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Compliant Fins for Locomotion in Granular Media

Dongting Li', Sichuan Huang?, Yong Tang?, Junliang Tao?, Hamidreza Marvi® and Daniel M. Aukes'

Abstract— In this paper, we present an approach to study the
behavior of compliant plates in granular media and optimize
the performance of a robot that utilizes this technique for
mobility. From previous work and fundamental tests on thin
plate force generation inside granular media, we introduce an
origami-inspired mechanism with non-linear compliance in the
joints that can be used in granular propulsion. This concept
utilizes one-sided joint limits to create an asymmetric gait cycle
that avoids more complicated alternatives often found in other
swimming/digging robots. To analyze its locomotion as well as
its shape and propulsive force, we utilize granular Resistive
Force Theory (RFT) as a starting point. Adding compliance to
this theory enables us to predict the time-based evolution of
compliant plates when they are dragged and rotated. It also
permits more rational design of swimming robots where fin
design variables may be optimized against the characteristics
of the granular medium. This is done using a Python-based
dynamic simulation library to model the deformation of the
plates and optimize aspects of the robot’s gait. Finally, we
prototype and test robot with a gait optimized using the
modelling techniques mentioned above.

1. INTRODUCTION

This paper studies the role compliance can play in digging
applications; more specifically, we study how flexible flat
plates may be programmed with nonlinear compliance in
order to preferentially locomote through granular media. This
is done by utilizing 3D-printed flexible materials in the fin
design, and is inspired by animal locomotion.

Animals’ ability to locomote through a variety of media
like sand, dirt, and fluid is a complex product of the force
interactions between the musculo-skeletal systems of these
animals and the medium that surrounds them [1]-[4]. A
well known concept from literature, known as the “Scallop
Theorem”, states that if a swimmer in a low Reynolds
number fluid environment performs a reciprocal behavior,
zero net movements will be generated [5]. Indeed, for a
number of more complex organisms such as bony fish, the
motion of fins, spines, and other active subsystems have been
observed to proceed through non-reciprocating trajectories
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such as rowing, cupping, and undulation [3], [6]. For simpler
organisms, however, including the body’s compliance such
as the “flexible oar” may serve as a straightforward approach
to breaking symmetry [5].

Driving flexible filaments or foils to swim, propel or gen-
erate force in a viscous fluidic environment has been demon-
strated as an efficient way to generate non-reciprocating
motion [5]. The motion of “elastic swimmers” with rigid
bodies and slender, elastic tails have been described, using
the compliance of the tail section to solve for the swimming
kinematics such as shape, velocities and force balancing
in the case of small amplitude oscillations [7]. In another
example, a flexible flapping model using a torsional spring
as a compliant element has been used to study the locomotion
of slender bodies in viscous fluids and granular media [8]; in
this study, however, the compliance in the proposed wing-
flapping mechanism exists only at the proximal joint of a
rigid beam, rather than distributed along the beam as in an
Euler-Bernoulli formation. In a second paper by the same
group, the stiffness of a filament was varied along its length,
providing new design principles for maximizing the propul-
sion of micro-swimmers [9]. Finally, the study of flexible
plates and foils has been extended to frictional environments
such as granular media with numerical solutions for the static
force balance and curvature of continuum plates moving
through soil [10]. These papers serve as a theoretical starting
point for our current work.

Researchers have also developed a variety of swimming
or digging robots inspired by this biological phenomenon
to create non reciprocal motion trajectories. This includes
high degree-of-freedom mechanisms [11], [12] or pneumatic
chambers [13]-[16]. Without the musculo-skeletal systems
found in many digging/swimming animals, there are few
simple techniques for thoughtfully adding compliance to
mimic the natural swimming and digging capabilities found
in nature. One natural place to add compliance and break the
symmetry of a simple flapping motion is in leg or fin-like
digging appendages.

Flexible and compliant materials have been used to mimic
the biological gaits of digging animals. Russell developed a
burrowing robot [17] inspired by the Mole Crab, an animal
that maximizes thrust in its power stroke and minimizes drag
in its recovery stroke through careful configuration of its leg
pairs [18]. This robot utilizes flexible sheets and a rigid stop
in the fin design to break symmetry and permit forward mo-
tion in sand. Inspired by this concept, we seek in this paper
to find similar approaches that utilize nonlinear compliance
to further simplify this basic design. We seek to use granular
resistive force theory, coupled with the knowledge of system



compliance, as a way to better understand and improve such
designs. We thus propose an origami inspired design [19]-
[22] in which rigid plates are connected by compliant joints
to permit bending in one direction. These joints are fabricated
out of two layered materials and can effectively act as a
one-sided joint limit, as in [23]. The difference in stiffness
between forward and reverse motion is then leveraged to
break the symmetry of reciprocating motor inputs.

