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Design of an Underactuated Peristaltic Robot on Soft Terrain

Scott Scheraga!, Alireza Mohammadi?, Taehyung Kim?*, and Stanley Baek'f

Abstract— This paper presents an innovative robotic mech-
anism for generating peristaltic motion for robotic locomotion
systems. The designed underactuated peristaltic robot utilizes a
minimum amount of electromechanical hardware. Such a min-
imal electromechanical design not only reduces the number of
potential failure modes but also provides the robot design with
great potential for scaling to larger and smaller applications.
We performed several speed and force generation tests atop a
variety of granular media. Our experiments show the effective
design of robot mechanism where the robot can travel with a
small input power (1.14W) at 6.0 mm/sec with 2.45 N force
atop sand.

I. INTRODUCTION

Over the past decade, researchers have investigated bio-
inspired robots for usage in narrow soft-terrain and fluidic
environments across a variety of applications such as tunnel-
ing during space exploration missions [1], gastrointestinal
endoscopy [2], and underwater exploration [3], [4]. Bio-
inspired robots that are designed for such operations often
utilize complex actuators where their electromechanical com-
plexity may lead to a multitude of failure modes.

Peristalsis occurs when waves of alternating contraction
and relaxation of longitudinal and/or oblique muscles move
along the length of a radially flexible tube [5]. In earth-
worms, longitudinal and circumferential muscles alternate
contraction periods, to produce local areas of larger diameter.
Bio-inspired robots that perform inchworm-type locomotion
utilize their body segments in a way to alternate between
phases of anchoring to their environment, and phases of
retracted-anchor advancement [6], [7]. Another type of bio-
inspired inchworm-type actuation method involves peristalsis
of the outer surface of the robot, whereby at least three
body segments operate in alternating phases of anchoring
and propulsion [1]. As illustrated in Fig. 1, peristaltically-
actuated organisms generally traverse their terrain in a di-
rection that is opposite to the direction of the contractive
traveling waves, which propagate through their bodies.

Despite the prevalence of peristaltic locomotion in nature,
which is observed in organisms such as earthworms, eel
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Fig. 1: Retrograde contraction wave (blue arrows) that un-
derlies bio-inspired peristaltic locomotion.

worms, leaches, amoebas, boas, and vipers [8]-[10], peristal-
sis is an under-utilized robotic propulsion method. Existing
peristaltic or inchworm robots tend to have a high degree of
electromechanical complexity. Indeed, these complex mech-
anisms often require multiple independently controlled actu-
ators in order to contract the robot body segments longitu-
dinally as well as circumferentially. Examples of these inde-
pendent actuation mechanisms include but are not limited to
the lead-screw pantograph-type mechanisms [1], lead-screw-
actuated segments [2], servo-crank mechanisms [11], motor-
driven radial anchors and longitudinal extenders in robotic
inchworms [6], which are used for biomedical applications,
and the ionic polymer-metal composites [12].

The use of a single motor and cylindrical cam would make
it much easier to scale the robot to larger or smaller sizes.
Furthermore, a robotic mechanism design, which relies on
a single motor for achieving propulsion, would reduce the
mechanical complexity of the robot in comparison with other
peristaltic mechanisms that involve multiple linear actuators
or tension cables making them prone to more failure modes.
The aforementioned concept of a robotic platform actuated
by a cylindrical cam-driven propulsive mechanism was in-
vestigated by Boxerbaum et al. [13], where the proposed
mechanism utilizes a cam/crank that drives contractive waves
through interwoven steel cables.

Using a Sarrus linkage topology and inspired by the dual-
pantograph propulsion units proposed by Omori et al. [1],
we have designed a single-motor peristaltic mechanism for
robotic propulsion on soft or granular terrain. The proposed
mechanism is designed in a way that the motion of the legs
are entirely coordinated by the movement of cam-followers
on phase-shifted sinusoidal profiles that are grooved on the
cam as shown in Fig. 2 (b). Since our mechanism is not
dependent on any spring-loaded elements, movement halts
of the robot due to media packing issues underneath the
legs are avoided to a large extent. Through experiments on
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Fig. 2: (a) Peristaltic robotic platform with body frame-static
nosecone (b) 3D printed cylindrical cam with phase-shifted
sinusoidal grooves.

various terrain profiles, we demonstrate that our propulsive
mechanism is capable of reliable surface travel in granular
media across a wide range of angles of repose. Furthermore,
we present a dynamical model for peristaltic locomotion
which captures the propulsive effect of phase shifts between
the engraved grooves on the rotating axial-cam.

