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ABSTRACT

This paper introduces a magneto-electroactive endoluminal
soft (MEESo) robot concept, which could enable new classes of
catheters, tethered capsule endoscopes, and other mesoscale soft
robots designed to navigate the natural lumens of the human
body for a variety of medical applications. The MEESo loco-
motion mechanism combines magnetic propulsion with body de-
formation created by an ionic polymer-metal composite (IPMC)
electroactive polymer. A detailed explanation of the MEESo con-
cept is provided, including experimentally validated models and
simulated magneto-electroactive actuation results demonstrat-
ing the locomotive benefits of incorporating an IPMC compared
to magnetic actuation alone.

INTRODUCTION

The development of soft robots capable of traveling through
the lumens of the human body (Fig. 1) will extend clinicians’
ability to access locations deeper in the body than is currently
possible, and could make current endoluminal procedures safer
and/or less painful. Consider colonoscopy, which typically re-
quires sedation to avoid discomfort, and which is often incom-
plete (unable to reach the cecum). There is substantial interest
in robotic technologies to improve this crucial screening proce-
dure [1,2]. Consider the insertion of catheters deep into the vas-
culature of the brain, which comprises narrow and complex pas-
sages that are difficult to navigate [3,4]. Conventional catheters,
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Figure 1. (a) Magneto-electroactive endoluminal soft (MEESo) robots,
shown at a variety of scales traveling through natural lumens of the body
(i.e., intestines and blood vessels). (b) A MEESo robot comprises two
magnets with opposite polarity and an ionic polymer-metal composite
(IPMC) body. It is propelled by the dipole field of a rotating actuator mag-
net outside of the patient. Rotation ® of the actuator magnet in the di-
rection shown results in a periodic gait in the robot that propels it with a
velocity v in the direction shown; reversing @ reverses v. IPMC body de-
formation is used to change the shape of the robot to assist in propulsion.

which are pushed from the proximal end, can be difficult to steer
and control, can require multiple catheters to be inserted and ex-
tracted before reaching the desired site, and can risk perforation
of the lumen. Increasing the controllability of catheters, includ-
ing adding actuation at the distal end, can result in a decrease of
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forces against lumen walls, and enable catheters to reach loca-
tions in the brain that are currently unreachable [5, 6].

Magneto-electroactive endoluminal soft (MEESo) robots
(Fig. 1) may improve endoluminal devices. MEESo robots com-
bine the benefits of the soft-robotic magnetic propulsion concept
recently described in [7] with increased control by incorporat-
ing ionic polymer-metal composite (IPMC) actuation. MEESo
robots are continuum robots (i.e., infinite degrees of freedom),
and both the magnetic and IPMC components of their actuation
are forms of intrinsic actuation (i.e., generated from within the
robot itself), using the taxonomy established in [8].

The magnetic actuation alone has been experimentally
shown to propel a robot, comprising two permanent magnets
connected by a flexible body, through a rigid tube [7]. Rotating a
dipole field, generated by either a permanent magnet or electro-
magnet, over the robot causes an alternating stick-slip motion.
The robot is propelled forward or backward depending on the
direction of rotation.

An IPMC is a soft electroactive polymer material that has
the ability to actuate and sense [9-13]. Its construction in-
volves plating an electroactive polymer (EAP), such as Nafion®
(DuPont), with a conductive metal, commonly platinum or gold.
Applying an electric potential across the hydrated IPMC causes
deformation and bending toward the anode [14], as illustrated in
Fig. 2. This deformation is caused by swelling of the polymer
layer, which results from mobile hydrated cations dragging wa-
ter molecules toward the cathode [12]. Flat IPMCs are typically
in the range of 200-500 um thick. As their thickness decreases,
the actuation range increases. Their size, relative range of mo-
tion, versatile configuration possibilities, ability for customiza-
tion and 3D printing [15], and low power requirements [11, 15],
make them desirable for use in small soft robotic devices. When
mechanically deformed, they generate low voltages [16], which
enables them to also be used as sensors [9, 10].

