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Endoluminal devices are indispensable in medical procedures in
the natural lumina of the body, such as the circulatory system
and gastrointestinal tract. In current clinical practice, there is a
need for increased control and capabilities of endoluminal
devices with less discomfort and risk to the patient. This paper
describes the detailed modeling and experimental validation of a
magneto-electroactive endoluminal soft (MEESo) robot concept
that combines magnetic and electroactive polymer (EAP) actuation
to improve the utility of the device. The proposed capsule-like
device comprises two permanent magnets with alternating polarity
connected by a soft, low-power ionic polymer-metal composite
(IPMC) EAP body. A detailed model of the MEESo robot is devel-
oped to explore quantitatively the effects of dual magneto-electro-
active actuation on the robot’s performance. It is shown that the
robot’s gait is enhanced, during the magnetically-driven gait
cycle, with IPMC body deformation. The concept is further vali-
dated by creating a physical prototype MEESo robot. Experimental
results show that the robot’s performance increases up to 68%
compared to no IPMC body actuation. These results strongly
suggest that integrating EAP into the magnetically-driven system
extends the efficacy for traversing tract environments.
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1 Introduction

New endoluminal robotic systems aim to empower clinicians to
reach deeper into the human body and minimize patient discomfort
or risk of damage during therapeutic and diagnostic procedures.
Considering the gastrointestinal (GI) tract, enteroscopy and colo-
noscopy exams are essential in screening procedures to catch prob-
lems early, thereby leading to better outcomes [1,2]. However, there
are challenges in the procedures due to discomfort and invasiveness
[3,4]. Further, the small intestine is largely unreachable with push-
based methods without significantly increasing the risk to the
patient, where approaches mainly rely on uncontrolled pill-shaped
capsules [S]. Thus, controlled access through the use of capsule-like
methods [6] is highly desirable. This is the same for the circulatory
system where push-based procedures are common, involve pushing
a catheter from the proximal end into the body’s vasculature [7,8].
To reach the desired site, multiple catheters need to be inserted and
navigation is a challenge. There is a risk of damage, such as perfo-
ration, to the vessel from unavoidable pressure on the lumen sur-
faces [9]. Thus, additional control is desired for these procedures
to, for example, assist in insertion, reduce forces on lumen walls,
or enhance the traversal speed of the capsule.

This paper presents the detailed modeling and experimental val-
idation of novel magneto-electroactive endoluminal soft (MEESo)
robot that has the potential to improve the utility (such as locomo-
tion ability) of endoluminal robotic devices. The MEESo robot,
illustrated in Fig. 1, utilizes a combination of magnetic and electro-
active polymer (EAP) actuation to affect its inchworm-like gait.
This concept was first introduced by our group in preliminary
work through very basic modeling [10]. Specifically, the robot com-
prises two permanent magnets affixed coaxially with alternating
polarity to an EAP body, in this case, made from an ionic polymer-
metal composite IPMC). The primary driving force of the robot is
from magnetic actuation induced by a rotating actuation magnet
located outside the patient [11]. The robot’s electroactive polymer
body influences the robot’s deformation while traversing a lumen
environment, resulting in greater gait control. The MEESo robot
actuation methods are simple in terms of design and fabrication,
lending to the possibility of incorporating the concept into capsule-
like devices for use in the GI tract or integrated into catheter devices
for use in the circulatory system.

Prior endoluminal robot designs have utilized a variety of actua-
tion mechanisms. Many methods are mechanically complex; thus
scaling them to work across various lumen sizes of the natural
lumina is nontrivial. These devices include robots that use motors
to drive the locomotion, such as the legged robots proposed in
Refs. [12,13] or the vibration-based robot in Ref. [14]. On the
other hand, endoluminal robots utilizing external actuation and arti-
ficial muscle materials often benefit from simpler design and
straightforward scaling.