To model our digging system, we have selected granular
Resistive Force Theory (RFT) [24], which has been used to
model the propulsive forces of organisms with low Reynolds
numbers [25] as well as used in the design, analysis, and
optimization of robots [26]-[29]. Granular RFT has been
integrated into a dynamics simulation package called pynam-
icsﬂ which is a Python based dynamics simulation library
that uses Kane’s method to derive symbolic equations of
motion [30], [31]. We implement the RFT-based force, ma-
terial properties, experimental parameters into pynamics to
replicate the system and optimize the design. Other alterna-
tive, such as Discrete Element Method (DEM) [32] coupled
with Finite Element Method (FEM)-based simulations [33]—
[35] are potentially suitable to predict the force interactions
between particles and compliant intruders but incur high
computational costs and take much longer, reducing their
usefulness in optimization-based approaches.

The rest of this paper is organized as follows: in Section
[[T-B] we derive static force balance equations based on RFT
and apply it rigid elements connected by compliant joints.
This compliance-augmented theory is then applied later to
study fin design and the concept of “Effective Flapping”
discussed in later sections. In Section [[II-A] we introduce
a new kind of fin inspired by origami and compare it to
a fully compliant plate. We subsequently describe a series
of dragging and rotating tests performed to validate our
model in Section [lII-B| and demonstrate how symmetry can
be broken with our design in Section [V-A] and [V-B] We
then use pynamics to model the fin dragged through soil and
match it with the result of our experimental dragging tests
in Section Finally, a robotic prototype based on our
concept is presented in Section Using the parameters
from our plate dragging simulation, we model the robot in
pynamics and optimize its gait for better efficiency.

II. TEST SETUP AND THEORY
A. Test Setup

We use the test setup illustrated in Fig. [I] to measure
force, control displacement and track markers’ position in
the experiments. The mounting side of a 6-DOF force/torque
sensor (ATI Gamma F/T Sensor) is connected to the end of
a robot arm (Universal robot, URS5). The intruders and fins
are mounted to the tool side of the sensor with different
custom attachments in various tests; these are inserted into
a box filled with glass beads. Currently, the average particle
diameter, dg, is 4mm. The robot arm is programmed to hold,
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Fig. 1: The test setup. (a) shows the test setup used in this
study, including a URS robot arm, an ATI Gamma Force/Torque
sensor with DAQ, and a group of OptiTrack cameras. The plate is
attached to the test setup using a custom 3D-printed attachment and
inserted into the box placed on the test table. OptiTrack markers are
connected to tiny steel rod that mounted to the plate. The cameras
are moved for pictures, (b): A closer look of the plate. In (b-1),
the markers are placed on the plate using the extension rods and
(b-2) illustrates how the plate is inserted into the box and the local
coordinate of the plate.

drag or rotate the object using a Python script, which also
records the markers’ locations over time using a motion-
capturing camera system (OptiTrack). To track the deforma-
tion inside the glass beads, we attach the OptiTrack markers
using extension rods (diameter = 1 mm) along each joint axis
so that they can be seen above the beads, as in Fig. [T] (b).
Four markers are placed on the plate and on the center of
URS end effector, aligning with the origin of the plates. The
markers attached to the intruder are mounted so as to obtain
its location, curvature and displacement.