The rest of this paper is organized as follows. In Section II,
we present a dynamic model for peristaltic locomotion and
demonstrate how proper phase shifts between the engraved
grooves on the axial-cam would induce forward propulsion
while the cam is rotating. Next, in Section III, we present
our constructed robotic mechanism along with the design
details for the cylindrical cam, the passive legs, and the cam-
followers. Thereafter, in Section IV, we present the capabili-
ties of our robot in traversing granular media through several
experiments. Finally, we conclude the paper with some final
remarks and future research directions in Section V.

II. DYNAMIC MODELING OF PERISTALTIC LOCOMOTION

In this section, we present a dynamic model for peristaltic
locomotion and demonstrate how proper phase shifts be-
tween the engraved grooves on the axial-cam would induce
forward propulsion while the cam is rotating. As it will be
shown later, the presented model effectively captures the
propulsive effect of the phase-shifted sinusoidal layout on
the grooved cam.

Our modeling approach is inspired by the multi-block
model by Tanaka et al. [8], where the peristalsis-like lo-
comotion is modeled by elongation-contraction waves that
propagate along the body axes of the insects that perform
peristaltic locomotion. We remark that a similar modeling
approach has been used in snake robotics literature [14],
[15] to control snake robot locomotion using a simplified
prismatic joint model of planar snake robots. In this work,
we are using the notation by Liljebdck et al. [15].

The block diagram of the dynamic system, which models
the propulsive locomotion of the robotic mechanism, is
depicted in Fig. 3. As it can be seen from Fig. 3, the robotic
mechanism is modeled by a collection of N inter-connected
links that are subject to ground friction forces. Furthermore,
each link, with the exception of the first and the last links, is
connected to two other links via two springs. The springs

peristaltic wave
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Fig. 3: Dynamic modeling of peristaltic locomotion.

capture the effect of peristalsis-like driving forces in the
robotic mechanism.

We denote the horizontal position of the center of mass
of the i™ link, where 1 < i < N, by ¢; and the length of the
spring connecting the i and i + 1" links by ¢;. Therefore,
we have

¢i—tip1+t;, =0, 1<i<N-1 (D

Denoting the vector of link positions and spring lengths by
t = [t, -, tn]T € RY and ¢ = [¢1, -+, on1]' €
RN 1, respectively, the equation in (1) can be written in the
following vector format

Dt +¢ =0, 2

where

GR(N_l)XN. (3)

o -~ 0 1 -1
Furthermore, the position of the center of mass of the
mechanism is given by
1
—e
N
where e = [1 l]T € RY. Since rank(D) = N — 1, it
has a right inverse, which is given by D = DT(DDT)~!.
Concatenating (2) and (4), we have

pr = —e't, 4)

] = 1] ®
Solving (5) for t, we obtain
t = ep, — D¢, (6)
from which it immediately follows that
t = ep, — D. (7)

Equation (7) captures the kinematic relationship between the
absolute velocities of the robot body segments and the rate
of change of relative distances between these segments.

In order to derive the dynamical equations of motion of our
peristaltic mechanism, we model the total force on the i link
by a combination of viscous ground friction forces and linear
spring-like forces, which capture the effect of the underlying
propulsive forces of the peristaltic actuation mechanism. In
particular, we model the force on the i link by

fr.=—citi +ca(dy + 1), 2<i<N -1, (8)
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where c; is the viscous ground friction coefficient and co
is the spring coefficient of the propulsive peristaltic force
acting on the i link. For the first and the last links, which
are merely connected to one adjacent link, we have

fio = —citi 4+ 201, fiy = —cibn + c2dn—1.  (9)

Using the adopted notation in Nomenclature, the equations
in (8) and (9) can be written in the following succinct format

f, = —c1t + codiag(A T g)e, (10)
where
1 1 0 0
0 1 1
A= e RIV-DxN, (11)
0 -~ 0 1 1

and diag(-) is an operator that produces a diagonal matrix
with the elements of its argument along its diagonal.