External actuation via inter-magnetic forces and torques has been
applied across a large scale of robots for use in the GI tract down to
the circulatory system. In the circulatory system, magnetic actuation
has primarily been used to help steer catheters deeper into the body
[15-18]. For the GI tract, magnetically-actuated capsule-like robots
have been proposed to traverse through the intestines using a peri-
odic gait. These methods often rely on magnetic torque from an
actuation field to produce the gait cycle. Magnetic torque scales
better with distance from the magnetic field source than force.
Jung et al. [19] have produced a magnetic worm-like endoluminal
robot; it may not be trivial to reduce in size to work in the
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Fig. 1 The MEESo robot concept: (a) robot locomotion is
achieved with magnetic and electroactive actuation via a rotating
dipole actuation field and an ionic polymer-metal composite
actuator (IPMC), and (b) the robot’s gait is biomimetic, resem-
bling that of an inchworm caterpillar. The IPMC actuator
enables increased control of the body deformation, which
creates the contraction and expansion phases of the gait cycle.

vasculature due to the complexity of the fabrication. Spiral-based
capsule methods such as Ref. [20] can be scaled down to the size
of the vasculature, but their use on the distal end of a catheter or
flexible shaft endoscope may not be feasible due to the constant
rotation. The MEESo robot proposed in this work uses an inchworm
magnetically driven gait to create mechanically simple locomotion
and requires no rotating joints. It is also well suited to scale to
various lumen sizes [21]. The MEESo robot behavior is enhanced
with a second form of actuation from an electroactive polymer
via an ionic polymer-metal composite actuator.

Ionic polymer-metal composites are a particular variant of elec-
troactive polymers that exhibit large strain when an electric poten-
tial is applied or produce an electrical signal when mechanically
deformed [22]. Compared to other electroactive polymers, such as
dielectric elastomers actuators [23,24] or hydraulically amplified
self-healing electrostatic actuators [25,26], IPMCs require lower
voltages for actuation to achieve relatively fast and large deforma-
tions. The input voltage for IPMCs is typically less than 3V to
avoid degradation through electrolysis [27,28]. IPMCs have been
deployed in a wide variety of soft robotic and biomimetic devices
[29-32]. Furthermore, IPMCs can be integrated into soft devices
to serve as low-power, highly deformable sensors [33-35]. In the
current research toward medical applications, IPMC actuation has
been used in catheters, where the composite is often affixed to
the distal end of the instrument and used to assist in navigating
the device through endoluminal channels [36—40]. However, to
the best of the authors’ knowledge, IPMCs and similar electroactive
polymer actuators have not been used in conjunction with external
magnetic actuation for improved robot performance through
actively enhanced body deformations during the gait cycle.

This paper presents a novel MEESo robot concept that combines
an endoluminal magnetic actuation method with an actively
deformable IPMC body, which was originally presented in
Ref. [10]. It is believed that the dual actuation of the MEESo
robot will lead to a device that can outperform devices using a
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singular actuation method (i.e., through magnetic actuation
alone). The fabrication and the first experimental demonstration
of the robot concept are presented. The MEESo robot is intended
to have applications in tethered controllable capsule-like robots
for the GI tract or integrated into a catheter-like device to aid in
the insertion from the distal end in the circulatory system.

The main contributions of the work are, first, a significantly
improved model from preliminary work shown in Ref. [10]; this
work presents a 3D model of the MEESo robot and environment,
and considers the dynamics of the robot’s gait in determining the
traversal behavior of the device. Second, the first functioning
MEESo robot prototype is fabricated and tested to validate the ben-
efits of magneto-electroactive actuation concept. The purpose of
these experiments is to demonstrate the overall feasibility of the
EAP-enhanced magnetic robotic concept, where a few basic
IPMC body actuation methodologies (i.e., constant and gait-
dependent driving voltages) are considered.

The remainder of the paper is organized as follows. First, the
physics governing the MEESo robot’s motion is presented in Sec. 2.
Second, in Sec. 3, a 3D model is created and the beneficial effects of
electroactive actuation are demonstrated in simulation. Then in Sec.
4, a MEESo robot is fabricated and tested, where simulation and
physical experimental results are presented. Results are discussed
in Sec. 5, followed by concluding remarks in Sec. 6.

2 MEESo Actuation Physics

The MEESo robot leverages two actuation methods: (1) magnetic
actuation that induces an inchworm-like gait and (2) electroactive
polymer actuation that further deforms the robot’s body for enhanc-
ing locomotion. A rotating magnetic field is generated externally
from the lumen and interacts with permanent magnets embedded
in the robot’s feet. The robot’s feet alternate between sticking and
slipping as the body contracts and expands through deformation
from the imposed torques of the nonuniform rotating magnetic
field, which results in net forward motion of the robot through a
lumen environment. Thus, it is the contortion of the robot’s body,
traditionally imposed solely by this external magnet, which
results in the mobility of the robot. The new concept of the
MEESo robot is the addition of an electroactive polymer in (or con-
sisting entirely of) the robot’s body, enabling increased control over
the body deformation and thus the traversal speed of the robot. The
physics that govern the magnetic and electroactive material actua-
tion modalities are described in the following.