B. Granular RFT for Compliant Plates

To motivate the problem, consider a multi-link intruder
moving within a frictional, granular environment as seen
in Fig 2] As it is dragged through the medium it bends
and deforms through its interactions with the glass beads.
If starting from rest in its undeformed flat state, the final
configuration of a compliant intruder will adapt to achieve
a minimum energy configuration, impacting the forces it
imparts on the media; in contrast, a rigid plate, dragged
through the soil, will see far smaller deflections; its effective
configuration after being dragged remains unchanged, and its
force interactions can be completely described by traditional
RFT. The goal of our modeling approach is to consider the
effect of compliance, which will require augmenting current
RFT theory. This has been considered previously by Peng
et al [8], [9], but applied to problems without changing
stiffne ss in the gait cycle, such as a rigid slender body with
torsional spring at the origin or a flexible filament that can
bends in both directions. A compliance-augmented granular
RFT model will provide a more convenient way to model
flexible materials interacting with granular material, and will
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permit more rapid analysis and optimization of compliant
sand swimmers and diggers. We propose to utilize this theory
to model our fins and better understand robot locomotion
in granular media. To demonstrate how compliance could
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Fig. 2: How the granular RFT can be applied to the compliant
plates. (a) On the left side, we show a single segment from (c), v is
the direction of the velocity, 7,7 indicate the normal and tangential
direction of the plate, 6; is the angle of attack of n-th segment
of the plate and 7, is the angle of twist of each segments, where
6, + 7, = 90°; the other two represents the local coordinate of the
test setup and the propulsive/resistive force, Fy. (b) An undeformed
plate with 3 segments at r = 0, the equations under the plate show
the position of each point along the hinge. (c) The deformed, final
geometry of this origami inspired plate.

be applied to RFT on our origami inspired plate ,we first
consider a three-link plate, seen in Fig. where the
linkages are equally spaced along the long edge of the plate.
The plate, with height, L,, linkage number N = 3 and joint
stiffness/equivalent spring constant at hinge, k, is placed
vertically in the xy-plane and dragged inside the bulk material
at a speed v, with angle of attack, 6,, as shown in Fig. Eka).
The normal and tangential vector of the plate are A and 7
respectively; the angle of attack of the plate can thus be
written as 6, = Z(f,7). Based on previous work focusing
on the effect of intruder speed on dragging force in granular
material, we assume that the resistive force on the plate, F), is
insensitive to speed at low, friction-dominating speeds [24],
[36]-[38]. In traditional granular RFT, the resistive force in
the moving direction on a equivalent rigid plate (N = 0)
moving at steady state is calculated using

L
F, = /0 (dF _ 5in(6,) — dF|cos(6,)) (1)

where dF| and dF, are the force derivatives per element.
We now consider the case for a three-link origami-inspired
compliant plate, where the length of each segment / equals
%,(N = 3); 6, stands for the angle of attack for each
segment. In granular RFT, force on individual segments are
only influenced by the field of the local granular material;

we can thus assume that for all segments, dFj, and dF,

remain the same, given that the granular media remains in a
quasi-static state. The instantaneous position of the joint on
the plate can be described as follows,

C(nvt):x(n7t)+iy(nvt) (2

where n is the link number counting from the origin. The
force acting on each joint can be expressed as Fyj,

L

Fy, = /ON (dF 5in(6,) — dF cos(6))) )

Note that when n=1, 6y refers to 8, which is the angle of
attack about the axis located at the origin. In this case, after
sufficient time, the intruder traveling at constant velocity v
reaches a final state at time ¢y, at which point the resistive
force and geometry of the plate remains steady. For instance,
when the plate is placed vertically in glass beads and dragged
at a constant speed v at angle of attack 90°, the boundary
conditions will be as follows:

x(0,1) =0
y(0,¢) = vt
x(n,0) =0 “4)
y(n,O) =0
6,(0,r) = 90°

The decomposed segments and connection between the plate
are connected to our test setup, as shown in Fig. 2] We may
calculate the steady state configuration of the system at #y
by tracking the position of the markers attached to the plate,
which permits us to track the position and deformation of
the compliant intruder. This configuration corresponds to the
steady-state force-balance between the internal compliance
of the fin and the external forces exerted by the granular
media as it moves.

III. MATERIAL AND METHODS
A. Flexible Fins for Locomotion

To understand how changing the stiffness of intruders can
change the resistive force interactions, we propose three
different fin designs including rigid, fully-compliant and
origami-inspired plates; we hypothesize that the origami-
inspired plate with a one-sided stop can behave differently
in different portions of a gait cycle as opposed to the fully
rigid and fully compliant plates.

To change the stiffness of the plates in a full gait cycle,
we add stop on one side of the fin to permit the flexible
sheet/joint to bend only during the recovery portion of a
flapping gait. When the origin of the plate oscillates back
and forth in the granular media, the fin only bends in
the recovery-stroke, recovers to flat while approaching the
constraint and remains rigid against the stop during the power
stroke, effectively behaving as a rigid plate in one direction
and a compliant plate in the other. Our intent is to use
the difference in thrust force between power and recovery
portions of its stroke to generate forward motion. Here we
present the plate with unidirectional bending by embedding
a joint limit.