Summing the equations given by (8) and (9), which is
equivalent to multiplying both sides of (10) by e, yields

fi=—cie't + czeriag(ATq’))e. (12)

Subsequently, using the relation given by (7) and (12), we
have

fi=—cie'ep, + cleTﬁéﬁ + CQeriag(ATq&)e. (13)

Noting thate e = N, eriag(ATqﬁ)e =2e"¢,ande'D =
0, we can write

ft = —c1Np, +2co8' ¢. (14)

Finally, denoting the total inertia of the robotic mechanism
by m and noting that mp, = f;, we arrive at
ClN .

Pz = —— Dz
m

23@%. (15)
m

Therefore, the final dynamical model of the peristaltic robotic
mechanism can be written as

Pe + 01Pe = 028" @, (16)
where
ClN 202
ap = — and ag = .
m

Remark 1. The dynamic model in (16) represents a first
order linear time invariant (LTI) system, which is being
driven by the input ¢. The input ¢ is determined by the
phase-shifted sinusoidal profiles that are grooved on the
cylindrical cam and the frequency of rotation of the cam
about its axis.

Remark 2. The dynamic model in (16) has only two
parameters oy and ao, which lump the effect of the viscous
ground friction forces and the underlying driving peristaltic
force that causes forward propulsion. These two unknown
parameters can be easily identified by performing tests as
outlined in Section IV.

Remark 3. The dynamic model in (16) only captures the
propulsion peristaltic force. Including the effect of the rota-

tional slipping forces that cause non-straight displacements
is the subject of a future work.

In order to analyze the effect of phase shifts between
the grooves on the cylindrical cam, we consider the input
function ¢ in the dynamic model given by (16). The input
function ¢ is determined by the grooved sinusoidal layout
and the frequency of rotation of the cylindrical cam. In
particular, the input function ¢ is given by ¢.(t,d) (see the
Nomenclature), where

cos(wt)
cos(wt — 1)

e RN,

d(t,0) = 7)

cos(wt — dn_2)

In Equation (17), w and k denote the frequency of rotation
of the cam and the amplitude of the sinusoidal grooves,
respectively. Furthermore, the vector of phase shifts is given
by 6= [51 (52 6N—2] RN 2

Integrating both sides of the dynamic model in (16) and
assuming that p,(0) = 0 and p,.(0) = 0, we get

Dz + 1Py = 7_T¢s t, 6 Z Sln (18)
where
sin(wt)
sin(wt — d1)
&s(t,6) = ) e RV L, (19)

sin(wt — dn_2)

As 1t can be seen from (18), the constant input
k"‘z Zl 1 %sin(6;), which depends on the phase shifts of
the sinusoidal grooves, is what causes propulsion during the
peristaltic locomotion.

Figure 4 depicts the numerical simulation results of dis-
placement over time of a peristaltic robotic mechanism,
whose dynamics are governed by (16). As it can be seen
from Fig. 4, changing the direction of rotation of the axial
cam would induce motion in an opposite direction. The inset
in Fig. 4 from the same numerical simulation depicts the
mechanism displacement over time during one cam rotation,
which corresponds to the blue curve bounded by the green
box. As it can be seen in the inset in Fig. 4, our derived
dynamic model in this section captures the backsliding
phenomenon that is observed in peristaltic locomotion. In
Section IV, it will be shown that the experimental results
obtained from our constructed robotic mechanism have a
very close resemblance to the numerical simulation studies
associated with the derived dynamical model.

III. DESIGN OF THE PERISTALTIC ROBOTIC MECHANISM

In this section, we present the design and structure of
our peristaltic robotic mechanism, whose exploded view is
demonstrated in Fig. 5. First, we present the design details
of the cylindrical cam as well as the geometry of the passive
legs of the robot. Next, we describe the underlying operation
of the cam-followers.
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Fig. 4: Numerically simulated time profiles of the displace-
ment of the mechanism in two numerical simulations. The
blue and the red curves correspond to the clockwise and the
counterclockwise rotations of the cylindrical cam, respec-
tively. One period of the cam rotation bounded by the green
box is plotted in the inset. The segment of the locomotion
stride in which the mechanism backslides is indicated via
the gray background. The dashed red line corresponds to the
average displacement (= 7.5 mm) of the center of mass of
the mechanism in one stride.
Cam Follower Shaft Retainers

Cam Follower Shafts \

Bearings

Fig. 5: Exploded view of the peristaltic robot platform, with
only one row of leg linkages displayed for visual clarity.