2.1 Magnetic Actuation Model. Magnetically-actuated
devices, such as the robot configuration shown in Fig. 1(a), rely
on the inter-magnetic forces and torques on a magnet in an actuation
magnetic field. The actuation field B due to a dipole source M at
position R is defined as

_H3M-R)-M

“4r IRJP M

where pio =4z X 1077 T - m/A is the magnetic permeability of free
space and R is a unit vector in the direction of position R [41].
Approximating a magnetic source as an ideal dipole source is per-
fectly accurate for spherical magnets and a good approximation
of other shapes at distances sufficiently far from the source [42].
Furthermore, magnetic shapes that are not well approximated by
the dipole model can be divided into regions that are and their
effects summed. The forces and torques on a dipole M in an actu-
ation field B are defined as

F=M-V)B 2)

and

T=MxB 3)
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The MEESo robot relies on the nonuniform field of a dipole actu-
ation magnet to locomote. From prior work, it is known that inter-
magnetic torques primarily drive the robot. The dipole field of the
actuation magnet imposes nonsymmetric torques on the two oppos-
ing polarity magnets in the feet of the robot. As the actuation
magnet rotates, the torques on the embedded magnets in the robot
cause the body to contract and expand throughout the gait cycle
due to the deformation of the body segment. Because the torques
are nonsymmetric, the feet of the robot alternate sticking and slip-
ping actions while the body deforms, leading to an inchworm-like
gait. Interested readers can find a more detailed description of the
robot’s gait in Refs. [11] and [21].

2.2 Electroactive Polymer Model. An IPMC comprises an
ionic polymer, for instance, Nafion, sandwiched between two
noble metal electrodes, such as gold or platinum [43]. When an
electric potential is applied to the electrodes, ion migration and
redistribution cause a bending deformation to occur in the material.
Specifically, IPMC actuation can be thought of as a “swelling” in
the polymer resulting from a hydraulic effect where hydrated ions
migrate due to electrophoresis. Particles accumulate at the
cathode side of the IPMC, resulting in a bending deformation as
depicted in Fig. 2.

For an IPMC, the total stress experienced by the polymer (61pmc)
can be approximated by the sum of the external stress on the
polymer backbone from external loading (o1.), the osmotic stress
caused by the redistribution of water molecules in the polymer
(60), and the electrostatic stress resulting from an imbalanced
charge density (ov) [44], i.e.,

6pMc =061 + 60 + oy “4)

The osmotic stress is expected to be small relative to the other
stresses, so they are considered negligible here (6o ~ 0). Further-
more, the external stress on the IPMC is captured by the mechanical
deformation of the MEESo robot (gait approximation), thus the
electrostatic stress needs to be determined to account for the
IPMC:s effects on the total MEESo robot locomotion.

The charge imbalance of the IPMC, p, is given as the divergence
of the electric field, E, in the IPMC, which is defined to be the neg-
ative gradient of the electric potential, ¢, hence

p=V-cE ©)

E=-V¢ ©)

where c, is the effective dielectric constant of the polymer. Assum-
ing that this dielectric constant is uniform throughout the material,
the electrostatic stress of the IPMC can be expressed as

oy =cVipl 7

Here I is the identity tensor since the Laplacian of the electric poten-
tial is a scalar value. Variable ¢ represents a constant combining the
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Fig. 2 lllustration of IPMC actuation: (a) unactuated IPMC, con-
sisting of a Nafion membrane with noble metal electrodes and (b)
when an electric potential, ¢, is applied to the electrodes,
hydrated cations in the polymer are attracted to the cathode.
This effect cause the IPMC to bend toward the anode.
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dielectric constant and a scaling factor relating the electrostatic
stress and charge density.

If an electric potential of magnitude V is applied, and assumed
constant throughout each electrode, the moment applied to the
IPMC due to the electrostatic stress, 7y, is found by integrating
about the cross-sectional area A of the material with thickness x,
hence

o = j oydA = moV @®)
A

Thus, a constant moment is experienced in the material with a mag-
nitude proportional (value my) to the applied potential V. This pro-
portionality can be determined through the physical parameters of
the IPMC [44]; however, this work experimentally determines the
value of my through measured tip displacement of the IPMC strip
used to construct the MEESo robot.

