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Soft Endoluminal Robots Propelled by Rotating
Magnetic Dipole Fields
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Abstract—Medical procedures often involve a device moving
through a natural lumen of the human body (e.g., intestines,
blood vessels). However, with existing technology, it is difficult,
impossible, or traumatic to reach certain locations. In this arti-
cle, we present a magnetically actuated soft-robotic concept for
use in endoluminal applications (e.g., capsule endoscopes and
catheters). The soft endoluminal robot is a simple device com-
prising two or more permanent magnets, axially magnetized and
embedded co-axially with alternating polarity in a compliant
body, with an optional internal lumen, actuated by an external
rotating magnetic dipole field. We use simulations to elucidate the
actuation concept’s underlying physics and, combined with exper-
iments, demonstrate how the proposed concept outperforms other
potential variations. We experimentally demonstrate the robust-
ness to misalignment between the soft robot and the applied
field, enabling operation in different applications without precise
knowledge of the robot’s orientation or precise control of the
actuator dipole field. Experiments are then performed inside a
synthetic bowel to compare capsule-endoscope-size robots and
multi-component robots formed by connecting multiple capsule-
endoscope-size robots axially. Finally, experiments in a synthetic
stomach show how the concept lends itself to directed self-
assembly in the stomach, thus creating robots that are larger
than could be swallowed.

Index Terms—Medical
actuation.

robotics, soft robotics, magnetic

I. INTRODUCTION

WIDE variety of medical procedures involve a device

moving through a natural lumen of the human body,
such as a blood vessels or the intestines. However, in many
cases, existing technology is insufficient to enable clinicians
to achieve their desired goals. For example, consider insertion
of catheters into the vasculature of the brain, where passages
are narrow and intricate, requiring multiple catheters to be
inserted, putting the lumen at risk of puncture [1]. Also, con-
sider colonoscopy, which is a crucia screening procedure that
is associated with discomfort, requires sedation, and is some-
times incomplete (unable to reach the cecum). Loeve et al. [2]
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Fig. 1. The proposed magnetic-actuation concept. (A) The soft robot com-

prises a compliant continuum structure with two or more co-axialy embedded
magnets with alternating polarity. When the robot is subjected to an externa
rotating dipole field, the result is a periodic gait that propels the robot forward.
In the nominal configuration (shown), the local lumen axis, external-magnet
rotation axis, and the displacement vector from the external magnet to the
robot are mutually orthogonal. (B) The soft robot has potential uses in a
variety of applications, such as tethered catheter or endoscope procedures or
in untethered motion through lumens of the body. The robot can contain a
central lumen to permit the passage of fluids and objects.

described a paradoxical problem of flexible endoscopy: endo-
scopes are both too flexible and too stiff. They described
how stiffness is necessary to perform an insertion success-
fully, yet softness is required to alow the device to adapt
to unknown soft-tissue environments to ensure the lumen’s
safety. However, there is an underlying assumption here that
the device is pushed through the lumen from its proximal end,
and must steer and conform to the geometry of the lumen.
One solution to circumvent this perceived paradox is to cre-
ate devices that can assist in their own propulsion in order to
reduce the proximal insertion forces that are required [3]-{5].
Untethered devices, such as robotic capsule endoscopes, must
carry their own intrinsic propulsion system, which has taken
various forms ranging from mechatronic (e.g., insect-like legs,
rectilinear traveling wave) to magnetic [5], [6]. Magnetic actu-
ation is particularly attractive because much of the footprint
for the robotic system is contained in the external magnetic
system, which enables the in vivo device to be both simpler
and smaller than would be possible otherwise.

In this article, we describe a type of magnetic actua
tion designed explicitly for use with soft endoluminal robots
(Fig. 1). This work builds upon our initial study described
in [7]. The robot comprises a compliant continuum structure
with two or more co-axially embedded permanent magnets
with alternating magnetic polarity and axial magnetization.
Polymer material surrounds the embedded magnets to serve
as feet on each end of the robot. When subjected to an exter-
nal rotating magnetic dipole field (e.g., the field generated by
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rotating a permanent magnet whose dipole is orthogonal to
the axis of rotation), a periodic gait emerges that propels the
robot forward with locomotion that typically manifests as an
inchworm-like gait. The body bends to bring the feet closer
together and straightens out to push the feet apart. The two
points of contact at the feet alternate anchoring and releas-
ing, relying on the asymmetry in reaction forces and resulting
friction induced on the two points of contact.