The novelty of this work is the integration of an IPMC with
the magnetic-propulsion method of [7]; replacing the silicone
robot body with an IPMC preserves the compliance required for
magnetic propulsion while permitting a controllable bias bend-
ing moment to be applied to the body of the robot, altering the
static shape or dynamic gait. This paper begins with a description
of the magnetic and IPMC actuation technologies that form the
MEESo concept. Next, a simulation of a MEESo robot crawling
in a lumen is developed, where the simulation is able to capture
the making and breaking of contact between the robot and the
surfaces of the lumen, and models the normal forces between the
robot and the lumen. Initially, only magnetic effects are included
in the simulation, and the simulation results are experimentally
verified using a soft robot similar to that used in [7]. Next, the
distributed bending moment of an IPMC actuator is incorporated
into the simulation, and the simulation is used to explore a vari-
ety of gaits of MEESo robots in lumens. The MEESo robots rely
on an inchworm gait reminiscent of that used by an “inchworm”
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Figure 2. An ionic polymer-metal composite (IPMC) is comprised of an
electroactive polymer (EAP) between two electrodes. When an electric
potential, Py , is applied, the hydrated cations move toward the cathode.
This motion results in a deformation curving toward the anode.

moth larvae to crawl across a surface: two feet take turns effec-
tively anchoring to the surface of the lumen while body deforma-
tion is used to propel the robot forward. It is hypothesized that
MEESo robots in other form factors may display gaits that are
more reminiscent of an undulatory locomotion. The simulated
results suggest that significant improvements in robot locomo-
tion can be achieved by incorporating IPMC actuation compared
to magnetic actuation alone, motivating continued research in
MEESo robots.

The MEESo concept is intended to be applied to tethered
capsule endoscopes and other mesoscale robots, as well as at
the distal tip of catheters and endoscopes that are pushed from
their proximal end, for improved performance when navigating
deep into the lumens of the a human body as conceptually illus-
trated in Fig. 1. Magnetic methods have been applied in capsule
endoscopy [1, 2,17, 18], and both magnetic [19-22] and IPMC
[23-27] catheters exist in prior work (although only a small sub-
set have actively sought to assist in navigation through a lumen
using IPMC [23]). Prior works have considered the use of mag-
netic fields to generate inchworm [28] and undulatory [29, 30]
locomotion in lumens. However, due to the mechanical com-
plexity of the respective designs required to generate locomo-
tion, it is not clear how the concepts could be incorporated into
a functional medical device. One study utilized SMA actuators
to generate inchworm gaits in soft robots [31]. It is believed
that combining magnetic and electroactive actuation will result
in soft robots that will outperform those that use a single actu-
ation method alone. Additionally, the sensing functions of an
IPMC can add capabilities to the endoluminal robot beyond lo-
comotion, enabling the design of more compact and integrated
devices.

MEESo ROBOT ACTUATION PHYSICS

Two methods of actuation are combined to cause the
MEESo robot to move: magnetic and electroactive. The mag-
netic dipole—dipole interaction between the external actuator
magnet and the embedded magnets in the soft robot impose non-
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Figure 3. Process to determine the robot deformation and actuation. (a)
A block diagram representing the overall system. The magnetic actuation
causes forces and moments on the ends of the soft robot at the location of
the embedded magnets. The electroactive actuation is achieved with an
ionic polymer-metal composite (IPMC) and adds an additional bending
moment across the body. Motion through the environment is achieved
through cyclical body deformation. (b) The forces and moments of the
IPMC and magnetic actuation are combined with superposition.

Magnetic
Actuation

uniform forces and torques on the robot leading to actuation and
deformation. The IPMC between the embedded magnets de-
forms the soft robot with an internal moment along the body
when an electric potential is applied. A representation of the
system actuation is shown in Fig. 3.

Magnetic Actuation Physics

The magnetic-actuation method was recently presented in
[7]. A brief review of the method is provided here. The soft
robot contains a permanent magnet embedded at each of the two
ends of its body. Each of the robot’s magnets can be accurately
approximated by a magnetic dipole m, (units A-m?) at the center
of the magnet, which points from the south pole to the north
pole. The magnets are embedded in the soft robot with opposing
polarity (e.g., both north poles pointing outward).

