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Modeling and Analysis of a Soft
Endoluminal Inchworm Robhot
Propelled by a Rotating Magnetic
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In clinical practice, therapeutic and diagnostic endoluminal procedures of the human body
often use a scope, catheter, or passive pill-shaped camera. Unfortunately, such devices used
in the circulatory system and gastrointestinal tract are often uncomfortable, invasive, and
require the patient to be sedated. With current technology, regions of the body are often
inaccessible to the clinician. Herein, a magnetically actuated soft endoluminal inchworm
robot that may extend clinicians’ ability to reach further into the human body and practice
new procedures is described, modeled, and analyzed. A detailed locomotion model is pro-
posed that takes into account the elastic deformation of the robot and its interactions with
the environment. The model is validated with in vitro and ex vivo (pig intestine) physical

/86€6+89/200150/G/¥ |/4pd-01LE/SO0OISWSIUBYODW/B.I0 B WSE  Uo)oa||0o[eyBipasey/:dpy Wwoly p

1 experiments and is shown to capture the robot’s gait characteristics through a lumen. Uti- 3

Kam K. Leang Tperiments a . . ; . . 2

Desian. Automation. Robo d Control (DARC lizing dimensional analysis, the effects of the mechanical properties and design variables on 2
esign, Automation, Robotics, and Control L b) the robot’s motion are investigated further to advance the understanding of this endolum- fon
) - 4, inal robot concept. [DOI: 10.1115/1.4053114] &

Department of Mechanical Engineering and the 3
R.ODOJ[.'CS Center, Keywords: medical robotics, robot design, soft robots 1;-‘:

University of Utah, 3

Salt Lake City, UT 84112 §

e-mail: kam.k.leang@utah.edu s

k)

1 Introduction

Procedures in the natural lumina of the human body are indispens-
able in minimally invasive diagnostic and therapeutic procedures [1];
however, complete controlled access to the entire gastrointestinal
(G)) tract [2] and circulatory system [3] is challenging. A magneti-
cally actuated soft inchworm robot concept recently presented in
Ref. [4] can be exploited to produce controllable robotic therapeutic
and diagnostic tools. As shown in Fig. 1, the robot consists of a
deformable (soft) body between two magnets that are coaxially
aligned with opposing polarity. A controllable rotating actuation
magnet positioned outside of the patient, as illustrated in Fig. 1(a),
induces a gait in the endoluminal robot that propels it through the
lumen. The actuator magnet’s axis of rotation and position need to
be kept approximately perpendicular to the lumen and roughly
above the robot, respectively. The separation distance of the actuator
and robot significantly affects the gait. The image sequence in
Fig. 1(b) portrays the induced gait, which is similar to that of an inch-
worm caterpillar’s gait, shown for comparison in Fig. 1(c). First,
there is an anchor-pull phase where the leading foot anchors and the
lagging foot is pulled closer to the leading foot by contracting
the body. This phase is followed by an anchor-push phase where
the lagging foot is anchored and the leading foot is pushed forward
by extending the body. Since the soft robot is mechanically simple,
it can be adapted to various lumen sizes present in the body, and
the external actuation magnet eliminates the need for complex mech-
anisms for locomotion within the robot. Although initial results show
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the potential for the robot to travel through the lumen, a thorough
understanding of the physics and locomotion of the device is
needed to develop and fully optimize the design. The focus of this
paper is the modeling and analysis of the locomotion of the soft
robot of Fig. 1. Dimensional analysis is then performed to efficiently
study the effects of the various design variables on the robot’s motion.
Endoluminal procedures in the GI tract traditionally involve
pushing a long flexible scope from its proximal end [5,6]. In the
early 2000s, passive capsule-shaped cameras were first used to
inspect the bowels and reach regions traditional scope methods
could not, such as the small intestine [7]. Capsule endoscopy
relies on peristalsis, so only uncontrolled antegrade travel is possi-
ble. Since the motion and orientation are uncontrolled, the camera
may fail to capture images of regions of interest [8]. In order to
tackle the aforementioned deficiencies, endoscopic and capsule
devices are becoming more robotic with the addition of controllable
actuation. Controllable capsule-like robotic devices will enable ori-
entation and position control [9], including retrograde travel (i.e.,
against peristalsis). This will expand clinicians’ reach and capabil-
ities during endoluminal procedures throughout the human body.
Many methods of endoluminal locomotion have been proposed,
such as inchworm-like (anchor-pull and anchor-push) [10-13],
legged [14-16], continuous track [17], worm screw [18-20], and
vibration mechanisms [21]. The current challenge with endoluminal
robots is creating a useful controllable device that can operate in a
natural lumen for the duration of a procedure without damaging the
lumen environment [22]. Battery-powered devices offer limited per-
formance due to battery size, power requirements, and the time
required for endoluminal procedures [23,24]. Inductive power has
been proposed and is feasible in the GI tract. With limited power
available (310 mW with a cylindrical power receiver 12-mm long
and 10-mm diameter [25]), however, it may not be feasible to
power both the locomotion and on-board instruments. Due to
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Fig. 1 The magnetically actuated soft inchworm robot has the
potential to be used in endoluminal medical procedures across
a variety of size scales. (a) lllustration of the potential use of
the robot in a patient with an external rotating actuator magnet.
(b) A sequence of images illustrating the gait induced in the
robot by the rotation of the actuator magnet. The gait resembles
that of an inchworm, having an anchor-pull and anchor-push
phase. (c) Biological Inchworm gait for comparison. Photo-
graphs of inchworm by Mike E. Merchant, used with permission.
Figure is not to scale.

the mechanical complexity, it would not be simple to scale the
dimensions of the power receiver down to smaller sizes. On the
other hand, magnetically actuated robots with permanent magnets
benefit from scalability and can even be fabricated at the microme-
ter scale [26,27]. At this size, they could potentially operate in the
human body’s vasculature.