The sign convention demonstrating a positive actuator-
magnet rotation, ), leading to positive robot velocity, v, is
depicted in Fig. 1(A); if the rotation of the applied mag-
netic field is reversed, the robot’s traveling direction is also
reversed. The robot’s speed is a function of the actuator mag-
net’'s angular velocity. Since this actuation concept is wireless,
and because it has no internal moving parts beyond mechanical
compliance, it can be fabricated at a wide range of sizes.

The robot concept is specialized for endoluminal applica
tions in four respects:

1) The radial symmetry of the robot eliminates the chal-
lenges of localizing and controlling the roll orientation
of the robot within the lumen.

2) The bilateral symmetry of the robot ensures that locomo-
tion is not biased toward one direction along the lumen.

3) Therobot’'s embedded magnets can be fabricated with an
annular geometry, without interfering with the actuation.
This enables the creation of an internal lumen to enable
fluids to pass through (e.g., so as to not fully obstruct a
blood vessdl that the robot is crawling through).

4) The robot is actuated by a nonuniform magnetic dipole
field. Placing adipole-field source adjacent to apatient is
easier than surrounding a patient with electromagnetic
coils required to generate uniform magnetic fields of
equivalent strength.

We envision a variety of possible applications for the
proposed concept: an untethered soft robot such as a cap-
sule endoscope, an untethered multi-component soft robot
composed of individua robots chained together in vivo via
(directed) self-assembly, and a continuum device such as a
catheter with the soft-robot component at its distal end or with
multiple such components distributed along its length.

There are four main contributions of our work. First is
an elucidation of the underlying physics behind the actua
tion, with numerical confirmation of the experimental trends
observed in [7], using a simulation developed in [8]. Second
is experimental demonstrations of the robustness of the
performance of the robot to misalignment error between the
soft robot and the applied field. Third is experiments in a
synthetic bowel segment using a capsule-size robot and a
multi-component robot formed by connecting two capsule-
sized robots. Finally, the fourth is an in vitro study demon-
strating the concept’s potential for directed self-assembly in
the stomach, which would enable modular soft endoluminal
robots for use in the gastrointestinal (Gl) tract that are larger
than could be swallowed.

Il. RELATED WORKS

The field of soft continuum robotics has received a
great dea of interest in recent years [9]-{12]. However, a

critical survey of the literature reveals that many existing
soft manipulator technologies do not scale well for the size
required to navigate the natural lumina of the body. As aresult,
we shall focus on prior works that have attempted to address
medical applications. In the design of continuum manipula-
tors for medical applications [13], we see a pervasive theme
of designing robots with high-degree-of-freedom controllable
kinematics. The essential ideais to enable the robot to actively
conform to some desired path, where any compliance is pri-
marily used to accommodate robot limitations and modeling
errors. In addition, the manipulators are typically designed to
work in free space, which requires some degree of stiffness.
We are particularly interested in robots that are specialized
for use in a lumen—robots that can passively conform to the
tortuous path they must navigate, but need not support their
weight in free space.

Several groups have described magnetic actuation methods
to enable locomotion through a lumen, typically motivated by
medical applications. Catheter methods typically access the
vascular system of the body. Magnetic actuation of catheters
has been around since the 1950s [4], [14], when its utility was
demonstrated in the cerebral artery, the bronchial anatomy,
and the heart. Recent work in this area has considered fer-
romagnetic soft-continuum robotic catheters at even smaller
scales [15]. To access the Gl tract, both pushed continuum
devices and untethered capsule devices are used. Both have
received significant attention in recent years, motivated by the
desire to improve both the quality of Gl-tract screening proce-
dures and the patient’s experience [5], [6]. Scope devices are
currently unable to reach past the cecum when approaching
from the anus, or past the duodenum when approaching from
the mouth [16]. Capsule devices can reach the entire Gl tract
but have neither the control to investigate regions of interest
nor the ability to perform interventions. For this reason, there
has been much interest in active robotic capsules.

Many proposed magnetic microrobots have the potentia to
be used within lumina [17], [18]; however, we will restrict
our attention here to devices that are comparable in size to
the lumen itself and account for the existence of the lumen
walls. The different forms of magnetic locomotion in lumina
proposed to date can be classified into three main types:
periodic, screw-like, and pulling. Periodic gaits are often
biomimetic [19]{21], wheress it is only through the use of
applied magnetic fields that screw-like and pulling locomotion
are possible.