The soft robot propels itself through a lumen due to the in-
teraction of the magnets embedded in the soft robot with a single
remote actuator magnet (i.e., outside of the patient’s body). The
actuator magnet can be approximated by a magnetic dipole m,
(units A-m?) at the center-of-mass of the magnet. The magnetic
field b (units T) generated by the actuator magnet at a location
P (units m), measured from a non-rotating frame located at the
center-of-mass of the actuator magnet, is approximated by the
dipole field model

b(p) =

Zw(—?’PPT—IHPHz)mm ey

where g = 47 x 1077 T-m-A~! is the permeability of free space
and [ is the identity matrix. The magnetic field of the actuator

0 = 0° 0 =-90° 0 = -180° 0 = -270° 0 = 0°
Step Length

T 07 ST 18 9081

Anchor-pull

No relative motion Anchor-push

Figure 4. The magnetic soft-robot gait in a tubular environment. Simula-
tion and experimental results both indicate an inchworm gait, with distinct
anchor-pull and anchor-push phases.

magnet causes a torque T (units N-m)
T=m, xb 2)
and force f (units N)
f=V(m,-b) 3)

on each of the robot’s embedded magnets. As ||p|| increases, ||b||
and ||t decay at a rate of ~ ||p|| =3, whereas |/f|| decays at a rate
of ~p||™*.

If the robot is located in a lumen with a local forward di-
rection defined by f, and the actuator magnet is rotated with an
angular velocity @ (units rad-s~!) in the direction of p x i, while
keeping m, orthogonal to ®, a periodic motion is induced in
the soft robot, causing it to crawl forward. The sequence of the
gait produced with the magnetically actuated robot is depicted in
Fig. 4. It was demonstrated in [7] that both the rotating dipole
source and embedding the magnets in the soft robot with oppo-
site polarity were critical to this periodic magnetic propulsion.
Using a rotating uniform magnetic field caused the soft robot to
deform, but not to crawl in a deterministic direction. Embed-
ding the magnets in the soft robot with the same polarity resulted
in much smaller deformations in the robot, resulting in less ef-
ficient crawling. As the robot crawls farther away from the ac-
tuator magnet, the velocity will decrease until it stops due to a
decrease in dipole-dipole interactions, as well as a shift in the
stick-slip phases of each foot. Additionally, if the dipole actu-
ator is located too close to the soft robot, the magnetic forces
will effectively pin the robot against the environment, preventing
actuating and motion.

The dipole field model Eq. (1) is perfectly accurate for
spherical permanent magnets, and becomes increasingly accu-
rate with distance for other magnet geometries, with high accu-
racy for certain non-spherical geometries (e.g., cubes) even at
relatively close distances [32]. Both permanent-magnet [33] and
electromagnet [34] actuation systems have been explicitly de-
signed to be well modeled by the dipole model of Eq. (1), and to
generate a continuously rotating magnetic dipole my,.

Copyright © 2019 by ASME



Figure 5. A cantilever IPMC deformed by an electric potential: (a) 0V
applied, (b) -3V applied.

Electroactive Actuation Physics

An IPMC is used to bias the deflection of the electroactive
body in the MEESo robot. Figure 5 demonstrates the deforma-
tion of an IPMC with applied voltage. The internal bending mo-
ment caused by the IPMC when an electric potential ®,, is ap-
plied can be approximated as a constant moment M;py;c [12]

Mipyc = kokePoahw, 4

where 4 is half the thickness and w is the width of the IPMC, kg is
a constitutive parameter, K, is the effective composite dielectric
constant of the whole IPMC, and a is the inverse of the Debye
length as found in [13], which is described by

[C~F2
a= i’ (5)
K.RT

Here, C™ is the anion concentration within the polymer, R is the
universal gas constant, 7 is absolute temperature, and .% is Fara-
day’s constant. The effective dielectric potential of the composite
consisting of the polymer and electrode is given by

2 — ek, — %,
x, = FotKw = ey~ Ky) K. 6)
2K, + K + (1 — Ky)

The dielectric constant of water is k,, = 78« and the dielectric
constant of the polymer is K, = 3Ko, where K is the permittivity
of free space: Ko = 8.85 x 1072 F-m~!. Lastly, the volume
fraction of water inside the polymer layer ¢ can be found from

4 3
o= Tr, %)

3 )
3r;

where r, is the mean distance between groups or clusters of sul-
fonate from the Nafion backbone, and r, is the radius of each
cluster.

MEESo ROBOT GAIT SIMULATION

The simulation of the MEESo robot reduces to a 2D model.
All the forces are in the xy-plane and the moments are purely
in the z-direction. When the body of the robot deforms, the
feet move relative to the environment. Which foot-contact point
moves and which foot it stationary during a phase of the gait is
determined by the reaction forces at the points of contact with the
environment. The sequences of motion caused by the magnetic
dipole-dipole interactions and the IPMC creates motion through
the lumen. A model of the effects of the magnetic interaction and
gravity is first presented and validated with experiments. Super-
position is then used to add the effects of the IPMC actuation to
the model.