Previous work has analyzed the locomotion of a passive soft
robot, showing that the contortion of the soft body directly contrib-
utes to the step size of the robot, and consequentially the inherent
velocity of the device [11,21]. Therefore, by incorporating EAP
actuation into the soft body of the device and directly influencing
the shape of the robot during operation, the traversal speed can be
improved throughout the gait by synchronizing the IPMC actuation
voltage (and consequently the applied moment 7y according to Eq.
(8) above) with the external magnet’s orientation. It is hypothesized
that introducing this distributed moment through the robot body
increases the body deformation through the anchor-pull and push
phases of the gait, allowing for more displacement to occur in the
step. This expected behavior will be verified through simulations
in Sec. 3, as well as physical experiments on example prototype
device in Sec. 4.

3 Simulation and Experimental Results

The MEESo robot is first modeled in a 3D simulation environ-
ment to determine the appropriate actuation methods to experiment
on a physical robot.

3.1 Methods. The 3D rigid-body model of the soft robot is
shown in Fig. 3(a). The model is created using WEBOTS, an open-
source mobile robot simulation software package [45]. The robot
has cylindrical feet that represent the embedded magnets. Rectangu-
lar prism clamps that are rigidly attached to the feet hold the thin
IPMC body.

The flexible IPMC body is modeled by N discretized rigid
elements connected by n =N — 1 torsional springs. This model
approximates the continuum mechanics of the body. The spring
constant of each torsional spring is given by

_nEI
T L

where L is the length of the beam, E is the Young’s modulus, and /
is the second moment of area of the beam in bending.

From the IPMC model described in the previous section, the
stress generated in the composite material with an applied electric
potential can be described by a constant moment along the body.
This moment can be determined based on geometric properties of
the IPMC actuator or experimentally found based on its displace-
ment when voltage is applied. For simplicity, nonlinear effects
present in the material (e.g., back relaxation) are ignored, and it is
assumed that the moment generated by the IPMC is linear with
applied voltage (constrained between +3V). The bending
moment for the IPMC body is experimentally determined to be
mp = 0.0193 nNm/V based on Eq. (8), where the numerical curva-
ture of an IPMC is tuned through the value of myg such that it
matches the experimentally measured curvature of the material.
The constant bending moment of the IPMC, z,, is represented as

k (C))
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Fig. 3 MEESo robot model and simulation setup: (a) a screenshot of the modeled robot in the
weBoTs mobile robot simulator, (b) an illustration of the MEESo robot with imposed inter-magnet
forces and torques and electroactive torques from the polymer body, and (c) simulation setup:
the robot starts directly underneath the actuation magnet that rotates clockwise, driving the

robot to the right (+x)

equal and opposite torques applied at both ends of the body section,
which can be seen in Fig. 3(b).

The inter-magnetic forces and torques between the three magnets
in the model are calculated by Eqgs. (2) and (3). At each time-step of
the simulation, the forces and torques on the robot from both actu-
ation methods are applied, again illustrated in Fig. 3(b).

The experimental setup of the simulation is depicted in Fig. 3(c).
The actuation magnet rotates at 1 Hz about the —z-axis in a fixed
location. The dipole of the actuation magnet starts at 0 deg aligned
with the x-axis. The robot starts in the —x region and travels in the
+x-direction. The robot’s position is recorded from x =0mm to
x = 60 mm. With this actuation configuration, the robot’s inchworm
gait leads to travel in the positive x-direction. For such an experi-
mental setup, the robot is expected to exhibit the fastest traversal
speed when directly underneath the external rotating magnet, as
the inter-magnetic torques will result in the largest body deforma-
tions based on the nonuniform magnetic field [21]. As the robot
moves further away from the rotating-actuating magnet, traversal
speed decreases.

In addition to the magnetic actuation, the IPMC is also given an
actuation voltage V,. to enhance the robot’s locomotion. As the
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optimal IPMC signal for the best performance increase is currently
unknown, constant and alternating voltages are investigated here.
To add variability to the simulation, the robot’s initial position for
each trial is varied along the lumen. Also, Gaussian noise with a
standard deviation of 2mm and 2deg is added to the actuation
magnet’s position and angle, respectively, during the trials. Each
actuation scenario is simulated for 30 trials to determine the
average behavior. It is noted that the scenario of IPMC-only actua-
tion (i.e., there is no external rotating magnetic field) is not
explored, as these devices are not realistically capable of producing
forces large enough to traverse a lumen environment. Instead, the
purpose of incorporating IPMC body deformation is to enhance
the gait of the traditional magnetically-actuated inchworm-like
robot device.