Periodic locomoation refers to gaits that can be characterized
by a cycle. Types of periodic locomotion include inchworm
and undul atory gaits (which are not always separated by aclear
distinction). Inchworm motion involves two feet taking turns
anchoring to a surface as the body deforms to propel the robot
forward. Thistype of motion can be created with soft and rigid
robots. A concept from Kim et al. [10] uses a spatially uniform
rotating magnetic field for actuation of a robot comprising
two asymmetric magnetic elements separated by a compliant
structure, as well as additional mechanical elements that are
required to transduce the magnetic interaction into locomo-
tion and prevent the magnetic elements from sticking together.
Gaits representative of undulatory (traveling-wave) motion
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have also been examined for use in a lumen. Nam et al. [22]
described a magnetic-actuation concept that utilizes a uniform
oscillating field to generate traveling-wave-type locomotion.
The robot comprises a series of articulated magnetic segments
with protruding legs to cause asymmetric friction with lumen
walls when actuated by an oscillating magnetic field. It is
worth noting that Kim et al. [23] developed a similar con-
cept utilizing a uniform magnetic rotating field to develop a
snake-like gait, but their motivation was explicitly non-lumen
environments (i.e., surfaces). Due to the mechanical complex-
ity of the respective designs, neither are inherently scalable.
Diller et al. [24] created traveling-wave locomotion by contin-
uously varying the magnetization throughout the body of a soft
robot and actuating it using uniform magnetic fields. Building
on this concept, [25] and [26] demonstrated multiple gaits,
shapes, and material magnetizations for various mesoscale
prototypes.

By placing a screw-like helical structure on the outside of
a robotic device (e.g., capsule endoscope), magnetic torque
can be directly converted into forward/backward propulsion
in a lumen. This has been the most explored method for
untethered endoluminal robots to date [27]-{31]. Because this
method requires continuous rotation of the robot, it has only
been applied to fully untethered devices. Incorporation into
continuum devices or tethered capsule-like devices would be
nontrivial.

Finally, magnetic forces can be utilized directly to manipu-
late a robotic device by pulling. To date, this has primarily
been limited to application in magnetic capsule endoscopy
of the colon [32]{34], which is a relatively large lumen.
However, it is well known that actuation methods based on
magnetic torque tend to scale better than those based on mag-
netic force as the distance between the magnetic-field source
and the actuated device increases [35].

I1l. LOCOMOTION MODEL

In order to gain insight into the proposed locomotion
mechanics, we use a simplified numerical model that we first
introduced in [8], which has higher fidelity than the model we
originaly used in [7]. Herein, the robot body is modeled as
a compliant beam with a magnet and thin rigid foot on each
end. The magnetic forces and torques between all three mag-
nets in the system are modeled explicitly [36]. All magnets
are assumed to be perfect dipoles. Each of the magnets has a
magnetic dipole m that points along the axis of the magnet.
When a magnetic dipole m is placed in a magnetic field b, a
torque 7 is induced, which attempts to align the dipole with
the applied field, and a force f is induced due to the spatial
derivative in the applied field, which attempts to trandate the
dipole to a location with a stronger field:

T=mxb (1)
f =(m-V)b. 2

The dipole field generated by some actuator dipole m, at each
point in space represented by displacement vector p is

_ _ Mo T_ 2
bp) = 225 (3T 111 me. ®

TABLE |
ENVIRONMENT, ROBOT, AND ACTUATOR PARAMETERS FOR
SIMULATIONS AND EXPERIMENTS FOR THE THREE ROBOTS CONSIDERED
IN THIS ARTICLE. *NOT CONSIDERED IN THE SIMULATIONS. TIN TUBES,
“FLOOR” INDICATES THE BOTTOM OF THE LUMEN

Parameter Units Thin Feet | Small Capsule
Acceleration of gravity —m-s—2 9.81 9.81 9.81
Env. permeability Hm~ ! [ 1.257e-6 1.257e-6 | 1.257e-6
Env. lumen diameter mm 12 6 27
Coefficient of friction® 0.3 1.4 0.5
Rob. weight g 0.438 0.30 4.05
Rob. body length mm 30 14 25