The soft inchworm robot concept illustrated in Fig. 1 has a sim-
ple design comprising only a soft (silicone) body and two mag-
nets. Due to the simple structure, the device lends itself to scaling to
various sizes to conform to diverse environments. For example, com-
mercially available permanent magnets are widely available with
dimensions as low as 1-mm in diameter. Alternatively, using additive
manufacturing, work in Ref. [28] has shown that magnets with even
smaller dimensions can be integrated directly into soft devices.

Establishing an understanding of the robot’s mechanics of loco-
motion is essential to creating feasible and efficient endoluminal
robotic devices that are optimized for their environment. The
novelty of this work is the development of a new model for the
gait of the magnetically driven inchworm robot. The model captures
the robot’s locomotion with a quasistatic approach by predicting the
successive poses of the deformable device. Building on preliminary
work [29], the model incorporates a more accurate geometrical and
mechanical representation of the robot and its environment. Addi-
tionally, the model considers the effects of friction on the robot’s
feet and the deformation of the lumen. There are two main contribu-
tions of this work. The first is the development of an experimentally
validated model with physical experiments. In comparison to exper-
imental results (including the first demonstration of the robot travel-
ing on an ex vivo intestine), the model accurately captures the robot’s
behavior through the environment. The model will provide insight to
help guide the design process when customizing the robot for a spe-
cific environment. The second contribution is to elucidate the design
variables’ trends to better understand how to exploit the phenomena
that create usable motion in the device. Using the validated model,
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dimensional analysis, via Buckingham II theorem, is used to
examine trends and scalability of the design.

The remainder of this paper is organized as follows. Section 2
describes the details of the model of the soft robot. Then, in
Sec. 3, the model is validated with comparisons to experimental
results in a rigid lumen and ex vivo pig intestine. Utilizing the vali-
dated model, Sec. 4 applies dimensional analysis to explore design
trends and scalability. Section 5 discusses the results of the paper.
Lastly, concluding thoughts are presented in Sec. 6.

2 Model

The soft endoluminal inchworm robot is driven by the magnetic
interaction between the internal robot and an external actuator
magnet located above the robot, as shown in Fig. 1. The robot
moves due to alternating feet sticking and slipping as the robot’s
body deforms and the feet rotate. This behavior is created by the
nonuniform magnetic actuation field, which causes asymmetric
magnetic forces and torques on each foot of the symmetric robot.

To develop the model, first, the magnetic interactions that drive
the system are briefly described. Second, a static model of the
soft robot that captures the interactions with the environment is
developed. Next, an iterative process is created to determine the
robot’s static equilibrium for a given actuator pose. Lastly, a discre-
tized model is developed where the gait of the robot is determined
by successive static equilibria and proper initial conditions.

2.1 Magnetic Actuation Model. An external rotating mag-
netic field drives the soft robot in a lumen. For simplicity, it is
assumed that all magnets in the model are perfect dipoles. This
model is perfectly accurate for a uniformly magnetized sphere,
and it is very accurate for an actual physical spherical magnet.
For other shaped magnets (e.g., cubes, cylinders, rings), this
model becomes increasingly accurate with greater distances [30].
The magnetic field B at a relative position r with respect to a
dipole source M is defined as

o 3M P —M

B(r) =
4z I

(¢
where pio=47x 107" T m A™" is the magnetic permeability of free
space, 7 is a unit vector in the direction of r, and all vectors are
described with respect to a common coordinate frame as depicted
in Fig. 1(a) [31].

The gait of the robot is driven by the interaction of the magnets in
the robot with the actuation magnet. All of the magnets in the
system impose forces and torques on each other. The force F and
torque T on a dipole M in a magnetic field B are given by

F=M-V)B )
and
T=MxB 3)

These induced forces and torques cause the body of the robot to
elastically deform. This deformation, along with sticking and slip-
ping of the contact points on the robot’s feet, cause the robot to
move in a deterministic direction within the lumen.

2.2 Locomotion Model. Using the pairwise dipole—dipole
interactions between all magnets in the system, the net magnetic
force and torque on each of the robot’s magnets can be calculated
and used in a model describing the robot’s deformation and movement
through the environment. An accurate model will enable exploration
of design variable trends (e.g., body length, dipole moments) and
simulation of the robot’s performance prior to physical realization.

By examining the physical robot in motion, it can be observed
that the robot exhibits an inchworm-like gait (anchor-pull anchor-
push) [29], as illustrated in Figs. 1(b) and 1(c). It has been found
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experimentally that the robot operates most predictably at low fre-
quencies (typically 1-3 Hz) [4]. At this speed, during the entire
gait cycle, at least one contact point between the environment and
robot is not slipping. At these low frequencies, if the actuator
magnet’s rotation is stopped, the robot holds its position with
minimal inertial effects. Due to these characteristics, a quasistatic
modeling approach is used to capture the motion of the gait using
classical beam theory and mechanics.

To model the quasistatic behavior of the robot, the actuator
magnet’s rotation is stepped through discretized angles (and
positions if it is not fixed). At each time-step k, the actuator
dipole angle @ is increased by an angle step ¢, such that 9[k+ 1] =
0lk]+¢. At each O[k], an iteration process is used to find the
static equilibrium of the robot. The robot’s state of equilibrium is
not unique and relies on boundary conditions based on the previous
solution from time-step k— 1.

