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Abstract—A biological paradigm of versatile locomotion and ef-
fective motion control is provided by the polychaete annelid worms,
whose motion adapts to a large variety of unstructured environ-
mental conditions (sand, mud, sediment, water, etc.), and could,
thus, be of interest to replicate by robotic analogs. Their locomotion
is characterized by the combination of a unique form of tail-to-head
body undulations (opposite to snakes and eels), with the rowing-
like action of numerous lateral appendages distributed along their
long segmented body. Focusing on the former aspect of polychaete
locomotion, computational models of crawling and swimming by
such tail-to-head body undulations have been developed in this pa-
per. These are based on the Lagrangian dynamics of the system
and on resistive models of its interaction with the environment,
and are used for simulation studies demonstrating the generation
of undulatory gaits. Several biomimetic robotic prototypes have
been developed, whose undulatory actuation achieves propulsion
on sand and other granular unstructured environments. Extensive
experimental studies demonstrate the feasibility of robot propul-
sion by tail-to-head body undulations in such environments, as well
as the agreement of its qualitative and quantitative characteristics
to the predictions of the corresponding computational models.

Index Terms—Biomimetic robotics, motion control, polychaete
annelids, undulatory locomotion.

I. INTRODUCTION

OCOMOTION and motion control are among the most
L significant problems for emerging robotic applications
dealing with unstructured and tortuous environments; such ap-
plications range from novel diagnostic systems for healthcare
(e.g., endoscopic access to the human body) to robotic tools for
search-and-rescue operations and to planetary exploration. The
human gastrointestinal tract, an earthquake-damaged building,
or the Martian surface are environments quite different from
the usual indoors environments, where most current mobile
robots operate, and present significant challenges for locomo-
tion. Drawing inspiration from biology, where such problems
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Fig. 1. Nereis virens polychaete worm, crawling on the seashore sand as it
emerges from the water. Photograph by Peter DeWit [19].

have been efficiently addressed by the evolutionary process, can
help the design of agile robots, which are able to adapt robustly
to a variety of environmental conditions; the study of lower an-
imal forms (invertebrates, lower vertebrates), in particular, is
inspiring robotic locomotion and the associated motion control
strategies [1]-[8].

More specifically, undulatory locomotion is employed by a
significant number of organisms, spanning a broad range of
body sizes and environmental habitats, since it constitutes a sat-
isfactory propulsion mechanism over a wide Reynolds number
regime [9]. Particular attention has been devoted by robotics
researchers to snake- and eel-like locomotion, leading mostly
to wheeled mechanisms for terrestrial locomotion on relatively
smooth surfaces (see [2], [10]-[13], and references therein),
where propulsion is by lateral body waves propagating from the
anterior to the posterior of the mechanism (head-to-tail body
waves). The use of wheels in undulatory robots improves their
efficiency on smooth surfaces, but fails to fully explore the
key potential of terrain adaptability for this locomotion method.
Recent research efforts on nonwheeled undulatory locomotion
bring forth the importance of understanding the interaction of
the undulatory mechanism with the environment enabling the
locomotion [10], [14]-[18].

An intriguing biological paradigm of locomotion in unstruc-
tured environments is offered by a class of segmented marine
worms, the polychaete annelids: these animals can be found
swimming and crawling in the depths of the ocean, floating
free near the surface, or burrowing in the mud and sand of the
seashore (Fig. 1). The variety of their morphology, sensory ap-
paratus, and nervous system structure is a direct consequence of
their adaptation to so diverse habitats. Their locomotion, in par-
ticular, is characterized by the combination of a unique form of
tail-to-head body undulations (opposite direction of propagation
than snakes or eels), with the rowing-like action of the numerous
active lateral appendages, called parapodia, distributed along
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Fig. 2.

Computational model of a 7-link undulatory mechanism.

their body [20]-[23]. Both characteristics provide these worms
with distinctive locomotory modes, thus increasing their terrain
traversing and manipulation capabilities and could benefit, if
properly replicated, a robotic system [17], [18], [24]-[26].

The present paper focuses on the former aspect of polychaete
locomotion, i.e., on obtaining propulsion by tail-to-head body
waves. In doing so, we adopt the terms polychaete-like and
eel-like for undulatory locomotion by tail-to-head and head-
to-tail body waves, respectively. Section II provides models of
the mechanics and motion control of undulatory robotic loco-
motors, focusing on the mechanism’s interaction with the lo-
comotion environment. Associated simulation studies, employ-
ing the SIMUUN computational toolbox [27], are presented in
Section III, and illustrate the generation of polychaete-like un-
dulatory gaits, the conditions under which they are obtained,
and their characteristics. A series of undulatory robotic proto-
types, presented in Section I'V, has been developed to investigate
wheelless locomotion over sand and other unstructured environ-
ments, and to allow the validation and refinement of the compu-
tational models. The experimental setup utilized is described in
Section V. Section VI presents the experiments performed with
these prototypes, over three kinds of granular substrates, demon-
strating the generation of polychaete-like undulatory gaits. The
comparison between the experimental results and the ones ob-
tained in simulation verifies their close agreement, ascertaining
that the developed computational models capture adequately the
main features of undulatory locomotion by tail-to-head body
waves.