Magnetic Gait Simulation

The simulated magnetic actuation is presented first. For sim-
ulation, the geometry of the robot is simplified. The body is rep-
resented as a deformable beam with one-dimensional rigid feet
connected perpendicular at the end of the body on both sides.
The lumen environment is simplified to a rigid ceiling and floor.
The setup of the simulation is shown in Fig. 6. The dipole-dipole
interactions (forces and torques) on all robot magnets are con-
sidered, the weight of the body is represented as a distributed
load, and the weight of the feet are represented as point loads
on the ends of the beam. When determining the body deforma-
tion, only forces along the y-direction are considered, and it is
assumed the forces along the y-direction are much greater then
the forces along the x-direction.

To determine the locomotion of the soft robot, the defor-
mation of the robot under static equilibrium is found for the
current angle of the actuator magnet. By successively cycling
through discretized actuator-dipole angles and determining the
static equilibrium with proper constraints, the motion of the robot
is determined.

To solve for the static equilibrium of the system, an itera-
tive approach is used. To determine the deformation of the robot
body with the given forces and moments, the robot is represented
as a beam supported by roller supports. The surfaces of the en-
vironment are only capable of reaction forces that push on the
robot. The support locations are iteratively moved until the re-
action forces satisfy the environmental constraints: the reaction
forces are either perpendicular away from the surface or zero.
The following equation is how the support location for foot A,
Afgy, of the current iteration i, is vertically moved for the next

iteration (i + 1) based off the reaction force Fy at Agy:

A, = —kFag + A, ®)
Copyright © 2019 by ASME
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Figure 6. The robot simulation simplifies the geometry of the robot into
a beam with roller supports. (a) A photo of the magnetically actuated
soft robot described in [7]. (b) The simplified geometry of the robot repre-
sented in the simulation environment. The feet are point contacts, and the
body is a deformable beam. (c) The statics problem with support location
constraints shown as roller supports. (d) The free-body diagram show-
ing the forces and moments: the weight of the body is considered as a
distributed load g across the support-separation distance Ly, the weight
of the magnets and the vertical components of the forces between the
magnets (actuator magnet and respective robot magnet) are included in
F4 and Fp, and the reaction forces at the feet contact points are included
in Fog and Fgr. The moments caused by the actuator magnet and the
respective robot magnet are included in M4 and Mp.

and

floor, if A’Sy —d oo < floor
A = q ceiling, if Ay, + d o > ceiling )
A/sy , otherwise,

where k determines how much the support moves after each it-
eration, and d,, is the vertical distance from the middle of the
foot to the end of the foot (which is a function of the current an-
gle of the foot). Equations (8) and (9) are repeated for points B
and C. If C is not touching a surface, then it does not need to be
considered a constraint in the static problem. When solving for
beam deflection, the simulation is simplified by assuming that
the reaction forces on the feet, due to contact with the surfaces,
are equivalent to the force on the end of the body. When calcu-

lating the beam displacement, two scenarios are considered: (1)
if the body is touching, then the beam has three support locations
Asy, Bsy and Cs, and (2) if the center is not touching then there
are two support locations Agy and Bgy. A free-body diagram of
the soft robot is shown in Fig. 6(d). It is assumed that the foot
with the greater reaction force has a higher friction force and re-
mains stationary relative to the environment between iterations.
Friction’s effect on the deformation of the beam is not consid-
ered.

To correct for the length of the beam when deformed, the
support separation length L! is adjusted. If the deformed beam
length L is greater than the true length of the beam Ly, then Ly is
reduced by 8 (3 can be a small length or defined as 8 = |Ly — L|).
If the deformed beam is shorter than the true length, then L; is
increased by 3. Length L, for the next iteration is found with the
following equation

57 if Ly <L
L =148 =8, ifLy >L (10)
0, otherwise.

Once the static equilibrium has converged for a given
actuator-angle 0., the locations of the contact points of the feet
are saved to be used as constraints for the next actuator angle. A
number of the iteration variables could be used for convergence.
The author defines convergence when the sum of the change in
discretized beam locations from iteration i — 1 to i are less then a
small number. At each iteration step, after the robot’s deforma-
tion is determined, the robot’s location within the environment is
determined based on the previous actuator angle. The foot loca-
tion with the higher reaction force is fixed to the location in the
environment based on the solution for the prior actuation angle.
The position of the rest of the beam can be found after this point
is fixed. In the case of both feet not touching a surface (i.e., the
robot in a “U” shape), it is assumed that the beam does not move
relative to the center location of the beam.