A. Cylindrical Cam Design and Passive Leg Geometry

The principal idea behind our peristaltic robotic mecha-

nism, which is depicted in Fig. 2, is based on coordinating
the motion of a collection of passive leg linkages, which
move according to a contractive-expansive motion pattern,
by rotating a cylindrical cam with phase-shifted sinusoidal
grooves on it. Our leg linkage design is based on the concept
of classical Sarrus linkages [16], and was inspired from the
dual-pantograph propulsion units in [1].
Remark 3. Our proposed leg linkage geometry, which is de-
picted in Fig. 6, aims to avoid the halting problems, which are
associated with granular media getting packed underneath the
leg of the robotic mechanism. If the leg linkage geometry is
not designed properly, the halting problems get exacerbated
once the legs are covered by a protective sheath.

In order to achieve alternating periods of contraction
and expansion in the robotic platform, we use a rotating
cylindrical cam, which is depicted in Fig. 2 (b). The rotating
cylindrical cam is used to coordinate the motion of the body

Guiderails Leg Endpoint Units

T / \ Cam Follower Shafts I?
Leg Linkages
Anterior O ] /r O
@) (@)
Posterior @ o
l Cylindrical Cam, O ©)

Fig. 6: CAD model side views of a single body segment with
component nomenclature. The right-side image is axially
rotated 45°, with one set of leg linkages removed.

segments of the robotic platform shown in Fig. 6. Each body
segment consist of a pair of leg linkages that are actuated
by the leg endpoint units. The aforementioned units follow
the sinusoidal grooves on the cylindrical cam by using a
collection of roller cam-followers. The rotating cam, when
rotated counterclockwise, generates axial contractive waves
in the body segments, which are transformed into radial
expansion and contraction of the leg linkages, which are
shown in Fig. 6.

In comparison with biological peristaltic motion, which
can be characterized by longitudinal and/or diametric defor-
mations across the organism body, each body segment goes
through two distinct phases during each locomotion stride. In
the first phase, the diameter of the body segment legs inreases
while the axial distance between the leg endpoint units
decreases simultaneously. The first phase corresponds to an
earthworm longitudinal muscle contraction [17]. In the sec-
ond phase, the diameter of the body segment legs decreases
while the axial distance between the leg endpoint units
increases simultaneously. The second phase corresponds to
an earthworm circumferential muscle contraction [17].

A propulsive stroke of a body segment involves contract-
ing the longitudinal (axial) distance between leg endpoint
units, and extending the diameter made by the leg linkages.
During a return stroke, the longitudinal distance between
leg endpoint units is increased, and the diameter made by
the leg linkages is contracted. When the robotic platform
is partially submerged in granular media, the larger-diameter
propulsive strokes would propel a greater amount of granular
media than smaller-diameter return strokes. The robotic
platform would therefore travel in the direction opposite that
of the propulsive strokes. During the propulsive strokes of
a body segment, the leg linkages are fully extended, and
the longitudinal distance between the leg endpoint units is
contracted. During the return strokes, the diameter of the leg
linkages is contracted, and the leg endpoint units longitudinal
distance is extended to their maximum.

In order to allow segments with larger diameter to act as
anchors and minimize backsliding while the other segments
are in their return stroke phase, we decided to sequentially
actuate the axial position of each body segment from front
to rear during the rotation of the cylindrical cam. In order to
achieve this sequential contraction functionality, we grooved
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Fig. 7: Plot of the individual functions used to generate the
axial motions of leg endpoint units in a single body segment:
The component strokes in the gray and white backgrounds
correspond to the rearward and forward propulsive strokes
of the leg endpoint units during a single cam rotation,
respectively.

pairs of phase-shifted sinusoids on the cam as the motion
path for each cam-follower. Since the displacement func-
tions of the developed cylindrical cam are sinusoidal, the
first and second derivatives of these functions will also be
continuous and sinusoidal. These profiles therefore abide by
the fundamental law of cam design, which states that for
any cam profile designed for operation other than at very low
speeds, the cam-follower function needs to have a continuous
velocity and acceleration, as well as a finite jerk [18].