It is worth noting, also, that alternative smart materials can be
integrated into the simulation. The appropriate actuation model
must be considered, similar to the process described above.

3.2 Results. First, actuating the IPMC with a constant voltage
is examined. The simulation considers a segmented robot body of
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N =15 with actuation voltages in the range of +3 V with 1 V incre-
ments, where V., =0V is the IPMC is left inactive. Results of the
simulation are shown in Fig. 4(a), where the robot’s traversal speed
is plotted against the distance traveled by the robot. Based on these
simulations, the robot tends to travel faster when the body is biased
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Fig. 4 Results for the dual-actuated magneto-electroactive
robot, where magnetic actuation is operated at 1Hz: (a)
constant-voltage electroactive actuation (V,c), (b) sinusoidal-
wave electroactive actuation V. =3sin(2zft + @), where the
phase shift ¢ is adjusted in z/2 rad increments. V,;; = 0 shown
for reference, and (c) square-wave electroactive actuation
Vact = 3/2(sign(sin(2zft + @)) + 1). Vact = 0 shown for reference.

Journal of Mechanisms and Robotics

concave with respect to the ground (i.e., V, > 0), while the oppo-
site bias tends to slow the robot. The effects of these trends increase
as the bias voltage magnitude increases. The robot speed directly
under the actuation magnet can be increased or decreased by
approximately 32% and 57% on average, respectively.

Next, the effects of synchronizing the IPMC actuation signal with
the magnet’s rotation are investigated. Because the IPMC effec-
tively provides an additional torque that allows for more or less con-
tortion in the MEESo robot’s body throughout the gait cycle, it is
reasonable to expect a periodic signal to coordinate these torques
with the actuation magnet’s orientation. The actuation voltage is
defined as

Ve = 3sin Qaft + @) (10)

where f = 1Hz is the frequency of the actuation magnet, ¢ is the
time elapsed since the start of the trial, and ¢ is the phase shift of
the IPMC sinusoidal-wave actuation. (Note: because the magnet
starts at a specific orientation, this is equivalent to synchronizing
the IPMC actuation signal with the magnet’s orientation.) Four
evenly spaced phase shifts are examined: ¢ € {0, z/2, =, 37/2}
rad. The results compared to no actuation (V,. =0) are presented
in Fig. 4(b). Similar to the constant V,, results, the MEESo
robot’s lumen traversal speed can be increased and decreased
using this actuation method, indicating that synchronizing the elec-
troactive modality with the actuation magnet’s rotation is necessary
for periodic electroactive actuation signals. In particular, for the
actuation methods that improve the robot’s speed, ¢ =z and 7/2
rad, the IPMC actuation compliments the magnetic actuation,
helping the robot contract greater per gait cycle. The robot’s
speed is improved as much as 28% at x =0. Conversely, ¢ =0
and 3z/2rad, decrease the robot’s velocity due to a mismatch
between the effects of IPMC actuation and the magnet-induced gait.

Since the concerned in this work is primarily with benefiting the
gait, it can be seen that the best sinusoidal-wave actuation method
did not improve the performance as much as DC voltage actuation
(Vaer =3 V). This shows that the negative cycle of the sinusoidal
signal does not benefit the magnetic gait. The robot is only benefited
by IPMC actuation assisting in the contracting phase, bringing the
feet closer together. The last signal type tested aims to maximize
IPMC actuation during the beneficial contracting portion of the
gait and leave it dormant during the expanding phase.

The effects of electroactive actuation from a square-wave signal
between V,, =3V and V,, =0V is simulated. Specifically, the
signal is given as

Vaer = 3/2(sign(sin Qzft + ¢)) + 1) (11)
where the signum function, sign(-), is defined as
. 1 ifx>0
sign(x) = { 1 ifr<0 (12)

The four phase shifts used in the sinusoidal-wave simulations are
investigated. The results are shown in Fig. 4(c). What is seen
from these results is positive IPMC voltage, or an upward bend,
can not do much to slow the magnetically-actuated robot down,
but it can be beneficial to increase the robot’s speed. The phase
shift of ¢ = 37/2rad shows increases in traversal velocity similar
to the DC voltage actuation case, with velocity increasing about
35% at x =0. This actuation only requires half the active time of
the IPMC but produces similar performance to the best DC
voltage actuation and better performance than all sinusoidal-wave
signals tested.

