axes. The analysis of orientation stability shows that the tendency of
the three principal axes of the ellipsoidal soft magnet to align with
the applied magnetic field increases with the axial length, with the

longest axis having the strongest tendency to align with the field.
Based on this hierarchical orientation stability among three princi-
pal axes, an open-loop control strategy for 3-DoF orientation
manipulation is proposed using a pair of orthogonal magnetic
fields applied alternatingly, with one field to adjust the direction
of the longest axis (2-DoF orientation control) and the other one
to adjust the rotation about the longest axis (1-DoF orientation
control). Experiments show that the proposed orientation control
method can achieve dexterous manipulation over any arbitrarily
defined 3-DoF orientation paths. The investigation on the soft-
magnet-based 3-DoF orientation manipulation in this work lays the
foundation for full 6-DoF magnetic manipulation of untethered
robots using a single magnetic object with a simple geometry.

Results
Magnetic manipulation of small robots with an on-board
permanent magnet
Magnetic actuation has been well exploited to manipulate and
navigate small-scale untethered robots through lumens inside the
human body for therapeutic and diagnostic procedures (Fig. 1a).
Most conventional magnetic actuation methods employ an array of
electromagnetic coils or a manipulator-controlled permanent mag-
net to generate the desired magnetic field to drive the robot
equipped with an on-board permanent magnet. The magnet can
experience force and torque in an applied magnetic field, which
attempts to translate or rotate themagnet tominimize themagnetic
potential energy �B �m32, where B is the local magnetic field and m
is the magnetic moment of the magnet. The magnetic force on a
magnet depends on the spatial gradient of the local magnetic field
(Fig. 1c, d), which is given by

f =∇ðB �mÞ= ∂B
∂x

∂B
∂y

∂B
∂z

� �T
m ð1Þ

whereB∇ = ∂B
∂x

∂B
∂y

∂B
∂z

h iT
is thematrix ofmagnetic field gradients. It is

noted that magnetic force cannot be generated on the magnet in a
uniform magnetic field with zero magnetic field gradient. The mag-
netic torque on a magnet depends on the local magnetic field itself,
which is given by

τ =m×B=
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It is shown that the magnetic torque is the cross product of the
magnetic moment and the local magnetic field, and it always attempts
to align the magnet with the field. Equation (2) implies that the mag-
netic torque on a permanent magnet is always perpendicular to the
magnetic moment vector (Fig. 1b). Therefore, magnetic actuation
systems using a single permanent magnet on the robot can never
generate a torque about the axis of the magnetic moment, limiting
orientation manipulation to only two DoFs. Due to the loss of the 3rd
magnetic torque, only 5-DoF manipulation of the magnet can be
achieved and the dexterity ofmagneticmanipulation is impaired in the
permanent-magnet-based actuation systems. To meet this challenge,
this paper proposes a solution that replaces the permanent magnet
onboard the robotwith a non-spherical softmagnet,which canachieve
full 3-DoF orientation manipulation under anisotropic magnetization
of an actuating magnetic field.

Geometry-dependent anisotropic magnetization of the
soft magnet
Ferromagnetic materials exhibit strong magnetism in the presence of
an applied magnetic field and they can be categorized as hard-
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magnetic materials and soft-magnetic materials, depending on the
differentmagnetic behaviors undermagnetization of the applied field.
It should be noted thatmagnetizationM is also used as a characteristic
quantity to describe the magnetic strength and orientation of a mag-
netic object under magnetization, and it is related to the magnetic
moment m by

m= vM ð3Þ

Where v is the volumeof themagnetic object. Hard-magneticmaterials
have large hysteresis and coercivity (the extra magnetic field to bring
the magnetization back to zero) under magnetization. At the extreme
of hard-magneticmaterials are permanentmagnets, whosemagnetiza-
tion remains nearly constant for a large range of applied fields.
Conventional magnetic actuation systems for small or micro robotic
manipulationnormally utilize a permanentmagnet onboard the robot.
On the other hand, soft magnets have very small coercivity and
negligible hysteresis and show a linear magnetization up to the point
of saturation. In the context of magnetic robotics, we assume a

moderate applied magnetic field so the linear magnetization-field
relation always holds for soft magnets.

The magnetization M of a soft magnet is related to the internal
magnetic field Hin by magnetic susceptibility χ:

M= χHin ð4Þ

where χ is related with magnetic permeability μ by μ=μ0ð1 + χÞ. μ0 is
magnetic permeability in vacuum. The internal magnetic field Hin is
the sum of the applied external magnetic field H and a resulting
demagnetizing magnetic fieldHd, which is in the opposite direction of
H and proportional to the magnetization M:

Hin =H+Hd

=H� NM
ð5Þ

where N is the demagnetization factor tensor. It is noted that both
magnetic field strength H and magnetic flux density B can be used to
describe themagnetic field and they are related by B=μ0H in vacuum.

Fig. 1 | Magnetic actuation system for untethered small robots equippedwith a
permanent magnet. a Schematic of a magnetic actuation system for untethered
capsule robots for examination of gastrointestinal tracts. A multi-DoF serial
manipulator can be used to move the actuating magnet to control the magnetic
field and field gradient at the location of the magnet on the robot. The magnetic
object onboard the robot can be either a permanent magnet or a soft magnet as in
the proposed system in this paper.b Schematic ofmagnetic torque on apermanent

magnet. The magnetic torque is always located on the plane perpendicular to the
magnetic moment vector of the magnet, resulting in zero torque component and
inability of orientation manipulation about the axis of magnetic moment.
c, d Schematic of magnetic force on a permanent magnet orientated along y- and
x axis, respectively. For example, the magnetic gradient of ∂B

∂x = 1,0½ �T T/m and
∂B
∂y = 0,1½ �T T/m leads tomagnetic force f = 0,1½ �T N and f = 1,0½ �T N when themagnet
(magnetic moment m= 1 A·m2) is orientated along y and x-axis, respectively.
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The demagnetization tensor becomes a diagonal matrix if the coor-
dinate frame is aligned with the principal axes of the soft magnet:

N=diag na,nb,nc

� � ð6Þ

The demagnetization factors na, nb and nc depend on the geo-
metry of the soft magnet52–54 (Supplementary Note 1). The demagne-
tization factor is between 0 and 1 and it tends to be smaller as the
geometry in that direction becomes longer. The sum of three
demagnetization factors is always unity (na +nb +nc = 1). Combining
(4) and (5), it is obtained that

M=

χ
1 + χna

0 0

0 χ
1 + χnb

0

0 0 χ
1 + χnc

2
664

3
775H

1
na

0 0

0 1
nb

0

0 0 1
nc

2
664

3
775H ð7Þ

where the approximation in the final step is reasonable for soft-
magnetic materials with χ ≫ 1. It is found from (7) that the magnetiza-
tion ineach axis is obtainedby scaling the appliedmagneticfieldby the
inverse of the corresponding demagnetization factor in that axis
(Fig. 2a). The magnetization is anisotropic for a non-spherical soft
magnet with unequal demagnetization factors in different axes. If the
demagnetizing factors are different in different axes, the directions of
M andH become different, resulting in a non-zeromagnetic torque on
the soft magnet (Fig. 2b). It is also shown that both the magnitude and
orientation of the magnetization of a soft magnet varies with the
applied field, which is fundamentally different from permanent
magnets with a fixed magnetization. Fig. 2d shows the variation of
magnetization with the direction of an applied magnetic field in the
central plane of an ellipsoidal soft magnet. The magnetization is
alignedwith the applied field as it is pointed along the long axis. As the
applied field rotates towards the short axis, the magnetization vector
lags behind the applied field but catches up to align with the applied
field again as it arrives at the short axis. Since the applied field can be
controlled to point to any direction in the general three-dimensional
case, the resulting magnetization and magnetic torque can also be
pointed to any direction (Fig. 2b), which opens up the possibility of
3-DoF torque generation and orientation manipulation of a soft
magnet.