The iteration process to determine the static equilibrium at
O4c 1s shown graphically in Fig. 7. It depicts the motion of the
support locations, the change in the length of the beam, and the
placement in the environment. Notice that the support on foot
B, the right foot, moved until the reaction force satisfies the as-
signed constraints. Since the foot is not touching a surface, the
reaction force must be zero. Figure 8 shows the iteration vari-
ables for the robot at a given actuator angle. Foot B moves to-
ward the ceiling. The support location Bsy, moves up, and the
reaction force at B goes from negative to near zero. The contact
point of foot A (the left foot) remains fixed during the iteration
due to the reaction force on foot A being higher than that on
foot B. The separation of the supports Ly is shown and converges
on a value such that L = Ly. The algorithm for robot motion is
provided in Alg. 1.

Copyright © 2019 by ASME
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Figure 7. lteration process graphically shown for converging on the
static equilibrium. The support locations are moved until the roller con-
straints are met. Foot B (right foot) moves up until the constraints are sat-
isfied. Foot A (left foot) stays stationary between the iterations because
the reaction force is higher.

Experimental Validation of Magnetic Gait Simulation
The magnetic gait simulation is experimentally validated us-
ing a soft robot similar, to the experiments described in [7]. A
robot with a deformable silicone body, shown in Fig. 9, was
tested and compared to the simulation results. The actuator-
magnetic dipole was set to 80 A-m?, the robot magnet strength is
0.011 A-m?, the distance to the robot is 0.133 m, the tube diame-
ter is 12 mm, the total weight of the robot is 0.437 g, and the feet
are 0.5 mm wide and 10 mm in diameter. The robot was man-
ufactured with thin feet to reduce the possible effect caused by
the thickness of the feet, as it is not considered in the simulation.
The simulated soft robot traveled at a speed of 12.0 mm/rev, and
the physical soft robot traveled at 11.6 mm/rev. In addition, the
gait of the simulated and physical robots were qualitatively the
same: there is an anchor-pull phase in which the front-foot point
of contact remained constant and the back foot slipped along the
surface toward the front foot, followed by an anchor-push phase
in which the back foot did not slip and the front foot was pushed
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Figure 8. The variables for static equilibrium for a given constant actua-
tor angle 0,.,. The actuator magnet is located at [0, 0]. (a) Robot defor-
mations for all iterations superimposed. The left foot remains stationary
between iterations because the reaction force is higher. (b) The reaction
force, support offsets, and support separation change are shown.

forward, away from the back foot.

A second soft robot, like the one shown in Fig. 6(a), 25 mm
long with 3 mm thick feet, was tested at a distance of 0.153 m
from the actuator magnet dipole of strength 80 A-m” in a tube
diameter of 6 mm. The simulation speed was 4.05 mm/rev and
the physical soft robot traveled at 1.8 mm/rev. The timing of the
gait phases was the same, but the width of the feet caused the
physical robot to travel more slowly than the simulation. The
strength of the actuator dipole was then reduced to 40 A-m?. The
simulation predicted 3.1 mm/rev and the physical robot moved
at 0.5 mm/rev. As the forces and moments of the magnetic field
reduce, friction has a more significant effect on the crawling mo-
tion of the robot. The simulation does not take into account fric-
tion’s effects on the deformation of the body and is only consid-
ered when determining which foot anchors during the iterations.
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Algorithm 1: Determine motion of soft robot

1 Initialize: environment, beam location, and mechanical
parameters

2 for 0, = initial _; gfinal g
Save initial contact points where the robot touches
the environment
for i = 0 to m or convergence do
Determine torques and forces on robot magnets:
Eq. (2) & Eq. (3)
6 Determine which point is fixed in the
environment
7 Solve for the beam displacement, robot geometry,
and reaction forces: Fg, Fcr, and Fgg
8 Find Li*! with Eq. (10)
9 Determine Agl, cgl and Bgl: Eq. (8) & Eq. (9)
10 Check for convergence
11 end
12 Increment 0,
13 end

Complete MEESo Gait Simulation

In this section, the effect of the IPMC actuation is incorpo-
rated (i.e., superimposed) into the existing simulation to create a
complete simulation for the MEESo robot. The soft robot’s body
is replaced with an IPMC actuator. The IPMC, with an applied
voltage, will add a distributed moment to the deformable body
given by Eq. (4). The total moment along the body, M;, is found
by adding the moments caused by the magnetic actuation M,
to the moments caused by the IPMC, M;pysc, using superposi-
tion. The displacement of the curve, w(x), is found by double
integration of

M

1 t

=— 11
wi=—+m an
where E is the Young’s Modulus of the body, I is the area moment
of inertia about the neutral axis, and M; = M,qe + Mjppic is the
total moment along the length of the beam. Integration constants

are found using boundary conditions at the support locations.