Rob. foot length* mm 0.53 2.5 5

Rob. body diameter mm 2.5 2.5 5

Rob. lumen mm Ix1 Ix1 2x1
Rob. foot diameter mm 10 5 12

Rob. elastic modulus Pa 3.37e5 3.37e5 3.37e5
Rob. dipole moment A-m? 0.0110 0.0110 0.210
Act. to floor distance¥ mm 137 137 200
Act. dipole moment A-m? | 40 40 205

The lumen environment is represented as a rigid ceiling and
floor, with which the feet and body make and break contact.
A simplified friction model assumes perfect stiction between
the foot and ceiling/floor with the largest contact force and no
friction on the other (moving) foot. The actuator magnet drives
the motion of the robot. To capture the gait of the robot, the
rotation of the actuator magnet is discretized and a quasistatic
iterative approach is used. For each actuator-magnet pose, the
static equilibrium of the robot is found iteratively as follows:

1) compute intermagnet forces and torques;

2) compute deformation of the robot body, modeled with

simple beam theory;

3) add the geometric constraint of the thin rigid feet to the

deformed beam;

4) find the highest reaction force between the six potential

points of contact with the environment; and finally

5) hold fixed the point of contact with the highest reaction

force when determining the robot pose.
Once the solution for the robot’s pose has converged, the pose
of the actuator magnet is advanced by a small angle, and the
process is repeated.

In order to validate the model’s ability to predict the robot’s
deformation and locomotion, we fabricated a robot prototype
with thin rigid feet and low friction to closely match the
assumptions in the model. The robot is shown in Fig. 2 with
parameters in the “ Thin Feet” column of Table I. Experimental
vaidation was performed using an omnidirectional electro-
magnet known as an Omnimagnet [37] as shown in Fig. 3(Ci).
The dipole was chosen to be the strongest dipole that could be
rotated using the Omnimagnet and the distance was selected
as being neither too close (which would cause the robot to be
stuck to the top of the tube) nor too far (which would result in
the robot not being actuated properly). Asillustrated in Fig. 2
and Supplementary Movie S1, the experimental and simulated
robots move synchronously, demonstrating that the simulation
is capturing the underlying physics of the locomotion method.

Using our model, we are able to reconsider the four
magnetic-actuation configurations originally considered in [7],
which include embedding the magnets with aternating or
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0=90°

Fig. 2.

Comparison of experimental (middle row) and simulated (bottom row) locomotion of thin-footed soft robot over half a cycle of dipole rotation

(top row). The size of the rotating dipole, and its distance from the lumen, are not shown to scale.
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Fig. 3. Effects of magnetic field type and embedded-magnet polarity on crawling velocity. (A) Robots in four different configuration of embedded-magnet
polarities and actuator-field types. (B) Simulated soft-robot step size per actuator-magnet revolution, for each configuration, using the simulation developed
in [8]. (C) Experimental setup used in [7], showing (i) setup for rotating dipole fields using an Omnimagnet, (ii) setup for rotating uniform fields using
tri-axial Helmholtz coils, and (iii) soft robot crawling through a tube, with an inset showing the robot’s internal lumen. (D) Experimental data of robot step
size at various actuator-field rotational frequencies, summarizing the complete experimental results of [7]. The mean step sizes are shown, along with their

95% confidence intervals, using the sign convention of Fig. 1.

non-alternating polarity and actuating with dipole or uniform
magnetic fields, as shown in Fig. 3(A). Therobot starts directly
underneath the actuator magnet and then travel s outwards once
actuated. The simulation results shown in Fig. 3(B), which use
the parameters in the “Small” column of Table |, demonstrate
that our proposed rotating dipole field combined with embed-
ded magnets of alternating polarity results in locomotion that

is substantially more efficient than other configurations consid-
ered. Only our proposed configuration properly synchronizes
the body deformation with the anchoring and releasing of the
contact points.

Figure 3(D) presents the combined experimental results
of [7]. Although there are quantitative differences from the
results of Fig. 3(B) due to the assumptions of the model, such
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Fig. 4.