The plates of the fins, which can be seen in Fig. [3] are
printed using Ultimaker TPU 95A with Ultimaker Nylon, in
comparison with the fully soft plate design that only uses
Ultimaker TPU9S soft filament. The nylon, when printed
on top of the flexible TPU layer, bonds firmly to the TPU
and serves as a rigid layer. A 0.05 mm gap separates rigid
links, exposing only a small portion of the TPU to bending
in one direction. In the other direction, the narrow gap
quickly closes, causing interference between neighboring
Nylon links, behaving effectively as a joint limit. Fig.
highlights the geometry and behavior of this plate in compar-
ison to a flexible plate; a detailed discussion of the modelling
approach can be found in Section
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Fig. 3: Fabrication of the fins. Column (1) is the origami plate
while (2) is the soft plate. (a) Assembling of the parts in the fin: gray
material stands for frame, printed by conventional PLA filament;
red layers are printed with red Ultimaker TPU 95A as flexible sheet
and white plates are made with Ultimaker transparent nylon. (b) The
bending of the actuator plates and effect of the stops; in (b-1), the
nylon acts as the rigid stop. (b-2) The normal flexible plate has
no stop mechanism thus can bend in two directions. Due to the
accuracy and line width of our printer, we draw the hinge in our
3D design with a gap of 0.4mm. When finished, the printed plates
have a gap of 0.05mm and do not permit bending beyond the nylon
surface. (c) Printed soft plate. (d) Printed origami plate with two
hinges.

B. Model Verification for Compliant Fins

To verify our model, a rigid plate is mounted vertically to
our test setup. We first actuate the robot arm with a triangle
wave input to drag the plate back and forth a distance D =
200 mm with a velocity v = 30 mm/s at angle of attack, 6, =
90°. The plate is then rotated by the URS at different angles,
® = 120° with angular velocity, @ = 60°/s. The resistive
forces/torques vs velocities are thus obtained across different
sets of actuation conditions of this group of experiments. In
this group of rigid plate tests only, the plate is dragged at
a constant velocity while its angle of attack is changed to
obtain the RFT parameters, dF| and dF, which can supply
the dynamics simulation with experimental data.

In each tests the plate is oscillated five times. During the
first sweep, the plate is observed to sweep away and excavate
some granular material, resulting in an inconsistent force
measurement. Subsequent oscillations do not further excavate
any material, resulting in a more consistent force curve; we

thus have removed the first cycle of data from our results.
The plot in Fig. ] shows the resulting force pattern of the
second to fifth cycle.

A set of soft/origami plates with different stiffness, k, is
then mounted to our test setup using the same dragging or
rotating input to obtain the behavior of a compliant intruder.
We can now compare the performance of each plate and
discuss the result in the next section. We observe that the
resistive force of a compliant plate decreases as it deforms,
resulting in a smaller drag force than the equivalent rigid
plate.

IV. RESULT AND ANALYSIS
A. Compliant Plate Dragging and Rotating

Though our robot’s proposed actuation is based on rota-
tion, as seen in Fig. [7} we believe that dragging tests and
results may be extended to rotation cases and can help us
to gain insights into the contribution of compliant plates as
well as compare the merits of different designs. The force vs.
distance and torque vs. angle for linear and rotational cases,
respectively, are plotted in Fig. il Compared to a rigid plate,
the force, F), for soft plates (blue and cyan) is lower due to
a smaller effective profile in the direction of motion when
deformed in the forward and reverse directions. A symmetric
pattern is observed for rigid and soft plates.

The origami plate, with a one-sided rigid stop and com-
pliance in the other direction, shows a different pattern in
contrast. As seen in Fig. [4[2), the origami-inspired plate in
red produces an asymmetric force-displacement histogram
in its power and recovery stroke. We observe that, by
introducing stops, the new curve overlaps with the forces
exerted on the rigid plate (in black) in the power stroke,
and much more closely tracks the forces exerted on the
soft plate (in blue) in the initial portion of the recovery
stroke. The force near the end of the recovery stroke slowly
deviates toward the rigid limit, which we attribute to a higher
equivalent stiffness compared to the soft plate.