MEESo SIMULATION RESULTS AND DISCUSSION

The effects of adding IPMC actuation to the magnetic soft
robot were simulated next. The dimensions of the soft robot and
environment were kept constant for all simulations.The actua-
tor dipole strength was 80 m-AZ2, the robot magnet strength was
0.011 A-m?2, the foot diameter was 10 mm, the length was 30 mm,
and the IPMC body was 200 um thick and 3.3 mm wide. The
values used for Egs. (4), (5), (6), and (7) to determine the IPMC
moment are r. = 10 A, r; =222 A, C~ = 1070 mol-m 3, kg =
21J.C~!, and ¢, is the applied voltage.
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Figure 9. The magnetically actuated soft robot with a silicone body and
thin plastic feet matched closely to the simulation. The actuator magnet
is located at [0, O] and all units are in meters.

The first simulation looked at the effect of a constant volt-
age being applied to the IPMC. A positive voltage causes the
middle to raise (i.e., form an arch) and a negative voltage causes
the middle to lower (i.e., form a “U”). The simulations were all
run with the actuator magnet remaining at the [0, 0] location.
The actuator magnet was rotated clockwise through 30 rotations.
Figure 10 shows the simulation results for the MEESo robot. The
velocity of the simulated soft robots are shown in Fig. 10(b) and
(c) as they move along the tube in the positive x-direction. It can
be seen in Fig. 10(b) that a constant positive voltage increased
the velocity of the robot, whereas a negative voltage reduced it.
The benefit of a positive voltage has a diminishing return with
increasing voltages. This is because the deformation of the body
of the robot is constrained by the height of the tube. A negative
voltage retards the anchor-push phase of the gait and causes the
soft robot to take smaller steps.

Next, a sinusoidal actuation of the IPMC was tested at dif-
ferent phase shifts from the actuator magnet angular rotation. Si-
nusoidal waves of the same frequency as the actuator magnet
rotation with an amplitude of 2 V were tested. As the soft robot
traveled through the tube in the positive x-direction, the different
phase shifts had a significant effect on the velocity. For exam-
ple, at x =0.10 m, with no electroactive actuation the soft robot
was traveling approximately 4 mm/rev, and with an applied volt-
age V = 2sin(0,., + 0.57) this velocity was increased to approx-
imately 7.0 mm/rev. It also appears that the optimal phasing is a
function of the location of the MEESo robot with respect to the
actuator magnet.
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Figure 10. Simulation results for a MEESo robot under different IPMC
excitations. The actuator magnet’s position is stationary at [0, 0]. The
robots all started at x = 0, the actuator magnet rotated clockwise, and
the robots traveled to the right. (a) Shows the progress of the robots after
30 revolutions of the actuator magnet for seven simulations, each with a
different constant voltage applied to the ionic polymer-metal composite
body, corresponding to (b). (c) The velocity of the MEESo robot with
different sinusoidal voltages.

CONCLUSION AND FUTURE WORK

A magneto-electroactive endoluminal soft (MEESo) robot
combines the actuation of an electroactive polymer (IPMC) with
magnetic propulsion generated by a rotating dipole field. The
IPMC adds an additional bending moment to the body of the
soft robot and can change the gait to improve performance over
magnetic propulsion alone. A model for the MEESo robot was
created and validated with comparison to experimental results.
Simulation results show the possible locomotive benefits by in-
corporating electroactive actuation into the soft robot’s actuation.

Future work primarily involves fabricating MEESo robot
prototypes and testing them with magneto-electroactive actua-
tion. This will include experimental confirmation of the effects
of the electroactive actuation phase shift and voltage changes de-
scribed herein. From there, modifications to the IPMC geometry
can be considered, including incorporation of additional degree
of freedom beyond simple locomotion. To further increase the
complexity of the IPMC geometry, additive manufacturing tech-
niques will be considered.
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