Simulated locomotion of a soft robot through one cycle. (A) The gait of the robot with dipole-dipole interaction forces represented with arrows

a points a and b; the length of the force vectors are scaled to relative force. Also shown is the total torque caused by the dipole-dipole interactions; the
thickness of the torque arrows are scaled to relative torque magnitude. (B) The torques at points a and b. (C) The forces in the x and y direction on point a.
(D) The forces in the x and y direction for point b. (E) The total force from the dipole-dipole interaction on the soft robot.

as thin feet and simplified friction, we see that the trends
observed experimentally are the same, indicating that only
our proposed configuration results in reliable locomotion in
a deterministic direction.

Finaly, we investigate the underlying physics of the
proposed actuation method by examining the forces and
torques on the robot throughout the gait cycle, which has
yet to be done in previous work. The dipole-dipole interac-
tions cause aternating feet to stick and dip. As the distance
between the feet changes due to bending, the repeated action
causes motion in a deterministic direction. We refer to the gait
as inchworm-like, since there is an anchor-pull phase and an
anchor-push phase. Figure 4 depicts an example of the robot’s

locomotion over one full rotation of the actuator magnet. It
can be seen in Figs. 4(A-B) that the torques on foot a and b
are asymmetric. This is the primary driver of the robot’s gait;
the asymmetric torques lead to a higher normal reaction force
on one foot compared to the other. When the body deforms
due to the torques, the foot with the lower reaction force will
move while the other remains stationary. The magnetic forces
on each foot are shown in Figs. 4(C-D). With sufficient sep-
aration between the actuator magnet and the robot, the forces
do not significantly affect the gait of the robot. However, if
the actuator magnet is too close to the robot, the forces may
dominate the gait and reduce the locomotion efficiency. For
example, Fig. 4(E) shows that the total force on the robot has

Authorized licensed use limited to: The University of Utah. Downloaded on November 25,2020 at 22:17:36 UTC from IEEE Xplore. Restrictions apply.



PHAM et al.: SOFT ENDOLUMINAL ROBOTS PROPELLED BY ROTATING MAGNETIC DIPOLE FIELDS 603

arelatively large vertical component; if the forces get too high,
the robot will be held against the ceiling.

During one rotation of the actuator magnet, the robot goes
through two anchor-pull anchor-push phases. Between 0° and
90°, foot b is fixed and foot a is pulled toward it. Between
90° and 180°, foot a is fixed and foot b is pushed forward.
The second half of the cycle follows the same pattern, but with
body deformation in the opposite direction. Between 180° and
225°, foot b is fixed and foot a is pulled toward it. Between
225° and 360°, foot a is fixed and foot b is pushed forward.

IV. EXPERIMENTS AND RESULTS
A. Robot Fabrication

All robots fabricated in this article follow the same basic
process. First, a 3D-printed mold is created with the desired
robot dimensions. The robot body length and size are deter-
mined by the application, such as the size of a capsule
endoscope. The foot diameter, foot length, and internal lumen
size are determined by the geometry of the robot’s embedded
magnets, comprising an outer diameter, inner diameter, and
thickness, plus 1 mm of silicon to cover them. The robot mag-
nets are annular permanent magnets (K&J Magnetics) with
axial magnetization, which are placed, with alternating polar-
ity, on a thin rod and set into the mold. The mold is then
submerged in silicone (Dragon Skin 20, Smooth-On) and left
to cure. Once cured, the robot is removed from the mold and
then the rod is removed to create the internal lumen.

B. Effects of Orientation Error Between the Lumen Axis and
the Plane of Dipole Rotation

In the nominal configuration depicted in Fig. 1(A), the axis
of the lumen lies in the plane swept by the rotating dipole.
We conducted an experiment to quantify robustness to align-
ment of the lumen out of that plane, which is a measure of
robustness to orientation error. The experimental setup, shown
in Fig. 5(A-B) with parameters shown in the “Small” column
of Table I, uses an Omnimagnet rotating a dipole at 6Hz,
which is the fastest performing frequency based on [7] for
this setup. Each trial had the robot start directly below the
center of the Omnimagnet where it would be travel outward
when actuated. Each angle offset of the tube was a clock-
wise rotation away from the nomina configuration, as seen in
Fig. 5(B).

As shown in Fig. 5(C), the robot’s velocity is symmetric
with respect to rotation direction, with the speed decreasing
as the lumen deviates from the plane of the rotating dipole.
We find that the locomotion is quite robust to deviations up
to 45°. These results demonstrate that locomotion can till
be achieved when the orientation of the lumen at the robot’s
current location is not well known.