This iterative process involves finding an error term £ (described in
Sec. 2.2.5), calculated for each iteration i. The £ term is energy-like
and gives insight into the off-equilibrium robot energy. A
proportional-integral-derivative (PID) controller is used to drive the
error term to zero, and thus the robot to a state of equilibrium, by
changing the vertical boundary conditions of three points of the
robot: the bottom of the two feet (174, #5) and the body of the robot (77¢).

2.2.1 Model Setup. The robot and environment are assumed to
be composed of cylindrical elements that are symmetric about the
plane swept by the rotating actuator dipole. This allows the model
to be simplified to two dimensions in the x/y-plane as shown in
Fig. 2(a). Since the soft robot is reminiscent of an inchworm, the
cylindrical ends are referred to as “feet” and the midsection as a
“body.” In the model, the feet are represented as rigid rectangles
and the body as a deformable beam. The left foot is referred to as

Fig. 2 Two-dimensional representation of the soft robot and
lumen environment. (@) Mechanical system model. (b) Free
body diagram of the robot. (c) Free body diagram of foot A.
(d) Free body diagram of the body, cut at an arbitrary location.
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A with mass my, and the right foot is referred to as B with mass
mg. The body of the robot has mass naqy. Since the body’s
length is much longer than its thickness, classical beam theory is
used to approximate the body deformation. It is also assumed that
the feet remain perpendicular to the ends of the body. The lumen,
which the soft robot is traveling in, is represented as a floor and a
ceiling. The floor is a straight horizontal line at a distance %
from the actuator magnet location. It is assumed that the robot’s
weight alone does not significantly deform the lumen it is in. In
the case where the magnetic forces or torques are causing the
robot to make contact with both the floor and ceiling surfaces, the
lumen is allowed to deform. In the model, the ceiling can deform,
whereas in real life, it is expected that the ceiling and floor would
deform at approximately half of what the model predicts for
ceiling deformation. The main difference here being the vertical dis-
placement of the robot, but not the gait behavior itself. The unde-
formed location of the ceiling ¥ is one-lumen diameter d, above
& . Each possible point of contact—foot A, foot B, and the
body—with the ceiling is modeled as an independent linear
spring with stiffness k.. Each point of contact with the ceiling and
floor is able to make and break contact as the robot deforms and
moves.

A free body diagram of the soft robot is shown in Fig. 2(b). All
force vectors are decomposed into their x, and y, components and
torque is along the z, axis. To represent a single dimension of a
point, the subscript ends in x, y, or z. The world frame of the
model is represented by a subscript o. The lumen—environment
axis is along the x, axis. Forces and torques on the feet act at the
center of gravity of the foot (4,, and B,,). There is a vertical force
(along y,), horizontal force (along x,), and a torque (along z,)
acting at the center of gravity for each foot. The vertical forces,
F,, and Fp,, combine the weight of the foot with the vertical mag-
netic forces. The horizontal forces, Fy; and Fp, are the horizontal
components of the magnetic forces. The torques, 74,, and T, are
the combined magnetic torques. The weight of the robot’s body
section is represented as a constant distributed load g.

Each segment of the robot has two possible reaction forces: one
with the ceiling and one with the floor. The ceiling contact points,
Ay and By, are taken as the highest corners of the foot, and the
floor contact points, Az and B, are the lowest corners. Each
foot contact location has a reaction force R and friction f. For sim-
plification, it is assumed that the reaction forces act at the center of
gravity of the robot body, C,,. The body is also assumed frictionless
since the friction at the feet dominates the inchworm gait.

The three ceiling reaction forces act independently. Without loss
of generality, the reaction force between the ceiling and foot A is

_ 0 if A(gy <%
Raes = { esk, otherwise @
where ¢4 = Ag, — € is the displacement of the spring defined for
foot A. The reaction forces with the floor are found using the equi-
librium equations described in Sec. 2.2.2.

For each iteration at time-step k, it is assumed that one contact
point on one foot is fixed in the x,, direction from the prior time-step
k—1, and friction forces are computed for the non-fixed contact
points. The friction force between the foot and the ceiling is

Jag = bagpRag (©)

where i, is the static friction coefficient, and 44 € [—1, 1] encodes
the direction and proportion of static friction used. For each iteration
i and for each of the non-fixed contact points, the § term is updated
based on if a contact point has moved in the +x, or —x,, direction
relative to the prior time-step k—1. The update equation for &
with respect to Ay is

5Azg,i + A if Atg‘x’i <A<g’x[k - 1]
Oag,ir1 = 3 Oagi — A if Agri > Agulk— 1] (6)
Oav.i otherwise
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where A is a tuning gain that determines the amount 6 can change in
each iteration. The point A4 ; is found at the end of each iteration i
when the robot placement in the environment is determined (Sec.
2.2.4). The point A4[k] is the final value of A¢; at time-step k. To
smooth the friction values and reduce jittering of the solution, an
infinite impulse response filter is used on all non-fixed contact
point friction forces. The friction force at the fixed contact point
is found using the equilibrium equations shown next.