4 Physical Experiments and Results

A physical MEESo robot was fabricated for testing. Based on the
simulation results, two magneto-electroactive actuation schemes are
chosen to compare to purely magnetic actuation: a constant (DC)
bias signal and a synchronized periodic signal. The two actuation
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methods tested are a constant voltage of +3 V and a square-wave
actuation signal with ¢ = 37 /2rad.

4.1 Methods. The physical experimental setup is shown in
Fig. 5(a). The setup matches the configuration in the simulation
environment. The lumen environment is a half-cylindrical trough
with a diameter of 14 mm, shown in Fig. 5(b). The half-cylinder
is selected to represent a lumen environment because the gait of
the MEESo robot does not require a ceiling for propulsion [21].
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Fig.5 (a) Experimental setup for MEESo robot validation, (b) the
MEESo robot in the environment, (c) MEESo robot consists of
magnetic feet and an IPMC body, and (d) signal flow diagram
for applying an AC actuation signal to the IPMC body synchro-
nized with the rotating magnet orientation
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Also, the configuration allows for motion capture cameras to
easily record the movement of the robot during experiments for per-
formance quantification. The environment and MEESo robot are
submerged in water. The fabricated MEESo robot is shown in
detail in Fig. 5(c). The robot has annular permanent magnets
(K&J Magnetics R842-N52) wrapped in silicone for the feet. The
silicon is used here to extend the life of the experimental robot as
it interacts with the hard plastic trough, and can be accounted for
by adjusting the coefficient of friction between the two surfaces
in simulation. The IPMC body is held in place by plastic clamps
affixed to the feet. The wire tether for electroactive actuation is
passed through the center of the annular magnet.

To synchronize the MEESo IPMC body actuation signal with the
actuation magnet’s rotation, a magnetometer (Melexis MLX90393)
is used to sense the actuator magnet’s orientation during operation.
This sensor is arranged such that the detected field induces a sinu-
soidal response in the sensor, detected by a microcontroller
(Arduino Due). The signal is sent directly to a data acquisition
system (National Instruments PCI-6221) with a sampling frequency
of 1 kHz (sample period 7 = 0.001 s). MATLAB SIMULINK real-time is
used to take this sinusoidal response from the magnetometer, b,,(?),
with voltages within the range of 0.55-2.75V, and produce a
square-wave signal u(r) with voltages of either OV or 3V.
Because the actuation magnet is operated at a constant rotational
velocity, this signal is also delayed by k =250 time-steps (0.25s)
such that the resulting square wave’s high-low pattern matches
that of the best-performing scenario observed in simulation
@ = 3x/2rad. Thus, the operation to convert the sinusoidal magne-
tometer reading to an offset square wave becomes

3.3
u(t)y=1.5 |:sign <bm(t —kTy) + 7) + 1:| (13)
Lastly, this low-power signal is conditioned using an LM675 power
op-amp to obtain V. that can produce the current necessary to

produce deformation in the electroactive polymer. These steps are
depicted in Fig. 5(d).

4.2 Results. The physical experimental results are presented in
Table 1. The two IPMC actuation methods are experimentally
implemented: (1) constant-voltage (DC) actuation denoted by
“DC Act” and (2) square-wave actuation denoted by “SQW
Act.” The baseline no IPMC actuation case is denoted by “No
Act.” For each configuration, five trials are conducted to observe
average performance trends. Each method is tested in order (No
Act., DC Act., and SQW. Act), and this is repeated five times.
Results show the time (with 95% confidence) for the MEESo
robot to reach three distances in the lumen: 20 mm, 40 mm, and
60 mm. A time-lapse view of a MEESo robot being experimentally
driven solely by the external magnet is compared to a constant 3 V
potential (DC Act.) on the IPMC body during magnetic actuation in
Fig. 6.