With a phase shift of J, the physical motion of the robot
legs due to the motion of the cam-followers on the phase-
shifted sinusoids be described as follows (see also Fig. 7).
During half of the period of the cam rotation, the legs
perform a rearward-motion where there is a small distance
between the curves (indicated with the gray background in
Fig. 7). During the other half of the period, the rearward
propulsive stroke is followed by a forward return stroke
where there is an increased distance between y; and y- (in-
dicated with the white background in Fig. 7). The difference
between the rearward backsliding motion and the forward
propulsive motion, which is due to the phase shifts between
the sinusoidal grooves on the cam, is what causes the net
forward motion of our peristaltic mechanism. The propulsive
effect of phase shifts is also captured by the dynamical model
derived in Section II (see (18)).

In our mechanism design, which has got three body seg-
ments, we have chosen the following grooved curve profiles

¢1(0) = kcos(0), (20a)
@2(0) = kcos(8 — 41), (20b)
@3(6) = kcos(0 — ds), (20c)
04(6) = k cos(0 — d3), (20d)

where the phase shifts between the sinusoidal grooves are
chosen to be 4; = 120°, do = 240°, and d3 = 360°, re-
spectively. Furthermore, k is the amplitude of the sinusoidal
curves. In our 0.8 inch diameter cylinder, the amplitude %
has been set equal to 1/4 radians.

The cam groove sinusoidal profiles associated with the
functions ¢;(6) and ¢;41(6), i = 1,2, 3, in (20), correspond
to the movement of the " and the i + 1" leg endpoint
units. When the cylindrical cam rotates with frequency w,
the angular position of the cam-followers on the grooves are
determined by the angular position of the cam, i.e., § = wt.
Consequently, the vector ¢(60) = [¢1(6),- -, $4(0)]T, where
6 = wt, corresponds to the driving input ¢.(¢,6) in (17).

B. Cam-Follower Development

In our peristaltic robotic mechanism, roller cam-followers
are used to transfer force from the cylindrical cam to each
of the leg endpoint units with an small amount of internal
friction (see the exploded view in Fig. 5). The reason for
choosing roller cam-followers is that they generate a lower
sum of sliding and rolling friction in comparison with sliding
contact cam-followers [18].

Given the low speed of the robot motion, we have designed
each of the leg linkages to operate without bearings. Further-
more, linkages are assembled by press-fitting aluminum pins
through the outer elements of each joint (see Fig. 5). The
middle element of each linkage joint is axially constrained
on the pin between its outer elements and is free to rotate
on the pin with a clearance fit.

Using a commercially Fused Deposition Modeling 3D-
printer, the entire mechanism was largely 3D-printed from
PLA. However, initial tests of the cylindrical cam made from
the same printer proved unsatisfactory. This was due to the
frequent shakes and complete system stalls that occurred
as the cam-follower of the leg endpoint unit shafts dug
into visibly distinct layers of PLA. Later cylindrical cam
prototypes were printed from Nylon powder with a Selective
Layer Sintering 3D printer, which resulted in noticeably
smoother actuation of the leg linkages.

C. Other design considerations

The system is driven by a 488:1-reduction Pololu gear-
motor, which is constrained to the cylindrical cam by a
setscrew. Motor control is limited to a voltage, which is
set by a bench-top power supply. In our early prototype,
no position or velocity control hardware were implemented.
We found out that a major cause of system stalling is due to
binding/twisting of guide rails that are attached to the sides
of the robot. During the operation of the mechanism, torque
is constantly transferred from the cylindrical cam, through
the cam-followers, and into each of the leg endpoint units.
The sum of these torques result in a twisting of the steel
guide rails. If the rails twist significantly, the leg endpoint
units will bind against the rails and will not be able to move
axially across the cylindrical cam. We resolved the issue of
guide rail binding/twisting by adding a collection of laser-cut
acrylic plates with press-fit holes on both of the front and
back ends of the robot. This solution constrains the guide
rails to lie in a parallel formation.