2.2.2  Equilibrium Equations. The equilibrium equations used
to solve for the unknown forces at each iteration i are described.
First, during each iteration, the forces and torques from the
dipole—dipole interactions are calculated based on the new positions
of the magnets using the following equilibrium equations (refer to
free body diagram shown in Fig. 2(b)):

Y Fi=fag +fg +faz +foz +Fan+Fp=0 (D)

Z Fy=—Ry¢ — Rpy — Rcw + Raz
+Rpz + Rcy — Fay — Fpy —qly =0 (8)

Z My, = (Azx — An)Raz + (Amy — A7y )faz
+ (A — Ag)Rag + (Apy — Agylfaw
+ (Bzx — An)Rp7 + (Amy — B7))fp7
+ (Amx — Bg)Rpg + (Amy — By )fe
+ (Apx = Bid)Fy + (Ay — By Fpi
+ (Cx — Amr) Rc7 — Rew)
+ (Apx — (Apx + Bio)/2)qly + Tam + T =0 (9)

along with the displacement boundary conditions, the reaction
forces Ry#, Rp#, and Rc#, and the friction force of the fixed
point can be found.

2.2.3  Robot Deformation. The body of the robot is assumed to
be homogeneous and elastic. The deflection is found by solving

& _ Mp(x)

da ™ EI

(10)

where M, (x;,) is the moment along the body, B, is the vertical offset
of each discretized point along the centerline of the body beam, E is
Young’s modulus, and / is the second moment of area of the body.
To determine M, (x;), a “cut” is made where the beam connects to
the foot at point A, for foot A (shown in Figs. 2(c) and 2(d)). The
torque T, and forces V., and N, on the ends of the body can
be found by

Tewr = (Apx — Ag)Rag + (Apy — Ay )fas
+ (Azx —Ap)Raz + (Apy — Az )far

+ (Apx — Ap)Fay + (Apy — Apy)Fan + Tam an
Vewr = Rag — Raz + Fay 12)

and
New = ~faz —fas — Fan (13)
The moment along the beam can now be found using (Fig. 2(d))
My(xp) = ~1/26, = Ve = Teu (14)

Plugging the above expression into Eq. (10), the following result is
obtained:

By = (=1/24gx} = 1/6Vouxy — 1/2T uxs + c1x + ¢2)/(ED)  (15)

051002-4 / Vol. 14, OCTOBER 2022

where the boundary conditions 7,4 and 7 can be used to solve for
the constants of integration ¢; and c,.

2.2.4  Robot Placement in Environment. Once the body defor-
mation is found at the end of the ith iteration, the robot’s location in
the environment can be determined. First, the feet are added perpen-
dicular to the body. Then, the robot’s location in the world frame is
found based on which reaction force is larger. The foot corner loca-
tion with the highest reaction force is kept fixed in the x,, displace-
ment from the same corner in the previous time-step. The vertical
offset of each foot is determined by 74 and #p. Due to the
unknown amount of foot rotation between iteration { and i+ 1,
only 7, ; and np; can be fixed in the solution at ith iteration. The
¢, term is only used as a boundary condition when determining
body deflection.

2.2.5 Error Term. The error term, &, is an energy-like function
that gives insight into the off-equilibrium energy of the robot. To
find the equilibrium, the inputs to the model are the displacements
na, g, and 5. The 54 ; and 5p; terms are used to define the vertical
offsets of foot A and B during the ith iteration. The 7¢; term is used
as a boundary condition to solve for the over constrained beam
deflection of the body. The error term & and input term # have dif-
ferent equations for the feet and body of the robot due to the differ-
ent mechanics of the sections.

For feet A and B, the inputs 74 ;41 and 7z ;,; are found using the
following PID update law (shown for foot A and is analogous for
foot B):

N = kp(En) + koot —En) +h Y Eri (16)
i=0

where kp, kp, and k; are constants, and 774, 77 € [0, ). For the body,
instead of an integral term, the y, position at the center of the beam
is used (C,,y,;), hence

Neiv1 =kp(Ecy) +kpEcimy —Ec) + Cnyi (17)

At equilibrium, the error term ¢ is zero. The error term is based on
the assumption that for the robot to be in static equilibrium, the fol-
lowing statement is true for each section (foot A, foot B, and body)
of the robot: (1) the section’s reaction force with the floor is zero
or (2) the section’s reaction force with the floor is positive and
the section is touching the floor. The equations work to drive the
robot to satisfy the assumption by independently changing the
height of each foot and the midpoint of the body based on the reac-
tion forces solved for in Egs. (7) through (9).

The error term for the two feet of the robot, 4 and &g, is found
with the multiplication of a term related to distance and a term
related to force, @ and f, respectively. The assumption above has
two conditions that are both represented in the error function by «a
and p. Condition (1) is based on direction and displacement,
which is captured with the « term. The other is based on the reaction
force, which is captured with . The error equation (shown for A and
is analogous for B and C) is given by

Eni=oaiPa (18)

The f term is related to the magnitude of the floor reaction force
(shown for A and in analogous for B and C):

Fn - |Sat(RA.’/7 iFn)I

Pai=1- F (19)

where F, is a parameter to normalize f. This term needs to be
tuned depending on the magnitude of the forces in the model.
The p €0, 1] term dictates how much influence the force has on
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the & term. If the force is large, then f=1 and if the force is zero,
then f=0.