C. Capsule-Endoscope-Sze Robot

In this section, we explore the application of the magnetic
gait for capsule-endoscope-size robots applicable to the Gl
tract. The capsule-endoscope-size robot shown in Fig. 6(A) has
corresponding dimensions in the “ Capsule” column of Table I.
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Fig. 5. Actuation misalignment experiment, with parameters shown in the
“Small” column of Table I. (A) The soft robot. (B) The test setup comprising
an Omnimagnet electromagnetic source with a dipole that rotates at 6Hz,
sweeping the plane of the image. The angle offset of the horizonta tube is
varied by rotating the tube about the vertical z axis. (C) Robot's average
velocity (mean with 95% confidence interval over 12 trials) as a function of
tube orientation. The average velocity was determined by the distance the
robot traveled after 6 seconds of actuation, starting from directly below the
Omnimagnet.

It was modeled after existing clinical capsule devices [38],
which at 12mm in diameter and 25mm in length is small
enough to avoid getting stuck in the pylorus (rigid objects
up to 20mm in diameter) but still short enough to make the
sharp turns of the intestines (rigid objects up to 50mm in
length) [39]. A single robot has the potential to be coupled
with a second robot to form a longer two-component robot
as shown in Fig. 6(B), potentially via directed self-assembly
(more on this below). The two-component robot is 50mm in
length, and since it is not rigid, it should still be able to make
the sharp bends of the intestine. To connect two robots they
need to have aternating polarities, i.e., one needs to have mag-
net polarities pointing outward and the other needs to have
polarities pointing inward, as shown in Fig. 6(B). Once con-
nected, this robot will travel with an undulatory gait using the
same principle of actuation as a single robot. Both the single
robot and the two-component robot are tested in a synthetic
bowel.

The experimental setup is shown in Fig. 6(C), with param-
eters shown in the “Capsule” column of Table I. The rotation
of the actuator magnet is controlled by a stepper motor. The
actuator magnet and stepper-motor assembly are attached to a
gantry system to enable trandation parallel to the lumen as the
robot moves. The lumen environment used is a 305-mm-long
synthetic intestine (SynDaver, Double-Layer Bowel). To create
an internal cavity, the intestine is placed in a plastic support to
keep it propped open. For this experiment, the actuator magnet
is rotating at 2Hz while translating at 8mm/s. This combina-
tion was determined by trial and error to reliably move the
robot through the bowel without any feedback of the location
of the robot while keeping the actuator magnet approximately
over the robot.

For both robot types, 30 trials were performed. In each
trial, the robot started at one end of the bowel with the actu-
ator magnet directly overhead. At the start of the tria, the
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Fig. 6. Capsule-endoscope-size soft-robot experiments in synthetic bowels.
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rotating actuator magnet mounted on a gantry system for linear translation of
the actuator magnet parallel to the lumen. When the robot moves to the right
the actuator-magnet rotation is clockwise, and vice versa. (D) Box-whisker
plot of single robot and two-component robot velocities distribution over 30
trials. Notches indicate the 95% confidence intervals on the medians.

actuator magnet would start rotating and trandating. The time
it took the robot to travel to the other end was used to com-
pute a mean velocity. For the single robot, the mean velocity
was 8.7 mm/s with a standard deviation of 0.90 mm/s. For the
two-component robot, the mean velocity was 9.5 mm/s with a
standard deviation of 0.51mm/s. The distribution of the trials
is shown in Fig. 6(D). We observed a significantly faster speed
(p < 0.05) with the two-component robot.

D. Directed Sdlf-Assembly in a Synthetic Somach

The two-component robot would enable larger, more com-
plex robotic systems than would be feasible in a single-capsule
paradigm, with the individua components swallowed and
self-assembled inside the stomach (in addition to the improve-
ment in locomotion efficiency discovered above). For example,
each component could have a single dedicated function (e.g.,
imaging, localization). Nagy et al. [40] proposed magnetic
self-assembly for such an application, in which each com-
ponent had a permanent magnet on each end (as in our
concept), but their magnets were diametrically magnetized

, _iB O @
0 mm [
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Fig. 7. Directed self-assembly. (A) Experiments were performed with the
synthetic stomach with two halves held together using a plate and clamp. The
numbers denote the initial location of the external magnet for each component
drop. (B) For swallowing, components would be coated to have a smooth
capsule shape. Once assembled, the coating on the robots would dissolve,
enabling magnetic actuation. The two components have opposite magnetiza-
tion, and the numbers correspond to the order that they were dropped into the
stomach. The two center connected magnets are equivalent to a single mag-
net of the same size. (C) An example in which the first component is poorly
oriented, without an external magnet. In this and the remaining images, we
show only half of the synthetic stomach in order to visualize the components.
(D) Using an external magnet held at position 1, the first component aligns
in the idea orientation when dropped. (E) The external magnet is then held
at position 2 for 1second after the second component is dropped, and is then
moved slowly toward position 1. (F) An example of a successful assembly.