Initial mobility tests in fine sand and dirt resulted in a large
amount of material packing between linkages. To resolve this
issue, we adhered a thin sheet of High Density Polyethylene
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(HDPE) to the far ends of the underside of the robot. We
decided to constrict the sheet at the far ends and the center
two body segments with elastic straps to increase the varia-
tion in the diameter of the outer profile. This improvement
significantly increases the amount of granular media, which
are propelled rearwards during the robot operation. Finally,
our robot platform can be powered by a commercial 9V
battery while carrying the battery weight without issues.

Angle (deg)
0 90 180 270 360

20 qm &0 \3 C

o

Radial
Position (mm)
(4]

o

100 120

o

Axial Position (mm)

Fig. 8: Illustration of the leg tip positions during a full
rotation of the cylindrical cam. In the figure, the radial
position of 0 mm corresponds to the maximum leg extension,
and the axial position of 0 mm corresponds to the front
of the robot platform. In the figure, the leg tip motion is
counterclockwise.

During the operation of the robot, we expect that the motor
torque output would not be entirely converted into propulsive
force on granular media, where the greatest efficiency losses
would be due to imperfect propulsion of granular media in a
direction opposite to that of the direction of the robot forward
motion. Furthermore, the performance of the mechanism
during both surface mobility testing and propulsive force
testing is heavily influenced by the angle of repose, a
characteristic of granular media, which is determined by the
shape of the media particles, coefficients of friction, density,
surface area, and the degree of water intrusion [19].

The motion of the tips of a set of legs is shown in Fig. 8. In
this figure, the leg tips move counterclockwise, while having
the most amount of engagement with the ground media
during their maximum extension. As the leg tips continue
to move along their motion paths, the legs will move in a
negative axial direction. The legs of the robotic mechanism
would not be in as much contact with the ground media
during negative axial motion, in comparison with the full
extension phase. However, an amount of ground media will
inevitably be propelled in a direction opposite to the intended
direction of robot platform motion. We refer to this reverse
propulsion, and resultant negative displacement of the system
as “backsliding”. The volume of media propelled during
backsliding is dependent on both the depth of submersion
of the robotic platform in granular media and the angle of
repose of the granular media. The backsliding phenomenon
is also captured by the dynamical model in Section II (see
Fig. 4b).

IV. EXPERIMENTAL RESULTS

In this section, we present a series of surface mobility tests
across a variety of terrains that consist of different granular
material. In order to conduct the experiments, terrain media

Fig. 9: Overhead photo of the peristaltic robot in Martian
Garden Coarse-Grade Basalt terrain media.

was arranged in wide 1.2 cm deep paths. For consistency,
we lightly flattened the paths in a way to avoid overly
compressing the terrain. Our selected granular material in-
cluded a slightly wetted Kolorscape™ All Purpose Sand,
Basalt crushings in Coarse, Fine and Super Fine grades
of MMS-1!, and Assorted Soil that consisted of a non-
homogenous mixture of topsoil, small rocks, and small pieces
of wood. Using the fixed funnel method [20], we calculated
the average of five measurements of the static angles of
repose associated with each granular media. In order to
compute the angles of repose, we created roughly-conical
material piles and found the angle of repose by calculating
the arctangent of the material pile height divided by the
radius of the cone.

In order to record the movement of our mechanism, Vicon
tracking markers were affixed to the front and rear ends of
the mechanism as well as to each individual leg as shown in
Fig. 9. We utilized a Vicon real-time motion tracking system
to track the displacement of the mechanism over time on
each surface over a distance of 180 mm. In order to improve
line-of-sight tracking of the Vicon markers, two rows of legs
were removed during the experiments. The DC motor was
run at 11 volts during all trials, resulting in a full rotation of
the cylindrical cam roughly every 2.3 seconds. Snapshots of
the robotic mechanism locomotion while traversing the All
Purpose Sand media are depicted in Fig. 10.

Figure 11 depicts the average forward displacement of the
two front tracking balls, which are indicated with the red
circles in Fig. 9. As it is predicted in Section II, changing
the direction of rotation of the axial cam induces motion in an
opposite direction. The green rectangular area denotes a sin-
gle rotation of the cylindrical cam, as detailed in the inset. As
shown in the inset in Fig 11, the backsliding phenomenon is
clearly observed as our derived dynamic model has captured.
On each tested terrain, the robot has a roughly consistent
backsliding behavior during each rotational cycle of the
cylindrical cam. As seen in Fig. 11, backsliding occupies
roughly one-third of the time of the rotational cycle. The ratio
of a rotational cycle’s displacement during backsliding to
forward displacement varies greatly between tested terrains.
It is remarked that the numerical simulation results, which
are depicted in Fig. 4, have very close resemblance to the
actual experimental results depicted in Fig. 11.