The a term relates to condition (2) and determines the direction
the distance # needs to change such that the boundary conditions
for the ceiling and floor are met: reaction forces should be positive
and if there is a positive reaction force, there needs to be contact
there. The « term for the feet is (shown with foot A and is analogous
for foot B) given by

(F _Afy)kl if Ryz>0
(€ — A(gy)kl if Raz <0 & A(gy <%
QA =\ —kea—Ry k . , (20)
— lfRA;;r<0&A(gy>(6
otherwise

where the k; and &, terms are used to scale the influence on &. In the
above equation, there are three cases where « is nonzero, explained
below with respect to foot A, but foot B is found in an analogous
manner:

(1) If the reaction force with the floor R4~ is positive, then a, is
based on the distance from the bottom of the foot A, to the
floor &#.

(2) If the reaction force with the floor R4~ is negative and the
foot is not touching the ceiling, then a, is based on the dis-
tance from the top of the foot A4 to the nominal ceiling 4.

(3) If the reaction force with the floor R4~ is negative and the
foot is already touching the ceiling, then a4 is based on
how much the spring displacement €4 would need to increase
to balance out the reaction force with the floor.

Next, the error term for the body is explained. The a term for the
midsection is defined differently than the feet. This is due to the
system being very responsive to changes in this boundary condition.

It was found that the following definition worked well:

d,
ks if Ry > 0 and min(B,) — Eb <7
d,
—ks if Rey > 0 and min(B,) — 7*’ >F
4Ci =\ —kcec — R d
C€kC Chy if R¢r <0 and max(B,y) + Eb >%+e.
c
k3 if RCf <0
0 otherwise

@n

where min(13,) and max(,) are the lowest and highest points on the
centerline of the body B,, respectively, kc is the spring constant of
the ceiling, and k3 and k4 are gains that can be adjusted. It is noted
that in many scenarios, the robot body does not contact the environ-
ment during travel. If this is the case, for simplicity the #. and Rc#
terms could be neglected in the model.

2.2.6 Convergence. The output of the model converges when
the deformation of the beam is sufficiently low between iterations,
that is

& =norm(By ;11 — By) (22)

Once £ is below threshold E.ony, the static model has converged and
the time increments to k+ 1. In some cases, the model oscillates
between two different equilibrium points and a maximum number
of iterations i, is set for this case.

3 Model Validation

An experimental setup was created to compare the model predic-
tions to physical experimental results. The experimental setup is

Soft robot

IR marker

24 mm

Fig. 3 The experimental setup used to test the robot. (a) Overall setup showing
gantry, IR cameras, rotating magnet, lumen, and soft robot. (b) Detailed view of
the soft robot in plastic lumen with IR markers on each end.
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shown in Fig. 3(a). To validate the model, two environments are
tested. First, the model output is compared to the robot in a rigid
6-mm diameter polycarbonate tube. Second, the model is compared
to the robot actuated on an ex vivo pig intestine. The actuator
magnet used has a dipole strength, M,, of 205 A m? (K&J Magnet-
ics, DZ0X8-N52). The height of the actuator magnet above the
robot can be adjusted. In each trial, the robot starts directly under-
neath the actuator magnet at x, =0, then the actuator magnet was
rotated clockwise, causing the robot to propel itself in the +x direc-
tion. An infrared (IR) motion-capture system was used to track the
position of the robot. Two IR markers, one on each foot, were added
to the robot to enable tracking, as shown in Fig. 3(b). The soft robots
used in both experimental setups were fabricated with a vacuum
injection silicone mold. The modulus of elasticity was experimen-
tally determined by securing the robot as a horizontal cantilever
beam and measuring the deflection when a small weight was
added. The modulus of elasticity of the body was found to be
1370 kPa. The magnets in the feet each have a dipole moment of
0.011 A m* (1.17x 10° A/m, K&J R211-N52).

In the polycarbonate lumen, the model predictions are compared
to experimental results for four different configurations. The soft
robot used has feet with a diameter of 5 mm and a length of
2.2 mm. The length of the body section is 20 mm, and the body dia-
meter is 2.5 mm. The tube is filled with water to better represent a
biological lumen. The static friction coefficient between the silicone
robot and lumen is experimentally determined to be 0.75. To
approximate the interaction between the silicone feet and effectively
rigid lumen environment, the environment spring stiffness was set
to 80 N/m. The rest of the design parameters are aligned with the
nominal design described in Table 1. The experiments are con-
ducted at four different separation distances between the actuator
magnet’s axis of rotation and floor of the lumen, %: 23 cm,
25 cm, 27 cm, and 29 cm. At each %, 30 trials are performed
where the robot is driven from x=0 to 100 mm. The results are
shown in Fig. 4. The raw position data from the IR camera motion-
capture system are downsampled to 1 Hz (one measurement per gait
cycle) and the velocity of the robot is calculated with central differ-
ence differentiation. The velocity data of the 30 trials are binned for
each 1 mm of travel along the x, axis. The solid black line is the
average velocity of the physical robot over 30 trials. The gray
shaded areas are +1 standard deviation around the average velocity

of the physical robot. To determine the model simulation velocity,
the position data are downsampled to 1 Hz, and the robot’s velocity
is calculated with central difference differentiation. The dashed line
is the model results for the velocity of the robot. Overall, the devel-
oped model captures the changing velocity profile of the gait of the
soft robot as it travels away from the actuator magnet at four differ-
ent experimental setups in this rigid lumen.