Since both the magnetization and the resulting magnetic torque
depends on geometry-related demagnetization factors, it is necessary
to analyze the three-dimensional magnetization behavior of soft
magnets with different geometries and find feasible geometries for
3-DoF orientation manipulation. Sphere has equal dimensions
(a=b = c) and thus equal demagnetization factors in three principal
axes, resulting in isotropic magnetization and constant alignment of
themagnetization vectorwith the applied field (Fig. 2e). Therefore, the
magnetic torque on the spherical soft magnet is always zero. For the
prolate ellipsoid (a>b= c), the magnetization is aligned with the
applied field when it is pointed along the unequal a-axis (H1 in Fig. 2f)
and to any direction within boc-plane (H2 in Fig. 2f), resulting in zero
torque in these cases. When the magnetic field is applied in other
arbitrary directions (H3 in Fig. 2f), M, H, and the a-axis are co-planar
due to the rotational symmetry about the a-axis, resulting in a mag-
netic torque always within boc-plane. Therefore, similar to the case of
permanent magnets, no torque can be generated about the a-axis and
only 2-DoF orientation manipulation is achievable. Similar phenom-
enon exists for the oblate ellipsoid (a=b> c), no torque can be gen-
erated about the unequal c-axis (Fig. 2g). Therefore, it is necessary to
make sure that the geometry of the soft magnet is anisotropic in all
three principal directions to achieve 3-DoF torque generation. For the
anisotropic tri-axial ellipsoid (a>b > c), when the magnetic field is
applied within aob-plane (H1 in Fig. 2h), boc-plane (H2 in Fig. 2h), and
aoc-plane (H3 in Fig. 2h), the magnetic torque can be generated about

c-axis, a-axis, and b-axis, respectively. The torque in any direction can
be generated by tuning the direction of the applied magnetic field (H4

in Fig. 2h). Besides tri-axial ellipsoids, anisotropic elliptical cylinders
(a≠b ≠h) and cuboids (w≠ l ≠h) are also feasible geometries of the
softmagnet for 3-DoF torque generation and orientationmanipulation
(Fig. 2c). In this paper, anisotropic elliptical cylinders are used in
experiments while theoretical analysis and schematic illustration are
based on tri-axial ellipsoids. In practice, elliptical cylinders or cuboids
are recommended for their simplicity of machining. Geometric
dimensions of the soft magnet can be designed to obtain the desired
demagnetization factors that meet the needs of robot manipulation
(Supplementary Note 1). The behavior of magnetization and orienta-
tionmanipulationdoes notdependon the shapeof the softmagnets as
long as their demagnetization factors are the same.

According to Eq. (7), The variation of magnitude and orientation
ofmagnetizationMwith thedirectionof a constant-magnitude applied
field H can be quantitatively investigated. Denote the orientation of H
relative to the soft magnet by elevation φ and azimuth θ. Denote the
orientation of the resultingM by elevation β and azimuth α. Then the
following relations can be obtained.

α = arctan
nb

nc
tanθ

� �

β= arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
bn

2
c tan

2 φ

n2
an2

ccos2θ+n2
an

2
bsin

2 θ

vuut
0
@

1
A

jMj= sinφ
nα sinβ

jHj

ð8Þ

The above relations are depicted in Fig. 2i. The azimuth of the
magnetization vector α is only a function of the azimuth of the applied
field θ and demagnetization factors nb and nc, with no dependence on
the elevationφ. As the ratio of nb to nc becomes smaller (the geometry
becomes more anisotropic in the direction of b-axis and c-axis), the
relation between α and θ becomes more nonlinear, creating a larger
magnetization lag in the azimuthal angle. The elevation andmagnitude
of the magnetization vector depends on both the elevation and the
azimuth of the applied field (Fig. 2i). It is also known from Eq. (8) that β
and ||M|| depends on relative magnitude of demagnetization factors
and thus on relative geometric dimensions in three principal axes of
the soft magnet. In summary, the anisotropic geometry of the soft
magnet causes its anisotropicmagnetization in the applied field, which
further leads to misalignment of the magnetization vector and the
applied field and thus enables generation of 3-DoF magnetic torques.

Magnetic torque on the soft magnet
From the qualitative analysis in the last section, it is known that 3-DoF
torques can be generated on the soft magnet about each of its prin-
cipal axis due to anisotropic magnetization. In this section, the 3-DoF
magnetic torques on the softmagnet are quantitatively investigated. It
is known from Eq. (2) that the magnetic torque can be obtained by
taking the cross product of the magnetic moment of the soft magnet
and the externally applied field. Substituting Eq. (7) into (2) gives the
magnetic torque about each principal axis of the anisotropic soft
magnet:

τa =μ0v
jnc � nbj
2nbnc

jHj2 sinð2θÞ cos2ðφÞ

τb =μ0v
jnc � naj
2nanc

jHj2 sinðθÞ sinð2φÞ

τc =μ0v
jnb � naj
2nbna

jHj2 cosðθÞ sinð2φÞ

ð9Þ

where τa, τb, τc are magnetic torques about a-axis, b-axis, and c-axis.
The surface plots ofmagnetic torques with the directionof the applied
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field are shown in Fig. 3a, which again validates that non-zero torque
can be generated about all three principal axes. The magnitude and
direction of themagnetic torque vector can be controlled by adjusting
the orientationof the appliedfield even if themagnitude of the applied
field is kept constant. A blue curve isdrawnon eachof the surface plots
of magnetic torques, representing the variation of magnetic torque
when the external magnetic field is applied within boc-plane,

coa-plane, and aob-plane. For example, when the applied field with
constantmagnitude varies its orientationwithinboc-plane, amagnetic
torque about a-axis is generated and it always tends to align the longer
b-axis (either the positive or the negative end depending onwhichever
is closer to the applied field) of the cross-sectional ellipse with the
applied field. It is noted that the maximum torque about each axis
exists on these curves and it is achieved when the angle between the
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applied field and the major axis of the cross-sectional ellipse is
45° (Fig. 3d).