5 Discussion

Dual actuation on the MEESo robot is first tested in simulation.
From the simulation results (Sec. 3.2), two electroactive methods
were selected to validate the improvements observed on a physical
robot. In physical experiments, it was shown that activating the

Table 1 Experimental data results: average time to distance
with 95% confidence interval

No Act. DC Act. SQW Act.
Time to 20 mm (s) 9.4+2.6 30x1.1 47+3.1
Time to 40 mm (s) 15.8+3.6 79+2.1 10.0 +4.1
Time to 60 mm (s) 21.1+£5.6 15.1+5.6 16.1 +6.7
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Fig. 6 Time-lapse comparison of the MEESo robot with magnetic actuation (top) and magneto-electroactive actuation (bottom)

given a constant voltage (V¢
robot’s gait over the purely magnetic actuation.

electroactive polymer body of the MEESo robot can improve the
traversal speed of the device (Table 1).

Looking at the time to travel 20 mm, the robot with no IPMC
actuation takes 9.4 + 2.7s. By providing constant DC (+3V) and
square-wave actuation signals to the electroactive material, the
time to 20 mm is reduced to 3.0 + 1.1 and 4.7 + 3.1 s, respectively.
These equate to travel time improvements of 68% and 50%. An
ANOVA test was run for the three groups in each row. The
p-value comparing the three groups in the top row is 8.0 x 107*.
The DC and square-wave trials are significantly different from the
no actuation group, but they are not significantly different from
each other.

Comparing the travel times of the actuation methods to 40 mm,
the following results were obtained: (1) no IPMC actuation took
15.8 +3.65, (2) DC actuation took 7.9 + 2.1's, and (3) square-wave
actuation took 10.0 + 4.1 s. The p-value comparing the three groups
is 0.0018. Again, the two actuation methods have a statistically sig-
nificant improvement compared to no IPMC actuation.

For the time each method took to reach 60 mm, the three actua-
tion methods are not significantly different (p-value = 0.15).
These results show that electroactive actuation can be used to
improve the gait of the robot. If the robot’s location is accurately
known, say +2cm, the improvements of electroactive actuation
on the robot’s gait compared to a dormant IPMC are significant.

The improvement in travel time of the MEESo robot with IPMC
actuation is due to an increase in the step size of the robot’s gait
compared to purely using magnetic actuation. This is demonstrated
for the constant IPMC voltage scenario in Fig. 6. The robot takes
larger steps due to increased body deformation from actuating the
IPMC. At distances closest to the actuation magnet (x =0), no
IPMC actuation results in average step sizes of about 2 mm. A cons-
tant IPMC voltage increases the step size of the robot to 6 mm and
square-wave excitation to about 4 mm on average.

While IPMC actuation is beneficial to the robot’s gait, there are
discrepancies between the physical robot and the simulations. The
simulation results shown in Fig. 4 predict faster travel than realized

Journal of Mechanisms and Robotics

= 3V) applied to the IPMC body. The trials show that adding EAP body actuation improves the

in the physical experiment for all the actuation methods tested.
These differences are likely due to the ideal assumptions of the
simulation. In particular, viscous effects of the aqueous environ-
ment are ignored, as well as the additional friction effects intro-
duced by the power tether for the IPMC. Since both of these
effects reduce the velocity of the MEESo robot, it is reasonable to
expect a 50% or greater reduction in the device’s performance in
practice, which would result in travel times resembling the experi-
mental results.

Another difference to note is the assumptions made about the
IPMC actuation. The IPMC actuation was assumed to be linear
and implemented this way in simulation. However, in reality
IPMCs have nonlinear responses, such as back relaxation. These
are likely additional contributions to the differences between simu-
lation and experimental results. Such behaviors should be included
if a simulation environment that estimates realistic velocity values
is desired. The focus of this work is to show that IPMC actuation
can be used to improve the gait of the robot. The true behavior of
IPMC actuation under applied external forces is an open area of
research. The simulation was used to examine trends and decide
which actuation methods were promising to test with the physical
robot.

6 Conclusions

This paper introduced the magneto-electroactive endoluminal
soft robot that combines, for the first time, magnetic actuation
from an external rotating dipole field with robot-body deformation
via an ionic polymer-metal composite actuator. The dual-actuation
method enhances locomotion capabilities, specifically through
increased control of the body deformation during the gait cycle.
The influence of several electroactive actuation methods on the
magnetic gait of the robot was explored—both constant and peri-
odic voltage scenarios. A physical dual-actuated MEESo robot
was fabricated for testing. It was demonstrated that the magneto-
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electroactive actuation could beneficially affect the robot’s gait
compared to magnetic actuation alone, with travel times being
decreased by as much as 50-68%. The electroactive actuation
allows for greater control of the MEESo robot as it travels
through a lumen without changing the magnetic actuation setup.
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