Next, model predictions are compared to an ex vivo pig intestine
environment, adding additional compliance under the feet of the
robot. The test environment is shown in Fig. 5(a). The pig’s
small intestine is cut along the length and laid over a half-cylindrical
trough (to enable visualization/localization), which is submerged in
water. The friction coefficient is experimentally determined to be
2.7. The soft robot used has feet with a diameter of 5 mm and a
length of 2 mm. The length of the body section is 20 mm, and the
body diameter is 2 mm. The separation distance between the actu-
ator magnet’s axis of rotation and floor, Z, is 200 mm. The rest
of the properties are the same as in the prior experiment. The
robot starts directly underneath the actuator magnet (x=0) and is
driven in the +x direction 80 mm (Fig. 5(b)). The test was run 60
times, and the results are shown in Fig. 5(c); the model prediction
is shown with a dashed line. The lumen diameter and ceiling prop-
erties are not used for this model because the modeled environment
is a trough.

4 Impact on Design

The experimentally validated model is now used to explore the
influence of the various design parameters on the robot’s perfor-
mance. Prior work has not explored design trends and performance.
For example, in Ref. [4], the forces and torques on a robot dur-
ing the gait are shown in detail; however, the effects of para-
meters on performance is not known. A target environment will
likely impose constraints on specific parameters, such as actuator
magnet minimum separation from the robot or material of the soft
robot. To support optimization of the robot for an environment,
an understanding of the design trends is crucial.

4.1 Dimensional Analysis. The step size S per revolution of
the actuator magnet is chosen as the dependent output variable.

Table 1 The chosen repeating variables, nonrepeating variables, and dimensionless II groups of the modeled system
Repeating variables Symbol Units Nominal design
Env. lumen diameter d, m 6.0e-3
Env. ceiling stiffness ke kg/s® 8.0el
Acceleration of gravity g m/s” 9.81
Env. magnetic permeability He kg m/(s> A?) 4zx 107
Nonrepeating variables Symbol Units IT group Nominal design
Step size S m Iy=5/d, -
Env. static friction N I, =7, 75%107!
Actuator to floor distance F m IL=7/d, 25%107"
Actuator dipole moment M, Am? 3 = M, u, /(d3k,) 2.05x 107
Robot body length 1, m I, =1/d, 1.0x1072
Robot foot length Iy m s=1/d, 2.0x1073
Robot body diameter d, m Ilg=d,/d, 25x%1073
Robot central-lumen diameter d, m I, =dyd, 0
Robot foot diameter dy m Mgy=ddd, 5.0x1073
Robot silicone density Dy kg/m? My = p,gd? [k, 2.06x10°
Robot modulus of elasticity E kg/(m s%) Mo=E dlk, 5.93x10°
Robot magnetization v, A/m My, = Y2 u,d,/k, 1.17x10°
Robot magnet/foot vol. frac. V. 2=V, 2.40% 10"
Robot magnet density Pon kg/m? 3 =p,d2 g/k 5.26x10°
Robot dipole angle, foot A Ovia IMi4=0644 T
Robot dipole angle, foot B Ous I15=0yp 0

Note: The last column shows the parameter values of the nominal design used throughout for comparison of design trends. In the following figures, the

nominal design is marked with a black star.
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Fig. 4 Results of experimental verification of the model. The distance from the actuator
magnet’s axis of rotation and the floor of the tube is (a) 23 cm, (b) 25 cm, (c) 27 cm, and
(d) 29 cm. Each plot comprises 30 experimental trials. The solid line is the average step size

of the physical robot over those trials, and the shaded area shows +1 standard deviation.

The velocity v is related to step size S by v=_Sw, where w is the
angular velocity of the actuator magnet in hertz. There are three
main types of independent variables: environment variables, actua-
tor magnet variables, and soft robot variables (Fig. 6). The environ-
ment variables include the diameter of the lumen d,, the lumen
ceiling stiffness k., the acceleration of gravity g, the magnetic per-
meability of the environment y, (which in practice will typically be
the permeability of free space p), and the static friction of the robot
with the environment 7,. Of these environmental variables, the
system designer can only influence the static friction between the
soft robot and the lumen environment (through a choice of material
and surface property). The actuator magnet variables are fairly
limited, comprising the distance from the dipole axis of rotation
to the floor # and the strength of the actuator dipole moment M,
(note that, since the quasistatic step size of the soft robot is
modeled, the angular velocity of the actuator magnet is not included
as arelevant independent variable). Finally, the variables relating to
the soft robot are numerous, including body length I,,, foot length I,
body diameter dj, central-lumen diameter d;, foot diameter dj, soft-
material density p,, foot magnet volume fraction (the fraction of the
foot volume that is composed of the embedded magnet) V,,, density
of magnet p,,, body modulus of elasticity £, magnetic field strength
¥,., dipole angle ,,4 for foot A, and dipole angle 8,,5 for foot B.

With a total of 19 variables that describe the system (18 indepen-
dent variables plus the output variable), comprising four primary
dimensions (kg, m, s, and A), the Buckingham II theorem [32]
states that the physics of the system can be fully described by 19
—4 =15 dimensionless IT groups (i.e., 14 independent dimension-
less variables plus the resulting dimensionless output variable).
Four linearly independent variables each containing at least one
of the four primary dimensions are chosen to be used throughout
the nondimensionalization process. This set of four variables,
called repeating variables, are used to create the nondimensional
IT groups. For the system described, four environmental variables
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Fig. 5 Test environment and comparison to model predictions
using an ex vivo pig intestine. (a) The pig intestine is cut along
the length and laid over a half-cylindrical trough. (b) Time-lapse
of the robot traveling through the environment. (c) The average
velocity of 60 experimental trials is shown with a solid line, and
the shaded area shows +1 standard deviation. The model predic-
tion is shown with a dashed line.
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Fig.7 Robot output trends with different combinations of dipole
moment angles in foot A (6y,) and foot B (6y5). The nominal
design (parameters shown in Table 1) is marked with a black star.

outside of the system designer’s control create a suitable set of
repeating variables: d, for m, g for s, k., for kg, and u, for
A. After this choice, the resulting IT groups are constructed determi-
nistically and are shown in Table 1. This proposed nondimensiona-
lization, although not unique, seems to be a good choice for guiding
future system designs for a given application area (i.e., set of lumen
properties).