The maximum torque about one axis characterizes the capability
of orientation actuation about that axis. When the maximum torque is
achieved, the trigonometric part of the torque expressions in (9) takes
the value of 1, giving the following identity.

τb,max = τa,max + τc,max ð10Þ

where it is assumed that a>b> c and na <nb <nc. Note that the max-
imum torques about three principal axes cannot be achieved simul-
taneously. Eq. (10) shows that the largest maximum torque is about b-
axis (second-longest axis) and it is the sumofmaximum torques about
the remaining two axes. It is found that the capability of torque gen-
eration is unequal about different axes in the soft-magnet actuation
system, which is quite different from the case of traditional
permanent-magnet system that has equal torque generation capability
about two axes (permanent-magnet system cannot generate torque
about the third axis ofmagneticmoment). Experiments are conducted
to validate the theoretical model of magnetic torques on an
anisotropic soft magnet. An orthogonal Helmholtz coil system is used
to generate a uniform magnetic field in its inner workspace for
orientation manipulation of the soft-magnetic robot (Supplementary
Figs. 1 and2). Theorientation andmagnitudeof the appliedfield canbe
adjusted by tuning the current of each pair of coils. In this experiment
of torque validation, the capsule robotwith a softmagnet is suspended
in the water and placed in the workspace of the Helmholtz coils. The
soft magnet is first oriented with an angle of 45° relative to the applied
field and then released to rotate until aligning with the applied field.
Themaximummagnetic torques can be indirectly computed from the
rotation time based on dynamic equations with varying angular
accelerations (See the section ofMethods). The experimental values of
the maximum torques about principal axes agree well with the
theoreticalvalues fordifferentmagnitudesof theappliedfield (Fig. 3b).
The identity (10) is also validated, as shown in Fig. 3c. Therefore, the
above modeling of the anisotropic magnetization of the soft magnet
and the resulting torque generation is valid.

Orientation stability of an anisotropic soft magnet in a uniform
magnetic field
In permanent-magnet-based actuation systems, the magnetic torque
always tends to align the axis of magnetic moment of the permanent
magnet with the applied field. If the permanent magnet is controlled
withmoderate dynamics and the orientation of the applied field varies
slowly, the orientation lag of the permanent magnet relative to the
applied field can be ignored and it can be assumed that the orientation
of the magnet (2-DoF direction of the magnetic moment) varies with
thedirection of the applied field synchronously. This stabilizing torque
enables open-loop 2-DoF orientation manipulation of a permanent

magnet by controlling only the direction of applied field without the
need of orientation feedback.

As for the anisotropic soft magnet, there are three principal axes
and its 3-DoF orientation stability in an applied field becomes more
complicated than the permanent magnet case. To investigate the
orientation stability of an anisotropic soft magnet, it is embedded in a
capsule shell that is submerged in water and placed inside the work-
space of the orthogonal Helmholtz coils as shown in Supplementary
Fig. 2, where a constant magnetic field is applied. Fig. 4 shows the
experimental results of orientation stability of an anisotropic soft
magnet under perturbation about different principal axes. For each
case, bothphotographic and schematic illustrations of the soft-magnet
robot in each state are provided. In Fig. 4a, the a-axis (longest) of the
soft magnet is aligned with the applied field initially, generating zero
magnetic torque. Then the soft magnet is perturbed about a-axis, b-
axis, and c-axis for positive 45° (right-hand rule), respectively. Finally,
the soft magnet is released and its behavior is observed (Supplemen-
tary Movie 1). Since the magnetic torque is always zero as long as the
principal axes are aligned with the applied field, the soft magnet will
stay where it is perturbed about a-axis after release. This state is
defined as marginally stable. When the soft magnet is released after
perturbation about b- and c-axis, it will recover back to the initial state
under the stabilizing torque, i.e. aligned with the applied field. This
state is defined as stable. Fig. 4b shows the stability of the soft magnet
when its b-axis (second-longest) axis is alignedwith the applied field in
the initial state (SupplementaryMovie 2).When it is perturbed about a-
axis, b-axis, and c-axis, the dynamic behaviors are stable, marginally
stable, and unstable, respectively. In the unstable state, the soft mag-
net continues to rotate away from the initial state after release until it
reaches the next stable state. Fig. 4c shows the stability of the soft
magnetwhen its c-axis (shortest axis) is alignedwith the appliedfield in
the initial state (SupplementaryMovie 3).When it is perturbed about a-
axis, b-axis, and c-axis, the dynamic behaviors are unstable, unstable,
and marginally stable, respectively. Therefore, the longest axis of an
anisotropic soft magnet is the most stable axis, with the strongest
tendency to align with the applied field. The shortest axis is the most
unstable axis, with theweakest tendency to alignwith the applied field.

When the magnetic field is applied in an arbitrary direction (not
aligned with principal axes), the soft magnet always tends to align its
longest a-axis with the magnetic field. In the process of long-axis
alignment, the second longestb-axis tends to align with the projection
of the applied field on the boc-plane under the torque about a-axis.
However, complete b-axis alignment is not guaranteed since the tor-
que about a-axis becomes zero once the a-axis aligns with the applied
field. The longest axis of an anisotropic softmagnet is analogous to the
axis of magnetic moment of a permanent magnet. By controlling the
direction of a single applied magnetic field, only 2-DoF orientation of
the soft magnet can bemanipulatedwith the longest axis aligning with
the appliedfield. The remainingdegreeof freedom, i.e., the orientation
about a-axis, cannot be deterministically and precisely controlled by a

Fig. 2 | Magnetization of a soft magnet with an anisotropic geometry.
a Schematic of anisotropic magnetization of an ellipsoidal soft magnet. The mag-
netization component in three principal axes is proportional to the applied field
component by a scaling factor of the inverse of the demagnetization factor.
b Schematic of magnetic torque on the ellipsoidal soft magnet shown in a. The
anisotropicmagnetizationof the softmagnet leads to separationof the direction of
magnetization vectorM from the applied fieldH, resulting in a non-zero magnetic
torque τ =μ0vðMHÞ. The orientation ofH is denoted by elevation φ and azimuth θ.
The orientation of M is denoted by elevation β and azimuth α. c Alternative geo-
metries of soft magnets for anisotropic magnetization: Cuboids with w ≠ l ≠h and
elliptical cylinders with a≠b≠h. d The variation of magnetization vector with the
orientation of the appliedfield in the central plane of the ellipsoidal softmagnet. As
the applied field rotates from the major axis to the minor axis, the lag angle
between the magnetization vector and the applied field first increases from zero

and then reduces to zero again. e Magnetization of a spherical soft magnet. The
magnetization vector is always aligned with the applied field with no torque gen-
erated. fMagnetizationof a prolate ellipsoidal softmagnet.M,H, and the longest a-
axis are always co-planar, resulting in a magnetic torque always located in boc-
plane with zero torque component in a-axis. g Magnetization of an oblate ellip-
soidal softmagnet.M,H, and the shortest c-axis are always co-planar, resulting in a
magnetic torque always located in aob-planewith zero torque component in c-axis.
h Magnetization of a triaxially ellipsoidal soft magnet. Magnetic torque can be
generated in all directions by tuning the direction of the applied field. i The var-
iation of azimuth angle, elevation angle, andmagnitudeofmagnetizationM of a tri-
axial ellipsoidal soft magnet (na =0.16, nb =0.26, nc =0.58,

nb
nc
=0.44) with the

direction of the applied field. The variation of azimuth of M is also illustrated for
soft magnets with nb

nc
=0.1 and nb

nc
=0.9.
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single applied field although it can be adjusted by a varying magnetic
torque about a-axis. This fact suggests that precise 3-DoF orientation
manipulation for an anisotropic soft magnet is not necessarily
achievable even if magnetic torques about three principal axes can be
generated.