In the case of rotation, we find similar results. In Fig.
[(4), compared to the soft plate, the torque generated by the
origami-inspired plate can effectively act as a rigid plate in
the power stroke. In the recovery stroke, we find the torque
of the origami-inspired plate is higher than the compliant
continuum plate in Fig. ff3), due to the differences in the
thickness and equivalent stiffness between the origami plate
and fully compliant plate. We may use this finding to design
our robot by integrating joint limits into the fin design, thus
breaking symmetry.

B. Effective Flapping for Plates

When an origami plate is dragged inside a granular
medium from origin Dy, the plate will reach a maximum
deflection as the dragging distance reaches Dyj. Once the
maximum deflection is reached, the resistive forces of the
plate remain constant. A displacement in the opposite direc-
tion will drive the plate towards its original shape, where the
threshold value required for the plate to return its original
shape is D}l. If the plate doesn’t start to bend in the opposite
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Fig. 4: Dragging and rotating results. The legend on the top indicates the plate type. These sub-figures show how the force/torque
change corresponding to the distance/angle. For example, in (1), the plate moves from 0 mm to 200 mm as recovery stroke (Upper and
left) then is dragged back to the origin in the power stroke (Lower and right). (1) and (2) show the dragging results; (3) and (4) indicate

the rotating results.
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Fig. 5: Concepts of effective flapping. In row (a): (a-1) Small
amplitude oscillation for flexible and origami-inspired plate; (a-2)
Large amplitude oscillation for flexible plate; (a-3) Large amplitude
oscillation for the origami plate; effective flapping happens during ¢
to e. Lower case letters and arrows on the left side of each columns
indicate the moving sequence, following alphabetical order; terms
in the middle represent the location of the origin of the plate, for
example, in (a-1), y(0,7) = Dy; on the right, we show the schematic
of the shapes of the plates. On the upper-right corner, we plot the
local coordinate frame. In row (b), we show the bending process
of plate dragging tests corresponding to row (a) from experimental
data. The legend between (a) and (b) indicates the plate type, each
color stands for one plate only, solid lines with marker represents
the soft plate with stop. In (b-1) to (b-3), on the left side, we show
the power stroke and the right hand sides are the recovery strokes.
The definition for power and recovery stroke in (c) remains the
same with (b). The arrows in row (b) and (c) show the dragging
directions. In row (c), we show the pynamics simulations for each
test above.

direction as it returns to its origin, we refer to this as “Small
amplitude oscillation”, as seen in Fig. Eka-l). Howeyver, if
the plate’s amplitude increases and a change of the direction
occurs at Dyy ( Dyr > Dyy) when oscillating back, the plate
will recover to a flat shape at Dy —D’;. At a constant
speed the plate’s configuration remains constant after fD;l
when traveling back to the origin; we refer this scenario
as “Large amplitude oscillation”, as shown in Fig. [fa-2).
Under large amplitude oscillation, if a unidirectional joint

limit is established for %; < 0 (angles of twist in Fig. [2), the
joint limit will break motion symmetry, and non-zero total
thrust forces will be produced over a full power/recovery
stroke during (D> —DY%;) to Do, as in the right side of Fig.
[la-3). We refer this phenomenon as “Effective Flapping”.
Thus in the design of the fin, an important guideline is to
ensure that the amplitude of the fin is larger than Dy so as
to guarantee nonzero net force. In Fig. [5[b-3), we observe
that, when dragged back, the markers’ locations indicate that
a small amount of bending occurs when 7; < 0; this can be
attributed to a number of potential reasons: (1) Error between
the marker attached to the end of the extension rod; (2) a
non-zero joint limit due to geometric differences between the
ideal and prototyped plate; or (3) because the rigid material’s
stiffness plays a role in establishing a high — but not infinite
— joint stiffness at the joint. In the following section, we will
discuss the simulation result using pynamics.

C. Simulation of Plate Dragging

To simulate the plate’s motion, we first define a 3-link
origami-inspired plate with the extension rod as a 4-link
serial chain of links connected by pin joints, where the
first linkage is the extension rod and the next three links
correspond to the segments of the origami-inspired plate
(seen in the supplemental video). The forces and torques
applied to each individual plate include the forces due to
the granular RFT model (dF, ,dF)) applied to the geometric
center, and an equivalent torsional spring applied to each
joint, representing material-based compliance as a linear
constant k in the soft direction. These values are obtained
by experimental measurement using our test setup. To model
the joint limit’s stiffness when % < 0, we apply an arbitrarily
large spring constant, k, = 10000 N/rad. Also added to the
model is a rotational damper located at each joint, whose
damping ratio, b, is used to model the loss within the
soft material itself. Other dynamic parameters include mass
and inertia, which are obtained based on the density and
geometry of the materials used.