4.2 Justifying the Original Concept. In all of the prior work
relating to the soft robot concept which is the focus of this work
[4,29], only coaxial parallel and coaxial antiparallel arrangements
of the magnetic dipoles embedded in the robot’s feet have been
investigated. It was experimentally determined in Ref. [4] that
coaxial antiparallel dipole moments produce more robot motion
along the lumen than coaxial parallel dipole moments. However,
it is not known if there are potential benefits to magnetizing the
robot’s magnets in a different way, so here the coaxial antiparallel
arrangement is briefly explored to see if it is truly optimal. Using
the model created, all combinations of 6,,4 and 6,,5 with a resolu-
tion of 0.314 rad (18 deg) are simulated to determine the effect of
the arrangement on the step size. The results are shown in Fig. 7.
It is found that the maximum step size occurs at [@y4, Oyl €
{[0, x], [=, Ol, [2#, =], [#, 2x]}, which are all coaxial antiparallel
arrangements, justifying the original soft robot concept. For the
rest of the simulations in this paper, the dipole angles will be kept
at [0y, Oyl = [, O]

4.3 Design Trends. From the above result, it is concluded that
there is no need to consider I1;4 and IT; 5 further. This still leaves 13

051002-8 / Vol. 14, OCTOBER 2022

independent variables that affect robot motion. Starting from the
nominal design and varying only one independent parameter at a
time, trends in (nondimensional) step size as a function of important
IT groups are shown in Fig. 8. A few trends that are significant in
optimizing robot performance can be observed. The robot’s step
size is primarily based on how much the robot can contract and
expand the body along with the rotation of the feet. The effects of
all the design variables on the robot motion can be roughly summar-
ized into four categories:

(1) Variables that decrease the flexural stiffness of the robot’s
body lead to an increase in step size. Variables that affect
flexural stiffness include: d,, d;, E, and [,. The step size
increases until the robot is too flexible to keep the feet
from sticking together because of the magnets in the feet.
Increasing /, increases the step size up to a point at which
the length no longer adds much additional rotation of the
feet due to the body contacting the lumen. The effects of /,
and E can be seen in 14 and IT;( in Figs. 8(c) and 8(e).

(2) Variables that increase the magnetic forces and torques on a

given robot cause an increase in step size. This can be done

by increasing M, V,,, and ¥,, (increasing ¥,,, is usually not
possible as the highest grade of magnets is often already
used) or decreasing % . This trend is limited by the amount
the robot can contract in the anchor-pull phase of the gait.

Also, if the inter-magnetic forces between the actuator

magnet and robot are too great, the robot will be pinned

against the lumen wall, unable to move forward. The
effects of M, and V,, can be seen in I3 and II;, in Figs.

8(b) and 8(f).

Increasing forces that hinder the robot motion, such as p;, p,,,

and 7, decrease the velocity. If the friction between the robot

and lumen is too low, the robot will not be able to move. The
effects of 77, and p, can be seen in IT; and Io in Figs. 8(a) and

8(d).

(4) Increasing dy increases the step size the robot takes for a
given foot rotation. Larger foot diameters lead to a more sig-
nificant step with the same angle of rotation. This is, of
course, limited by the environmental lumen diameter.

(€]

~

Of course, all these trends have limits and cannot be infinitely
exploited. For example, if the modulus of elasticity of the body is
continuously decreased (with the intent of causing the body to
have greater deformation leading to a greater rotation of the feet
and a larger step), at some point the body is not rigid enough to
keep the two embedded magnets separated, and the feet of the
robot will stick together.

4.4 Scaling. There are two intuitive ways to scale the robot to
different lumen environments. The simplest way, which is referred
to as the naive method, is to scale the robot’s length dimensions lin-
early with the target lumen environment diameter while keeping all
other properties constant. This method would be simple to achieve
and would not require changing the material properties of the robot.
The second method is to use the IT groups from Table 1 to scale the
robot design nondimensionally by keeping II; through II;s cons-
tant. Both methods are investigated using the model. The robot’s
nominal design, with an environment lumen diameter d, of 6 mm,
is scaled up to 12 mm (2x) and down to 0.06 mm (0.01x). Forty
logarithmically spaced scales are modeled, and the performance
for the two methods is compared in Fig. 9.

Using the naive scaling method, the output is not predictable
without a model and will not necessarily follow similar trends if
a different initial design is used. Scaling d, up to two times the
nominal value of 6 mm, the robot output I, decreases and the
velocity increases. A decrease in I, as lumen diameter increases
means the velocity increased at a slower rate than lumen diameter.
As the nominal d, is scaled down to about 0.6 mm (0.1x), I,
decreases 85%. From a scale factor of 0.1-0.03, there is a slight
increase and decrease in Il,. This is due to the timing of the
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Fig. 8 Dimensionless trends for six II groups of the modeled soft robot. Each plot shows the
value of Il = S/d, as a single independent IT group is changed relative to a nominal design

(indicated with a black star).

inchworm gait changing through this region. At a scale factor of
less than 0.03, Ily is near zero. With the naive method, the
robot performance is not constant or intuitive throughout the
change in size.