Alternating and open-loop control of 3-DoF orientation of the
soft-magnet robot
Based on the analysis of magnetic torque generation and orientation
stability of an anisotropic soft magnet, it is found that there are two
major challenges for precise 3-DoF orientation control of the soft
magnet:
(1) The rotation about the longest a-axis cannot be simultaneously

controlled in an open-loop manner together with the other two
DoF (aligning a-axis with the applied field) using a single actuating
magnetic field.

(2) The more stable axes (a-axis or b-axis) of the anisotropic soft
magnet could be orientated reversely from the desired direction
by simply setting the actuating magnetic field in that direction.

The first problem is already discussed in the previous section on
orientation stability. The second problem arises from the fact that the
magnetic torque can possibly align either the positive or the negative
longer axis of the soft magnet with the applied field, depending on
whichever end is closer to the applied field. In other words, if the angle
between the positive longer axis and the applied field is less than 90°,
then the soft magnet aligns its positive axis with the applied field.
Otherwise, the negative axis aligns with the applied field. This behavior
is fundamentally different from that of a permanent magnet in mag-
netic actuation,where thepermanentmagnet always tends toorient its
north pole along the applied field. To address these two challenges
regarding magnetic actuation of a soft magnet, an alternating and
open-loop control strategy is proposed to control the direction of the
longest axis (2 DoFs) and the orientation about the longest axis (1-DoF)
separately over small-angle steps using two alternatingly applied
actuating magnetic fields (Fig. 5). The 3-DoF orientation of the soft
magnet can be manipulated to reach any arbitrary target orientation
from an initial orientation. First, the orientation path between the
initial orientation and the target orientation is discretized using the

Fig. 3 | Magnetic torque on an anisotropic soft magnet. a The variation of
magnetic torques about a-axis, b-axis, and c-axis with the direction of the applied
magnetic field. The blue curves denote the magnetic torque when the magnetic
field is applied within boc-plane, coa-plane, and aob-plane. b Comparison of
experimental value and theoretical value of maximum torques about a-, b-, and c-

axis under different magnitudes of the applied magnetic field, respectively.
cValidation of the identity relation ofmaximum torques about a-,b-, and c-axis, i.e.
τb,max = τa,max + τc,max.d Schematic ofmaximummagnetic torques about a-,b-, and
c-axis when the magnetic field is applied 45° from the major axis of the cross-
sectional ellipse in boc-plane, coa-plane, and aob-plane.
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angle-axis interpolation that gives the shortest path. The discretization
step is chosen sufficiently small such that the relative angle between
two adjacentmidwayorientations (green coordinate frames in Fig. 5) is
smaller than 90° to prevent problem 2 above. Then the actuating
magnetic field Ba

i that controls the direction of the longest axis is
applied along a-axis of the next midway orientation such that a mag-
netic torque is generated to align the longest axis along the desired

a-axis of the midway orientation. Next, the actuating magnetic field Br
i

that controls the rotation about the longest axis is applied along b-axis
of thenextmidwayorientation such that the second-longest axis of the
soft magnet aligns with the desired b-axis of the midway orientation.
By implementing this two-step control strategy alternatingly, full
3-DoF orientation of the soft magnet can be precisely controlled to
reach each midway orientation and finally reach the desired target

Fig. 4 | Orientation stability of a small soft-magnet robot suspended in water.
a Orientation stability about three principal axes under perturbations when a-axis
of the soft magnet is aligned with the applied field. The soft magnet is marginally
stable about a-axis and stable about b- and c-axis. b Orientation stability about
three principal axes under perturbations when b-axis of the soft magnet is aligned
with the applied field. The soft magnet is stable about a-axis, marginally stable
aboutb-axis, and unstable about c-axis. cOrientation stability about three principal

axes under perturbations when c-axis of the softmagnet is alignedwith the applied
field. The softmagnet is unstable about a- andb-axis, andmarginally stable about c-
axis. In each case, the soft-magnet robot is perturbed for positive 45° (right-hand
rule). In photographs, solid outlines denote the capsule robot while dashed out-
lines denote the ellipsoidal soft magnet inside. In schematics, only the soft magnet
is illustratedwith solid outlines. The gray arrows in schematics indicate the applied
magnetic field. The scale bars indicate 2 cm.
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orientation. Since theorientationadjustmentduringeachdiscrete step
is very small and the dynamic process ends very quickly (<7ms), the
proposed alternating orientation control strategy can be regarded as
“locking” the longest (most stable) axis and second-longest (second
most stable) axis of the anisotropic soft magnet using two orthogonal
actuating magnetic fields and drag the soft magnet towards the
desired target orientation over multiple small steps.

If the soft magnet is required to precisely stay at the target
orientation, the two actuating magnetic fields should be still alternat-
inglymaintained along its longest and second-longest axis to “lock” the
soft magnet for disturbance rejection. Another issue with the open-
loop control strategy is to determine the initial orientation of the soft
magnet. When we apply two alternating magnetic fields Ba

0 and Br
0 to

align the magnet with the desired initial orientation, the actual orien-
tation of the softmagnetmight beflipped due to the problem 2 above.
The true resulting orientation is one of the four possible orientations
(Supplementary Fig. 3). Therefore, external observation (e.g., a cam-
era, a low-accuracy orientation sensor, or human observation, etc.) is
needed to determine the true initial orientation from four possibilities.