As shown in Fig. 11 and Table 1, the highest speed of
the robotic mechanism was achieved on All-Purpose Sand.

'www.themartiangarden.com
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Fig. 10: Snapshots of the robotic mechanism locomotion.
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Fig. 11: Displacement over time in five mobility trials. The
green rectangular area denotes the peristaltic motion of the
robot during a single rotation of the cylindrical cam, which
is plotted in the inset. The segment of the locomotion stride
in which the mechanism backslides is indicated via the gray
background. The dashed red line corresponds to the average
displacement of the mechanism in one stride.

This terrain tied with Coarse Basalt for the smallest recorded
average backslide length. A larger average backslide length
does not appear to necessarily correlate with a faster robot
velocity. The average backslide displacement in the grades of
Basalt does correlate with the fineness of the media, with the
smallest backslides on Coarse and the largest backslides on
Super Fine. However, these do not appear to directly correlate
with the robot’s speed. While the the highest speed correlated
with the highest material angle of repose, on All-Purpose
Sand, the other angle of repose measurements do not appear
to significantly correlate with the other media.

Lastly, we took propulsive force measurements on each
granular media, and running the mechanism until forward
progress ceased. These results are noted in Table 2. The
material angle of repose roughly correlates with the measured
forward propulsive force.

Figure 12 depicts the measurements of induced electrical
power when an 11V DC voltage was applied to the robot.
When the robot was operated in the air (i.e., no external
load was applied to the robot), the average induced power

TABLE I: Comparison of robot platform speed and backslid-
ing severity on various types of granular media. The angle
of repose (6) of the media is compared with the speed of the
robotic mechanism, or the slope of the linear curve-fit (v),
the average of 5 backsliding events (b), and Force generated

-
Granular Media | 6 (deg) | v (mm/s) | b (mm) | f (N)

All-Purp. Sand 45.32 6.03 3.47 2.45
Coarse Basalt 35.30 471 3.47 2.17
Fine Basalt 32.06 3.91 4.01 1.23
S-Fine Basalt 33.83 4.11 5.75 1.57
Assorted Soil 35.53 3.99 4.62 1.67

was 0.83 W. When the robot was moving on All-Purpose
Sand, its forward propulsive force was the largest among
the tested mediums, the induced power was 1.14 W, which
is also the greatest. The power consumption on the other
tested mediums fell into the range of 1.03-1.08 W. With a 9
V household battery with the battery capacity of 500 mAh,
the robot can be operated more than half an hour.

V. CONCLUSION AND FUTURE WORK

In this paper, we design a novel mechanism to generate
peristaltic waves on the exterior of robotic systems. Our
method provides a scalable mechanism for both on-terrain
and potentially submerged locomotion in granular media.
Through testing, the cylindrical cam-actuated Sarrus Linkage
mechanism has shown to be capable of traveling up to 6
mm/sec atop a 51° angle of repose medium, and generate
up to 2.45 N of forward propulsive force.

Future work will consist of design optimization for not
only surface operation, but for effective submerged digging.
Efforts will need to be made in order to reduce the severity of
backsliding events, such as optimizing the leg linkage topol-
ogy or using specialized cylindrical cam groove patterns for
granular media for various ranges of angle of repose. Initial
studies into fully submerged digging compressed the granular
media ahead of the robot, as opposed to moving the media
out of the path of travel. The compaction issue may be re-
solved by implementing a head module consisting of proven
devices such as a conventional spinning augur/drill [21],
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Fig. 12: Power measurements of the robot on various ter-

rains. (a) In air (0.83W); (b) on all-purpose sand (1.14W);

()

Coarse Basalt (1.03W); (d) Fine Basalt (1.08W); (e)

Superfine Basalt (1.06W); (f) Assorted Soil (1.08W). The

red

lines in the plots indicate the average consumed power

over a 10 sec interval.

[22

], oscillating hammer [23], [24], or a hammer drill [25].

Additional efforts may investigate direction control using
methods similar to the ones proposed by Liljebick et al. [26].
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