Using the nondimensional scaling method, the robot output IT,
remains constant and predictable throughout the scaling, and the
gait remains the same. The step size of the robot changes linearly
with the lumen diameter. Using this method, the design variables
need to adhere to the following trends to keep I1; through II; 5 cons-
tant: length variables change linearly with the lumen diameter,
density changes with d;2, modulus of elasticity changes with d;!,
magnetization changes with d;%3, and lastly the dipole moment
changes with d>°. The nondimensional scaling method results
emphasize that the naive method is not a great way to drastically
change the size of the robot; however, the nondimensional scaling
trends would likely not be possible to strictly follow in practice.
Nondimensional scaling trends would need to be used along with
the design trends in Sec. 4.3 to adapt the robot to the constraints
of a desired environment and application.

5 Discussion

The model developed in this paper uses a quasistatic approach to
enable simulation of the robot and exploration of design parameters.

Journal of Mechanisms and Robotics

An experimental setup was fabricated to validate the model. Two
different environments were tested. In the polycarbonate tube, the
robot’s experimental velocity profile for four setup configurations
is compared to the model simulation results. For all four configura-
tions tested, the model simulation results of the velocity profiles are
within one standard deviation of the mean experimental velocity
during travel. On the ex vivo pig intestine, the model predictions
follow the experimental results closely but are not as accurate as
the rigid lumen. This is likely due to the unmodeled characteristic
of the environment, such as biological irregularities and velocity-
dependent friction. From these results, it is concluded that the
model can be used to predict the soft robot’s overall behavior and
can be used to examine performance and design trends.

The first variable investigated is the alignment of the dipole
moments in each foot of the robot. It was found that the best con-
figuration of the dipole moments in the feet of the robot is a
coaxial antiparallel configuration; whether the dipole moments
both point inward or both point outward made no significant differ-
ence. The rest of the design variables’ trends were explored. It was
found that the speed of the robot generally increases when changing
parameters that: (1) increase robot deformation under fixed forces
and torques, (2) increase the magnitude of the magnetic forces
and torques imposed on the robot, (3) decrease the resistance to
motion, or (4) increase the step size for a given foot rotation.
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Fig. 9 Comparison of two scaling methods to scale the soft
robot for different lumen environment diameters d.: (1) scaling
the robot length dimensions linearly with d, (naive method)
and (2) scaling the system by keeping all the nondimensional
IT’s in Table 1 constant (nondimensional method). (a) Scale of
d. from the nominal design compared to the dimensionless
output parameter Il,. (b) The lumen diameter compared to step
size for the two methods. The black star marks the nominal
design used in Figs. 7 and 8 and Table 1.

Using these design trends will aid in the future development of the
endoluminal robot.

Lastly, scaling the robot size to work in various environmental
lumen diameter scales was investigated using the model. Two
methods were described. The first, the naive method, scaled the
robot length dimensions linearly with the desired environmental
lumen diameter. This method produced a functioning robot at
scales of 0.03-2 times the nominal robot size but yielded results
that would be hard to predict a priori. The second method scaled
the robotic system (robot properties and actuator properties) based
on desired environmental lumen diameter by keeping the indepen-
dent nondimensional IT groups and other repeating variables cons-
tant. This method produced a very predictable result; the
nondimensional step size stayed relatively constant throughout
scaling. Changing the system’s properties by keeping the II
groups constant is possible in the model; however, strictly follow-
ing these trends in physical applications may not be practical. For
example, to keep a constant I1;; as d, is changed, the magnetization
of the embedded magnets in the robot would need to change at a rate
of d;%3. A magnet’s magnetization can often not increase as the
highest grade of a magnet is already used. Scaling with the nondi-
mensional method may not always be physically possible, but it
gives a good starting point for a design. When designing a robot

051002-10 / Vol. 14, OCTOBER 2022

for a specific lumen environment, the design trends and nondimen-
sional scaling trends will give insight into how to achieve the
desired output in a chosen environment. If scaling a particular
robot to a specific environment and a nondimensional scaling
trend cannot be satisfied, another parameter may be adjusted to
offset the effects (using guidance from the design trends). For
example, if the robot needed to be scaled to the desired lumen but
the material of the robot, and therefore the modulus of elasticity,
could not change, it may be possible to achieve the desired stiffness
in the body of the robot by altering the body diameter. This change
would, of course, have other effects on the gait but may bring the
robot closer to the desired performance.

6 Conclusion

This paper presented a detailed model and analysis of a magnet-
ically actuated inchworm-like soft robot that can travel through a
lumen environment. The model will help mature the recently pro-
posed robot concept and enable a deeper understanding of crucial
design variables and how they influence the gait. The model was
experimentally validated with a comparison to physical experiments
using a plastic lumen environment and an ex vivo pig intestine. The
model was shown to capture the robot’s behavior well as it travels
through the environments. To explore and analyze the design trends
and scaling, nondimensional terms were derived using the Bucking-
ham IT theorem. Using these terms, extensive simulations were per-
formed that enable an in-depth understanding of which variables
were sensitive to change, and their effect on the gait. The main
trend being the greater the deformation of the body, the faster the
robot. The robot concept can potentially be utilized in various endo-
luminal procedures in the human body. In the future, the locomotion
concept explored here may extend the reach of endoluminal proce-
dures and aid in developing controllable endoluminal devices.
Additionally, motivated by preliminary results for the integration
of electroactive polymer actuation [29], an in-depth investigation
will be performed to study further performance enhancements.
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