The open-loop 3-DoF orientation manipulation of the soft-
magnetic robot is experimentally demonstrated using the proposed
alternating control strategy. In the first experiment, the capsule robot
is rotated in a single degree of freedom about a-axis, b-axis, and c-axis
of the embedded anisotropic softmagnet for 90°, respectively (Fig. 6a,
Supplementary Movies 4–6), which shows that all three DoFs of

orientation can be precisely manipulated using the soft-magnet based
actuation method. Note that the alternating magnetic control is
necessary even for precise 1-DoF rotation since the control method
using a single magnetic field still suffers from the problem of orien-
tation instability under potential disturbances. In the second experi-
ment, the capsule robot is first rotated about x-axis of the global
coordinate frame for 45°, then rotated about global y-axis for 180°,
then rotated about globalz-axis for 45°, andfinally rotated aboutk-axis
(k̂= �0:28,� 0:68,0:68½ �T) for 63° to arrive at the final orientation
(Fig. 6b, SupplementaryMovie 7). The top view (xoy-plane projection)
and the front view (yoz-plane projection) of themanipulated robot are
provided, with at least one view validating the accuracy of orientation
control by showing the special orientation angle (e.g., 45°) of the
projected robot. This experiment shows that the proposed alternating
control strategy can achieve full 3-DoF dexterous manipulation of a
soft-magnet capsule robot through any complicated orientation path.
Three components of the alternating magnetic control inputs (i.e.,
voltage inputs to orthogonal Helmholtz coils) along the orientation
path are also shown in Fig. 6c. The orthogonal magnetic fields for
alignment of the longest axis and rotation about the longest axis are
switched and their direction is varying according to the planned
orientation trajectory to drag the soft magnet to change orientation
synchronously. The alternating frequency of the orthogonal magnetic
fields is 10Hz in Fig. 6. The upper limit of the frequency of the alter-
nating magnetic control is around 10 kHz due to the inductance effect

Fig. 5 | Alternating open-loop control strategy for 3-DoF orientation manip-
ulation of an anisotropic soft magnet. In the first step, the orientation path is
discretized into small orientation steps and orthogonalmagnetic control inputsBa

i

andBr
i are generated along a-axis andb-axis of the discretizedmidwayorientations

of the anisotropic softmagnet. In the second step, the orthogonalmagnetic control
inputs Ba

i and Br
i are applied alternatingly to control the direction of the longest

axis (2 DoFs) and the rotation about the longest axis (1 DoF), respectively, in each
discrete orientation step until the soft magnet reaches the target orientation. The
green coordinate frames denote the next desired midway orientation. In the last
step, alternating orthogonal magnetic fields need to be maintained to “lock” the
soft magnet to the desired orientation for disturbance rejection.
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Fig. 6 | Experimental demonstration of open-loop 3-DoF orientation manip-
ulation of the soft-magnet-based robot. a Sequence of photos and schematics of
robot rotation about a-, b-, and c-axis of an anisotropic soft magnet for 90°.
b Sequence of schematics and photos that demonstrate the 3-DoF orientation
manipulation of the soft-magnet-based robot over an arbitrary orientation path.
The capsule robot is first rotated about global x-axis for 45°, then rotated about
global y-axis for 180°, then rotated about global z-axis for 45°, and finally rotated
about k-axis for 63° to arrive at the final orientation. A top view (xoy-plane

projection) and a front view (yoz-plane projection) of the manipulated robot are
provided, with at least one view validating the accuracy of orientation control by
showing the special orientation angle (e.g., 45°) of the projected robot. c Voltage
inputs to three orthogonal Helmholtz coils for controlling the magnetic field
components in three dimensions. The voltage inputs are alternated to generate
alternating magnetic control inputs Ba

i and Br
i . The frequency of the alternating

magnetic fields is 10Hz (The plot shows a lower frequency for better demonstra-
tion). The scale bars indicate 2 cm.
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of the Helmholtz coils (Supplementary Movie 10). On the other hand,
too low a magnetic control frequency causes non-smooth orientation
manipulation and failure of stabilization at the target orientation. The
lower limits of the frequency of the alternating magnetic control for
smooth and stable orientationmanipulation is around 2Hz and 0.5Hz,
respectively (Supplementary Movie 9).

Additional experiments are conducted with smaller capsule
robots down to the size of commercial capsule endoscopes
(+14 mm×28 mm) and smaller soft magnets down to the size of
10× 1:2 ×4:8 mm (Supplementary Fig. 4). Similar accuracy of 3-DoF
orientation control is achieved, which validates the applicability of the
proposed soft-magnet actuationmethod. In addition, the soft-magnet-
based orientationmanipulation is also experimentally evaluated in the
presence of the flow disturbance using a water circulation system
(Supplementary Figs. 5 and 6 and Supplementary Movie 8). It is shown
that the introduced flow disturbance has a negligible impact on 3-DoF
orientation control of the robot, which further validates the robust-
ness of the proposed soft-magnet actuation method.

Discussion
This paper proposes a new magnetic actuation principle that exploits
another type of magnetic materials, i.e., soft magnets, for magnetic
manipulation. Designed with an anisotropic geometry such as a tri-
axial ellipsoid, the soft magnet exhibits different magnitudes of mag-
netization along its three principal axes in the presence of an external
magnetic field. The anisotropicmagnetization of the softmagnet leads
to separation ofmagnetization vector (ormagneticmoment) from the
applied field, resulting in magnetic torque generation. Theoretical
modeling and experiments show that magnetic torques can be gen-
erated about all three principal axes of the anisotropic soft magnet,
which brings the capability of 3-DoF orientation manipulation. How-
ever, 3-DoF orientation manipulation cannot be simply achieved by
controlling a single actuating magnetic field in an open-loop manner
since the orientation stability of three principal axes of the softmagnet
is different from one another. Therefore, we propose an alternating
open-loop control strategy, where a pair of orthogonal actuating
magnetic fields are applied alternatingly at small steps to precisely
control the direction of the longest axis of the soft magnet and the
rotation about the longest axis, respectively. Compared with other
3-DoF orientation manipulation methods based on permanent mag-
nets, the proposed method relies on a single magnetic body with a
simple geometry (e.g., elliptical cylinder) that is easy to fabricate and
requires no complicated assembly or patterned magnetization.

Although the soft-magnet-based magnetic actuation method is
fundamentally investigated and demonstrated for 3-DoF orientation
manipulation of small robots, there are still some limitations and open
challenges left for futurework. First, themagnetic torquegeneratedon
a soft magnet is much smaller than that on a permanent magnet of
similar size. For example, if an external magnetic field of 5 × 10−3 T is
applied, themaximum torque on the soft magnet used in experiments
of this paper is 6 × 10−5 N·mwhile themaximum torqueon apermanent
magnet of similar size (1695mm3) with a magnetic moment of
1.08 A·m2 is 5.4 × 10−3 N·m. If the small robot is manipulated in the
liquid environment with negligible friction, then the small torque is
sufficient to lock a-axis and b-axis of the soft magnet to the two
actuating magnetic fields and thus the proposed orientation control
strategy is expected to work well. Otherwise, stronger actuating
magnetic fields might be required to ensure sufficient magnetic tor-
que. However, an excessively strong magnetic field might saturate
magnetization of the soft magnet, which induces more complicated
dynamic behaviors and even impairs magnetic torque generation. We
have assumed that the soft magnet is never saturated during magne-
tization throughout the paper. The 3-DoF rotational dynamics of soft-
magnetic actuation under saturated magnetization remains to be
investigated in future work.