With the parameters described above, one can obtain the
time-based motion of the system in our dynamic model as
a function of specific motion or force inputs. To replicate
the motion data obtained experimentally for the origami-
inspired plate, we supply a motion constraint for v, the



forward dragging velocity. We supply the previously obtained
experimental values for dFH, dF| and k as system constants,
while the value for b is solved iteratively using the Co-
variance Matrix Adaptation Evolution Strategy (CMA-ES),
which is provided in Python via the pycma [39] package. In
order to do this, b and v are supplied as inputs to a function
for calculating the angles of twist of each joint (¥, 15, 13)
through time, ¢, as:

FSim(b,V,t): [%17%27%3]T (5)

In comparison, we can thus write the experimental system’s
state as:

FEXp(Vat) = [Vla72773]T (6)

To obtain the joint damping ratio, b, we first calculate the
Mean Squared Error (MSE) for the joint angles over time as
an error function:

E(b): § <FSim(b’V’t)S_FEXP(V?I))z

v=10

)

We then solve E(b) using pycma to find the value of b via:
min E(b) (8)

In order to evaluate the error of the simulation against our
experimental results, the experimental joint angles (1,7, 73)
are extracted from experimental motion data across five
specified velocities (10-50 mm/s) in the recovery stroke from
flat (drag the plate in the soft direction); these are shown as
solid lines in Fig.[6(a). These data are then compared against
the simulated trajectories (Y1, %2, ¥s3), Which are displayed
as the multicolored regions in Fig.[6] In the experiment, joint
angles are primarily affected by the configuration-dependent
loading conditions as the system is dragged through the
granular media. As a function of the base position, the
nominal speed of the test plays little role in the configuration
of the system, in agreement with RFT; we thus show the
experimental data in Fig. [6(a) as the mean across all speeds.
The MSE across different speeds is shown separately as well,
as seen in Fig. [6(b).

The results show that with a single damping parameter
b, obtained by finding the value that minimizes the error
between simulation and experimental results, the pynamics-
based dynamic model is able to predict the motion of the
origami-inspired plate over time. From these results we see
that pynamics over-estimates the deformation of the distal-
most joint and underestimates the early motion of all joints.
This can be attributed to our use of a velocity-based damping
model for lumping together all dynamic material effects
around each joint; a more refined model of the material-
based loss within our plate could capture other effects, at
the risk of over-fitting. However, these results demonstrate
that the error between model and experiment are reasonable
enough to use the model to understand and contrast thrust
generation across various gaits.
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stand for y;, 7 and 73, respectively.
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D. Robot Design and Tests

To determine if the plates can be used in the generation of
motion, we introduce a full robot model consisting of a body
and two origami-inspired fins We adapt the basic mechanical
design of our robot from the sand-burrowing robot in [17].
Our robot, seen in Fig. a) and (b), consists of a 3D-printed
case and two bilaterally-symmetric sets of servos and fins,
attached to the main body of mass, M, height, H,, width,
W,, and length, L,. The servo angles are represented by
®; and O, and the resistive force in the moving direction
is represented by F,. The robot servos are connected and
controlled by an Arduino Uno using PWM signals sent from
an attached computer.

To select a set of feasible parameters of the robot, we first
consider that the resistive force for the robot body should
be minimized. In granular RFT, resistive force increases
with the cross section; we thus select the robot body with
the following parameters: H, = 45mm, W, = 55mm, L, =
75mm and M, = 220 g. These are the minimum sizes and
corresponding masses we can design and manufacture to
accommodate the servos. Constrained by the size of robot
body, we select the length of the robot arm, L, as 45 mm,
length of the plate, L, of 60 mm and the height of the plate,
H), as 55mm to accommodate the robot arm and actuator
frame. After selecting these parameters, we mount the plates
to the robot then mount the system to our test setup, inserting
it into the box in preparation for the next step.

To utilize RFT-based deformation found in Section
and Section we obtain a new set of dF, and dFj values.
This is due to differences in the sizes and depth of the plates
from the previous section.