(as opposed to the axial magnetization in our concept). As
previously mentioned, self-assembly with our concept devices
would require that each component have opposite magneti-
zation of the segment proceeding it, which is also different
than [40].

In this section, we explore the feasibility of self-assembly
and directed self-assembly in the stomach. Our feasibil-
ity experiments are conducted in a synthetic stomach (The
Chamberlain Group #2068). This stomach is made up of two
halves that are held together by a plate and clamp, as shown
in Fig. 7(A); in this state, the stomach is not visible, as
would be the case for in vivo application. Since the robots
are most likely to be coated in a rapidly dissolving substance
(e.g., ice) for swallowing, cylindrical capsules were fabricated.
The cylindrical capsules are 12mm in diameter and 25mm in
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length, with 0.21A-m? (R622, K&J Magnetics) annular mag-
nets at the ends. The first capsule has the two north poles
pointing inward, and the second has the north poles pointing
outward (Fig. 7(B)). The two robots were dipped into soapy
water to simulate lubrication inside the stomach, and then
dropped one at a time into the synthetic stomach. The assem-
bly was recorded as either a success or a failure, with success
defined as the intended axial connection between capsules
and failure defined as any other connection (which typically
manifested as a parallel connection between capsules).

The embedded magnets cause a rapid connection between
the two components, with a pulling force of 45N required
to separate them. Since the small intestines have “crushing”
forces of 1.6 N [41], this suggest that the two-component robot
would not be pulled apart while traveling through the small
intestines. If we consider that the holding force between two
magnets scales quadratically with characteristic length, we
could scale the down the characteristic length of the magnets
by 40% and still maintain a connection.

We first considered self-assembly. For this experiment, the
first component was dropped into the closed stomach, and after
five seconds, the second component was dropped. For 100
trials, 70 were successful, for an estimated success rate of
70+9% (95% confidence interval). Thisis likely not sufficient
for clinical translation. For comparison, Nagy et al. [40] found
the equivalent of a 74+ 12% estimated success rate when using
the best configuration of those that they considered.

Directed self-assembly is expected to significantly improve
the rate of success by using an external magnetic field to influ-
ence the components during assembly. For example, without
directed self-assembly, Fig. 7(C) shows how the first compo-
nent can be oriented poorly, resulting in failed assembly when
the second component is dropped. The external magnet used
for directed assembly was a 20.3 A-m? magnet (DX0X8, K&J
Magnetics). As shown in Figs. 7(B, D), the external magnet
was placed at position 1 against the wall of the closed model
(i.e., with neither the stomach nor components visible to the
experimenter), and held there for 5 seconds as the first com-
ponent was dropped. The external magnet then moved directly
outward to avoid unintentional movement of the first compo-
nent. The external magnet was then moved to position 2. After
the second component was dropped, the magnet was held in
place for 1 second, catching the second component, and then
moved slowly toward position 1 over the course of approxi-
mately 4 seconds. For 100 trials, 97 were successful, for an
estimated success rate of 97 + 3%. This result, in which nei-
ther the external magnet nor the process have been optimized,
suggests that directed self-assembly in the stomach holds great
promise for this class of soft robot.

V. DISCUSSION

The proposed concept is quite scalable in terms of fabrica-
tions. The soft-robot prototypes in this article were fabricated
by embedding commercial annular permanent magnets into
a polymer structure. We demonstrated three different sized
robots: our smallest was 5mm in diameter and 14mm in
length, and our largest had over double the diameter and

nearly double the length. Although no attempt was made to
optimize the design of these prototypes, they can still travel
using the proposed method of actuation. Axially magnetized
annular permanent magnets are commercially available with
outer diameters as smal as 1mm. In addition, the recent
demonstration of permanent magnets made through additive-
manufacturing (i.e., 3D-printing) processes [42] suggest that
our robots could be fabricated at smaller scales, which could
also enable more than one internal lumen. However, one con-
cern with significantly smaller robots is that the magnetic
field experienced locally by the robot will become increas-
ing homogeneous (since the robot’'s two magnets become
closer to being at the same location), thus reducing locomotion
efficiency. Determining the lower size limit on the effective-
ness of the proposed actuation method is left as an open
problem.