The second limitation of this work is that only 3-DoF orientation
manipulation is considered with the soft magnet placed in a uniform
actuating magnetic field while 3-DoF translational manipulation is not
investigated. Similar to the permanent-magnet-based actuation sys-
tem, themagnetized soft magnet experiences 3-DoFmagnetic force in
the presence of magnetic field gradients (Supplementary Note 2). We
havedesigned apreliminary controlmethod for 6-DoFmanipulationof
the soft-magnet robot that decomposes orientation and translation
control and builds upon the open-loop orientation control strategy
proposed in this paper (Supplementary Note 2). Although it remains to
be validated experimentally, the soft-magnet actuation method is a
promising new method of 6-DoF manipulation of small-scale robots.

Finally, the capsule robot is manipulated in water with negligible
friction in this work. In future work, the soft-magnet-based robot
manipulation will be evaluated in more realistic scenarios such as in a
gastrointestinal tract.

Methods
Soft magnet
The soft-magnetic material (Type No. 1J85, Dongbei Special Steel
Group Co. Ltd.) used in experiments are mainly made of nickel (Ni),
iron (Fe), andmolybdenum (Mo)with amass ratio of 80%, 15%, and 5%,
respectively. It has a high maximum magnetic permeability of
μm = 156:6 mH/m and low coercivity of Hc = 1:34 A/m. The soft-
magnetic materials are purchased as bars and then machined into
elliptical cylinders, which can be embedded into a capsule robot for
magnetic manipulation. The soft-magnetic cylinder has a weight of
14.8 g and a dimension of a semi-major axial length of 30mm, a semi-
minor axial length of 6mm, and a height of 12mm. The demagneti-
zation factors are na =0:16, nb =0:26, and nc =0:58, which corre-
sponds to the semi-major axis, the axis of height, and the semi-minor
axis, respectively.

Small capsule robot
Since the small capsule robot in this work is used to validate and
demonstrate the proposed soft-magnet-based actuation method
rather than showing its real applications, the robot only consists of a
plastic shell and an internal on-board soft magnet, with no endoscopic
camera and other electronic components. The capsule shell ismade of
photosensitive engineering resin (UTR 8220) by high-precision ste-
reolithography (SLA) 3D printing (Lite800HD, UnionTech3D Inc.). The
shell is printed as two half pieces, which have an internal slot fixture to
hold the soft magnet. Therefore, it is easy to assemble the capsule
robot manually. The cylindrical capsule has a dimension of
+25mm×58mm with a shell thickness of 1.2mm. The size of the
capsule robot is designed such that sufficient buoyancy can be gen-
erated to suspend the soft-magnet-embedded robot in the water.

Tri-axial orthogonal helmholtz coils
For experimental validation of magnetic torque generation, orienta-
tion stability, and 3-DoF orientation manipulation, a magnetic actua-
tion setup is built with tri-axial Helmholtz coils in orthogonal
configuration (Supplementary Fig. 1). AHelmholtz coil ismadeof a pair
of coaxial electromagnetic coils with equal radius, with the same cur-
rent running with the same handedness. A nearly uniform magnetic
field with negligible gradients can be generated along the axial direc-
tion inside the central region of the Helmholtz coil. Therefore, only
magnetic torque can be generated on the soft magnet and there is no
magnetic force. To generate omnidirectional uniform magnetic field,
three pairs of Helmholtz coils are assembled orthogonally. The current
supplies to three Helmholtz coils are tuned to control the magnitude
and direction of the generated uniform field in the central workspace.

The current control system of the Helmholtz coils consists of
threeH-bridge boards (450WDCmotor drivermodule, Shaibang Inc.),
three power sources (IT6302A, ITECH Co. Ltd.), and a microcontroller
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(STM32F103C6T6, STMicroelectronics). Each of the H-bridge boards is
powered by a 30 V power source and its output terminals are con-
nected to oneof the threeHelmholtz coils.Magnetic control inputs are
computed based on the manipulation task and then converted into
current control input signals, which are then uploaded to the micro-
controller. The current control signals can be encoded as the duty
cycle of a square wave through PWM modulation and transferred to
the H-bridge boards through the PWM pin of the microcontroller. The
PWM current signals are then amplified by the H-bridge boards to
control the current supply of each Helmholtz coil and thus each
magnetic field component.

In experiments, the soft-magnet-based capsule robot is sus-
pended in water in a cubic transparent container with a dimension of
100mm× 100mm×100mm, which is placed inside the central work-
space of the tri-axial Helmholtz coils. Two high-speed industrial cam-
eras (OSG030-790UMTZ, YVSION Inc.) are used to record the front
view and the top view of the dynamic robot rotation, which has a
variable frame rate of 60~900 fps and a resolution of 640 × 480 pixels.
In experiments to estimate torque by measuring time of rotation, the
frame rate of 60, 310, 660, and 900 fps are used. Polar coordinate
papers are put on the surface of the cubic container to confirm the
robot orientation in the experiments of 3-DoF manipulation.

Torque estimation from time of rotation
Since the magnetic torque generated on the soft magnet is very small
(in the order of 10�5 N �m), the resolution of existing torque sensors
(in the order of 10�4 N �m) is not sufficient for direct measurement of
the torque. Therefore, an indirect method is used instead to estimate
the magnetic torque from the rotation time of the soft magnet, which
can be obtained from video recordings of high-speed cameras. Torque
estimation from time is based onmodeling of rotationdynamics of the
soft-magnet robot. In experiments to validate theoretical models of
magnetic torques, we need to measure the maximum magnetic tor-
ques about threeprincipal axes of the elliptical softmagnet. It is known
that the maximum magnetic torque about each axis is achieved when
the externalmagnetic field is applied in the plane perpendicular to that
axis and forms an angle of 45° with the long axis of the projected
ellipse on the perpendicular plane. Therefore, the soft-magnet capsule
robot is first orientated 45° from the applied field. Then the robot is
released to rotate about a principal axis under a magnetic torque
that varies with the orientation of the soft magnet. When the soft
magnet rotates to approach the applied field, the magnetic torque
decreases and comes to zero when it is aligned with the applied field.
From Eq. (9), it is known that the magnetic torque during rotation is
given by

τ = τmax sin 2φð Þ ð11Þ

where τmax is the maximum torque, i.e. the torque at the initial orien-
tation, and φ is the angle between the long axis and the applied field.
From Newton’s law for rotation, the torque τ is related to the angular
acceleration α by the moment of inertia I about the rotation axis:

τ = Iα ð12Þ

Let the elapsed rotation angle of the soft magnet be ψ, which is
related with φ by ψ=45� � φ. Combining (11) and (12) gives the fol-
lowing equation:

α =
τmax

I
cos 2ψð Þ ð13Þ

Since the acceleration is the second order derivative of the rota-
ted angle, Eq. (13) can be rewritten as

€ψ=
τmax

I
cos 2ψð Þ ð14Þ

which is a nonlinear second order differential equation. Introduce the
intermediate variable _ψ, Eq. (14) can be simplified as

_ψ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τmax

I
sin 2ψð Þ

r
ð15Þ

Which can be solved by numerical integration given the initial and
final condition of ψ.

ffiffiffiffiffiffiffiffiffiffi
τmax

I

r
t =

Z π
4

0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin 2ψð Þ

p dψ= 1:311 ð16Þ

Then the relation between the maximum torque and the rotation
time can be obtained as follows.