When the robot is on, servos oscillate between ®; and
®; in order to flap the fins. We define the power stroke
as the portion of the stroke when the fins rotate from
®; to ®,; the remainder of the stroke is defined as the
recovery stroke. During the power stroke, the robot moves
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Fig. 7: The granular swimming robot prototype, other details
and the swimming results. (a) and (b) are the perspective and
top of the robot, respectively. We also include the design parameter
associated with this robot. (c) shows how the robot is placed in
the glass beads with a a support cart with extension mast with
markers on the top to track location. (d) illustrates the trajectories
of the robot in the moving direction shown in (c) over time in tests
for different configurations. Legends indicates the value of @;/0,,
respectively. For instance, 50/50° Exp stands for experimental
trajectory of configuration, ®; = 50°,0®, = —50°.

forward for D| (mm), while during recovery, the robot moves
backward by D; (mm). To measure the efficiency of the
robot, we define the swimming efficiency as 1n(®,0,) as

n=1-25
Configuration NExp NSim MSE 0,(°) 0(°)
Optimized 10.93% 11.65 0.5184 88 -15
Symmetry 1 1.71% 0.48 1.5129 50 -50
Symmetry 2 1.38% 1.10 0.0784 30 -30
Asymmetry 1 7.41% 7.55 0.0196 90 -30
Asymmetry 2 5.88% 5.85 0.0009 90 -50

TABLE I: Robot Swimming Efficiency versus Configuration.

An optimization strategy was used to optimize the effi-
ciency 1 by tuning ®; and ®,. In a symmetric gait both sides
of the robot are actuated symmetrically; we thus simulated
the right half of the robot to increase the optimization speed.
The objective function was selected as:

min (1—1’](@1,@2)) 9

The joint limit constraints are defined by the physical inter-
ference between the robot body and the fins as ®; € [0°,90°]
and ®; € [-50°,0°]. The optimizer found that ®; = 88° and
®; = —15° produce a maximum swimming efficiency of My,
= 11.65%. We notice that, the optimized result of @, is close
to its upper bound. This is attributed to physical limit of the
fin and servos lead to a trivial solution for the optimization.

To measure the swimming efficiency of the flapper robot,
we submerge the robot 1cm deep into the container filled
with 4 mm glass beads before each run. During initial ex-
periments, we observe that the robot rolls and rises above
the surface of the granular media due to drag induced
lift [40], [41] in granular media. We thus place a lid on
the box and mount the robot to a supporting cart, whose
wheels are contacted with the lid in order to constrain the
robot in a constant horizontal plane under granular media.
To track the location of the robot under the lid cover, an
extension mast with OptiTrack markers is attached to the
cart (weight=160 g), permitting the motion of the robot to
continue to be tracked under the beads within the box, as seen
in Fig. [7(c). We have compared the swimming efficiency of
various configurations of the robot’s joint limits in Table.
and verified the optimized swimming efficiency from pynam-
ics experimentally. Our dynamic model accurately predicts
the swimming efficiency of the robot; however, it over-
predicts the forward and backward distance covered. This
is due to the fact that our current granular RFT model over-
estimates the resistive forces and fin deformation, resulting in
higher distances covered in both directions. The trajectories
of each experiment can be seen in Fig. [7(d), illustrating the
difference in efficiency as a function of gait.

V. CONCLUSION AND FUTURE WORK

We have presented an origami-inspired compliant fin for
granular locomotion using a new approach for augmenting
compliance into a traditional granular RFT model. This has
been applied to the model for a two-fin robot and compared
to the experimental prototype. We have shown that the
time-based evolution of bending and recovering of the fins,
modeled by material damping within the fin can be used to
improve the swimming performance of a robot.

Our results have detailed an approach to understand the
principles by which nonlinear compliant materials can be
leveraged within granular media, providing potential design
simplifications that can reduce control overhead in the fu-
ture. Future work includes using the compliance-augmented
granular RFT model presented here alongside our dynamic
approach towards modeling to optimize the design of digging
and swimming robots across other design parameters of
the origami-inspired fin (hinge distribution, stiffness, and
geometry) in order to select designs and gaits that improve
system speed, power, efficiency, etc based on a variety of
needs. Another potential improvement is to implement rate-
dependent RFT as in [42] to achieve more accurate results.
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