All of our robot prototypes had smooth surfaces. However,
there is reason to believe that surface textures could be
designed to improve the traction of the robot’s feet, and thus
improve the locomotion efficiency [43]. This is left as an
open problem, but investigation of optimal texturing should
be performed with correct environmental surface properties
(e.g., mucus, compliance) in order to arrive at meaningful
conclusions for clinica translation.

In our experiments and simulations, we set the distance
between the actuator magnet and the lumen such that reli-
able locomotion was observed, but we have not attempted
to find the optimal distance. However we know one must
exist, since we know that locomotion becomes poor if the
actuator magnet is either too far away or too close. This
optimal distance is likely to be a function of the size of the
actuator magnet. As a result, there may be an optima com-
bination of actuator-magnet size and distance for a given in
vivo application.

In this article, we did not address localization or closed-loop
control. In our prior works, we have developed localization
methods that use sensors embedded in the robot to local-
ize capsules, utilizing the same rotating magnetic field used
for propulsion [31], [44]. Similar techniques could be applied
here, athough a variety of other techniques for localizing in
Vivo magnetic objects also exist.

It is our conjecture that our soft-robotic concept could be
added to the distal end of a catheter or other continuum
device to assist in insertion. As the catheter is inserted from
the proximal end, the distal end could actively advance to
reduce buckling or help guide and steer the catheter through
more complex environments. It is almost certain that such an
application of the concept would lead to improved insertion
based on the results herein, but the degree of improvement
is left as an open question. Going further, distributing many
such elements along the length of a continuum device may
lead to further improvement. The locomotion efficiency of the
two-component robot compared to the single robot (Fig. 6)
suggests that this may be the case. For continuum devices, our
concept’s optional internal lumen could potentially be used as
a passageway for tools or fluids once the device has reached
its desired location.
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We demonstrated that directed self-assembly greatly
improves successful connections between two robot com-
ponents, compared to undirected self-assembly. For medical
applications, the failure rate that we observed is likely still too
high, but could be improved through a variety of mechanisms,
including optimization of the method, and use of locaiza
tion to ensure that the first component’s orientation is correct
(and correcting it if it is not) before assembling the second
component. A means for disassembly has also not yet been
considered, but such a method would mitigate the fear of
incorrect assembly. We |eave the above considerations as open
problems.

We have begun to explore incorporating electroactive poly-
mers, such as ionic polymer-metal composites (IPMC) into
the bodies of our soft robots. Initial experiments incor-
porating a one-degree-of-freedom IPMC suggest that even
better performance can be achieved if the soft body has this
additional mechanism for controlled deformation [8]. This
improved performance and additional capabilities provided by
the IPMC warrants further investigation for tethered robots.

VI. CONCLUSION

In this article, we presented a magnetically actuated soft-
robotics concept for usein untethered and tethered endoluminal
applications, such as capsule endoscopes and catheters. The
soft endoluminal robot is a simple device comprising two or
more permanent magnets, axially magnetized and embedded
co-axially with alternating polarity in a compliant body, with
an optional internal lumen, actuated by an externa rotating
magnetic dipole field. We used simulations to elucidate the
underlying physics of the proposed actuation concept. We com-
bined simulations and experiments to demonstrate how the
proposed concept outperforms other potential variants of the
concept (whicharesimilar to conceptsthat havebeen proposedin
prior works). We experimentally demonstrated that locomotion
isrobust to misalignment between the soft robot and the applied
field, which enables operation in different applications without
precise knowledge of the robot’s orientation or precise control
of the actuator dipole field. Experiments were performed inside
a synthetic bowel comparing a capsule-endoscope-size robot
and a multi-component robot formed by connecting multiple
capsule-endoscope-sizerobots axially. Finally, experimentsina
synthetic stomach showed how theconcept lendsitself to directed
self-assembly in the stomach, thus enabling multi-component
robots that are larger than could be swallowed.
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