τmax = 1:719
I
t2

ð17Þ

where the inertial moment of the capsule robot (including the capsule
shell and the soft magnet) is computed based on its geometry and
density using the 3D CAD software (Solidworks, Dassault Systèmes).
Once the rotation time is obtained from the video recordings by
counting the number of corresponding frames, the maximum torque
can be estimated from Eq. (17).

Data availability
All the relevant data supporting the findings of this study are available
within the paper and the Supplementary Information.

Code availability
All the relevant code used to generate the results in this paper and the
Supplementary Information is available upon request.

References
1. Giltinan, J., Diller, E. & Sitti, M. Programmable assembly of hetero-

geneous microparts by an untethered mobile capillary micro-
gripper. Lab Chip 16, 4445–4457 (2016).

2. Chung, S. E., Dong, X. & Sitti, M. Three-dimensional heterogeneous
assembly of coded microgels using an untethered mobile micro-
gripper. Lab Chip 15, 1667–1676 (2015).

3. Yang, X., Tan, R., Lu, H. & Shen, Y. Magnetic-directed manipulation
andassemblyof fragile bioartificial architectures in the liquid–liquid
interface. IEEE/ASME Trans. Mechatron. 27, 3590–3600 (2022).

4. Tang, C. et al. A pipeline inspection robot for navigating tubular
environments in the sub-centimeter scale. Sci. Robot. 7,
eabm8597 (2022).

5. Li, J., Deng, J., Zhang, S., Wang, W., & Liu, Y. An untethered tripodal
miniature piezoelectric robot with strong load capacity inspired by
land motion of seals. IEEE/ASME Trans. Mechatron. (2023).

6. Sitti, M. et al. Biomedical applications of untethered mobile milli/
microrobots. Proc. IEEE 103, 205–224 (2015).

7. Nelson, B. J., Kaliakatsos, I. K. & Abbott, J. J. Microrobots for mini-
mally invasivemedicine. Annu. Rev. Biomed. Eng. 12, 55–85 (2010).

8. Ceylan, H., Yasa, I. C., Kilic, U., Hu, W. & Sitti, M. Translational pro-
spects of untethered medical microrobots. Prog. Biomed. Eng. 1,
012002 (2019).

9. Nauber, R. et al. Medical microrobots in reproductive medicine
from the bench to the clinic. Nat. Commun. 14, 728 (2023).

Article https://doi.org/10.1038/s41467-023-42783-5

Nature Communications |         (2023) 14:7491 12



10. Li, J., Esteban-Fernández de Ávila, B., Gao, W., Zhang, L. & Wang, J.
Micro/nanorobots for biomedicine: delivery, surgery, sensing, and
detoxification. Sci. Robot. 2, eaam6431 (2017).

11. Kei Cheang, U., Lee, K., Julius, A. A. & Kim, M. J. Multiple-robot drug
delivery strategy through coordinated teams of microswimmers.
Appl. Phys. Lett. 105, 083705 (2014).

12. Liu, D., Wang, T. & Lu, Y. Untethered microrobots for active drug
delivery: from rational design to clinical settings. Adv. Healthc.
Mater. 11, 2102253 (2022).

13. Jang, D., Jeong, J., Song, H. & Chung, S. K. Targeted drug delivery
technology using untethered microrobots: a review. J. Micromech.
Microeng. 29, 053002 (2019).

14. Erin, O., Alici, C. & Sitti, M. Design, actuation, and control of anMRI-
powered untethered robot for wireless capsule endoscopy. IEEE
Robot. Autom. Lett. 6, 6000–6007 (2021).

15. Son, D., Gilbert, H. & Sitti, M. Magnetically actuated soft capsule
endoscope for fine-needle biopsy. Soft Robot. 7, 10–21 (2020).

16. Norton, J. C. et al. Intelligent magnetic manipulation for gastro-
intestinal ultrasound. Sci. Robot. 4, eaav7725 (2019).

17. Nica, M., Forbrigger, C. & Diller, E. A novel magnetic transmission
for powerful miniature surgical robots. IEEE/ASME Trans. Mecha-
tron. 27, 5541–5550 (2022).

18. Gunduz, S., Albadawi, H. & Oklu, R. Robotic devices for minimally
invasive endovascular interventions: a new dawn for interventional
radiology. Adv. Intell. Syst. 3, 2000181 (2021).

19. Ornes, S. Medical microrobots have potential in surgery, therapy,
imaging, and diagnostics. Proc. Natl. Acad. Sci. 114,
12356–12358 (2017).

20. Ciuti, G., Menciassi, A. & Dario, P. Capsule endoscopy: from current
achievements to open challenges. IEEE Rev. Biomed. Eng. 4,
59–72 (2011).

21. Yang, Z., Yang, H., Cao, Y., Cui, Y., & Zhang, L. Magnetically actu-
ated continuum medical robots: a review. Adv. Intell. Syst. 5,
2200416 (2023).

22. da Veiga, T. et al. Challenges of continuum robots in clinical con-
text: a review. Prog. Biomed. Eng. 2, 032003 (2020).

23. Burgner-Kahrs, J., Rucker, D. C. & Choset, H. Continuum robots for
medical applications: a survey. IEEE Trans. Robot. 31, 1261–1280
(2015).

24. Ji, X. et al, An autonomous untethered fast soft robotic insect driven
by low-voltage dielectric elastomer actuators. Sci. Robot. 4,
eaaz6451 (2019).

25. Quirini, M., Menciassi, A., Scapellato, S., Stefanini, C. & Dario, P.
Design and fabrication of a motor legged capsule for the active
exploration of the gastrointestinal tract. IEEE/ASME Trans. Mecha-
tron. 13, 169–179 (2008).

26. Chen, T., Bilal, O. R., Shea, K. & Daraio, C. Harnessing bistability for
directional propulsion of soft, untethered robots. Proc. Natl. Acad.
Sci. 115, 5698–5702 (2018).

27. Formosa, G. A., Prendergast, J. M., Edmundowicz, S. A. & Ren-
tschler, M. E. Novel optimization-based design and surgical eva-
luation of a treaded robotic capsule colonoscope. IEEE Trans.
Robot. 36, 545–552 (2019).

28. Chen, W. et al. Wireless powered capsule endoscopy for colon
diagnosis and treatment. Physiol. Meas. 34, 1545 (2013).

29. Dong, Y. et al. Untethered small-scale magnetic soft robot with
programmable magnetization and integrated multifunctional
modules. Sci. Adv. 8, eabn8932 (2022).

30. Zhang, J. &Diller, E. Untetheredminiaturesoft robots:modelingand
design of a millimeter-scale swimmingmagnetic sheet. Soft Robot.
5, 761–776 (2018).

31. Eshaghi,M., Ghasemi,M. &Khorshidi, K. Design,manufacturing and
applications of small-scale magnetic soft robots. Extreme Mech.
Lett. 44, 101268 (2021).

32. Abbott, J. J., Diller, E. &Petruska, A. J.Magneticmethods in robotics.
Annu. Rev. Control Robot. Auton. Syst. 3, 57–90 (2020).

33. Yang, Z. & Zhang, L. Magnetic actuation systems for miniature
robots: a review. Adv. Intell. Syst. 2, 2000082 (2020).

34. Palacci, J., Sacanna, S., Steinberg, A. P., Pine, D. J. & Chaikin, P. M.
Living crystals of light-activated colloidal surfers. Science 339,
936–940 (2013).

35. Wang, R., Han, L., Wu, C., Dong, Y. & Zhao, X. Localizable, identifi-
able, and perceptive untethered light-driven soft crawling robot.
ACS Appl. Mater. Interfaces 14, 6138–6147 (2022).

36. Son, H. et al. Untethered actuation of hybrid hydrogel gripper via
ultrasound. ACS Macro Lett. 9, 1766–1772 (2020).

37. Truby, R. L. & Li, S. Integrating chemical fuels and artificial muscles
for untethered microrobots. Sci. Robot. 5, eabd7338 (2020).

38. Rahmer, J., Stehning, C. & Gleich, B. Spatially selective remote
magnetic actuation of identical helical micromachines. Sci. Robot.
2, eaal2845 (2017).

39. Kummer, M. P. et al. OctoMag: an electromagnetic system for 5-DOF
wirelessmicromanipulation. IEEE Trans. Robot. 26, 1006–1017 (2010).

40. Pourkand, A. & Abbott, J. J. A critical analysis of eight-
electromagnet manipulation systems: the role of electromagnet
configuration on strength, isotropy, and access. IEEE Robot. Autom.
Lett. 3, 2957–2962 (2018).

41. Petruska, A. J. & Abbott, J. J. Omnimagnet: an omnidirectional
electromagnet for controlled dipole-field generation. IEEE Trans.
Magn. 50, 1–10 (2014).

42. Mahoney,A.W.&Abbott, J. J. Five-degree-of-freedommanipulation
of an untetheredmagnetic device in fluid using a single permanent
magnet with application in stomach capsule endoscopy. Int. J. Rob.
Res. 35, 129–147 (2016).

43. Ciuti, G., Valdastri, P., Menciassi, A. & Dario, P. Robotic magnetic
steering and locomotion of capsule endoscope for diagnostic and
surgical endoluminal procedures. Robotica 28, 199–207 (2010).

44. Ryan, P. & Diller, E. Magnetic actuation for full dexterity micro-
robotic control using rotating permanent magnets. IEEE Trans.
Robot. 33, 1398–1409 (2017).

45. Ghosh, A. & Fischer, P. Controlled propulsion of artificial magnetic
nanostructured propellers. Nano Lett. 9, 2243–2245 (2009).

46. Mahoney, A. W. & Abbott, J. J. Generating rotating magnetic fields
with a single permanent magnet for propulsion of untethered
magnetic devices in a lumen. IEEE Trans. Robot. 30, 411–420 (2013).

47. Lee,W., Nam, J., Kim, J., Jung, E. & Jang,G. Effective locomotion and
precise unclogging motion of an untethered flexible-legged mag-
netic robot for vascular diseases. IEEE Trans. Ind. Electron. 65,
1388–1397 (2017).

48. Diller, E. D., Giltinan, J., Lum, G. Z., Ye, Z. & Sitti, M. Six-degree-of-
freedommagnetic actuation for wireless microrobotics. Int. J. Rob.
Res. 35, 114–128 (2016).

49. Thornley, C. R., Pham, L. N. & Abbott, J. J. Reconsidering six-degree-
of-freedom magnetic actuation across scales. IEEE Robot. Autom.
Lett. 4, 2325–2332 (2019).

50. Giltinan, J. & Sitti, M. Simultaneous six-degree-of-freedom control
of a single-body magnetic microrobot. IEEE Robot. Autom. Lett. 4,
508–514 (2019).

51. Abbott, J. J., Ergeneman, O., Kummer, M. P., Hirt, A. M. & Nelson, B.
J. Modelingmagnetic torque and force for controlledmanipulation
of soft-magnetic bodies. IEEE Trans. Robot. 23, 1247–1252 (2007).

52. Osborn, J. A. Demagnetizing factors of the general ellipsoid. Phys.
Rev. 67, 351 (1945).

53. Aharoni, A. Demagnetizing factors for rectangular ferromagnetic
prisms. J. Appl. Phys. 83, 3432–3434 (1998).

54. Beleggia, M., DeGraef, M., Millev, Y. T., Goode, D. A. & Rowlands, G.
Demagnetization factors for elliptic cylinders. J. Phys. D: Appl. Phys.
38, 3333 (2005).

Article https://doi.org/10.1038/s41467-023-42783-5

Nature Communications |         (2023) 14:7491 13



Acknowledgements
The research work is financially supported by Grant 62203175 (H.W.)
from the National Natural Science Foundation of China, Grant
2023A1515011553 (H.W.) from Guangdong Basic and Applied Basic
Research Foundation, and Grant SL2022A04J01440 (H.W.) from
Guangzhou Municipal Science and Technology Bureau.

Author contributions
H.W. initiated and designed the project. H.W., J.C. and K.T. developed
the theoretical models of anisotropic magnetization and magnetic tor-
que of the soft magnet. J.C. analyzed the orientation stability and con-
ducted experiments to validate theoretical models ofmagnetic torques.
J.C. and K.T. built the tri-axial orthogonal Helmholtz coils and fabricated
the soft magnet-based capsule robot. K.T. proposed the alternating
open-loop orientation control strategy. Y.H. conducted experiments on
3-DoF orientation manipulation. H.W. analyzed the results, wrote the
paper, and supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42783-5.

Correspondence and requests for materials should be addressed to
Heng Wang.

Peer review information Nature Communications thanks Sagar
Chowdhury, and the other, anonymous, reviewer for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42783-5

Nature Communications |         (2023) 14:7491 14

https://doi.org/10.1038/s41467-023-42783-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Three-degrees-of-freedom orientation manipulation of small untethered robots with a single anisotropic soft�magnet
	Results
	Magnetic manipulation of small robots with an on-board permanent�magnet
	Geometry-dependent anisotropic magnetization of the soft�magnet
	Magnetic torque on the soft�magnet
	Orientation stability of an anisotropic soft magnet in a uniform magnetic�field
	Alternating and open-loop control of 3-DoF orientation of the soft-magnet�robot

	Discussion
	Methods
	Soft�magnet
	Small capsule�robot
	Tri-axial orthogonal helmholtz�coils
	Torque estimation from time of rotation

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