II. MODELING POLYCHAETE LOCOMOTION

A. Equations of Motion

The equations of motion of an undulatory robotic mechanism
are obtained from its Lagrangian dynamics, after the reduction
process described in [12], [28]-[32] and briefly outlined here.
A computational model of a planar undulatory mechanism has
been developed, based on a serial kinematic chain of NV rigid
links interconnected by planar revolute joints (we consider N
odd; the case of N = 7 is shown in Fig. 2). The links are con-
sidered to be identical, with the center of mass of each link
located at its geometrical center. Each of the N — 1 joint angles
is considered to be independently actuated, to control the shape
of the mechanism.

The position (z, y) and orientation 6 of the central link with
respect to an inertial coordinate frame on the plane are the
system’s group variables and can be represented by an element
g of the group G = SE(2), the Special Euclidean group of

order 2. The Lie algebra element, corresponding to g, is & 2
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971§ € G = se(2) and describes the body velocity of the central

link. The joint angle vector 7 = (¢1,...,¢pn 1) €S 2 gN-1
denotes the shape variables, S the shape space of the system
and S the circle group. From the kinematics of the serial chain,
it can be derived that the configuration of the mechanism is
g=(3,7)€Q=GxS2SE2) xSV,

The Euler-Lagrange equations of motion can be reduced by
exploiting the invariance of the mechanism to changes in inertial
position and orientation, expressed as Lie group symmetries
exhibited by the system. Assuming the existence of a Lagrangian
function £ : TQ — R and of external forces F': TQ — T*Q
acting on the system, both of which are invariant under the action
of the group G, areduced Lagrangian ¢ can be determined, which
is a function of (r,7,&) and takes the following form in body

coordinates:
oLy (10 I0AG)Y (€
E(T,T,g) =35 (fTTT) ( T 7]
2 A*(r)I(r) m(r) 7
ey
The matrix A (r) is the local form of the mechanical connec-
tion, and depends only on the shape r. The local locked inertia
tensor 1(r) describes the total inertia of the system, when all
joints are frozen at a specific shape configuration r. The re-

duced equations of motion are, then, obtained in a body-fixed
coordinate frame as:

g =g(=A(r)r + 17} (r)p)
p=adip+ fr + fx 2)
M(r)i + 7L C(r)i + N = B(r)r

where p is the body momentum, defined as p 2 or /0€; the
reduced matrices M , C’, N are detailed in [32]; ad is the in-
finitesimal generator of the adjoint action of G on G; fr, fnx
are the external frictional forces in the tangential and normal
directions of the central link, related to F’, as described in [32],
and are obtained from the frictional force model employed as
a function of the tangential and normal velocities of each link
(see Section II-B). The second equation, considered previously,
describes the evolution of momentum in body coordinates (not
conserved in this coordinate frame) and is called the momentum
equation. The third equation, considered previously, is a second-
order differential equation describing the evolution of the shape
variables, as a function of the joint torques 7. The assumption
will be made (and investigated experimentally) that full control
of the shape variables is possible; therefore, the controls of the
system are not considered to be the joint torques, but the joint
angles r themselves. The equations (2) are computationally ef-
ficient and well suited to controller development. They are also
used to validate the equations of motion derived automatically
by the Matlab-based SIMUUN computational tools outlined in
Section III, as detailed in [27].

B. Interaction With the Environment

Locomotion of an undulating body results from the coupling
of its internal shape changes to external motion constraints,
usually due to external frictional forces applied through the
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interaction with the locomotion environment and resisting the
motion of body segments. Computational models to approxi-
mate the characteristics of this interaction, both for aquatic and
for terrestrial locomotion, have been implemented. These are of
a resistive nature, i.e., the force on each link depends on its ve-
locity (rather than acceleration), and they all involve decoupled
force components in the normal and tangential direction of the
link’s motion. Use of such force models dates back to the anal-
ysis of the undulatory swimming of elongate animals in [33],
and variants of this approach have been applied to both aquatic
and terrestrial locomotion (see, e.g., [13], [14], [16], [17], [27],
[29], [34], and [35]).

For the simple case of viscous frictional interaction with the
substrate, the tangential and normal components of the force
applied to the ¢th link of the mechanism are proportional to the
respective components v’ and v}, of the link’s velocity

Fi = —crv and Fiy = —cyvly 3)

where c¢r and cy are the viscous friction coefficients in the
tangential and normal directions, respectively. Alternatively, for
the Coulomb friction model, the applied frictional force depends
only on the direction of the link’s velocity, rather than on its
magnitude

F% = —urmg Sgn(v%) and F]LV = —unmg sgn(vf\;) )

where ur and py are the Coulomb friction coefficients, m is
the mass of the link and g is the constant of gravity.

The friction coefficients in these models play a key role in
undulatory propulsion. In a terrestrial locomotion context, their
values depend on the configuration of the contact surface (the
underside) of the undulatory mechanism’s links, as well as on
the material properties of the substrate. More importantly, it is
the ratio of the friction coefficients, which, to a large extent,
determines the stride length (distance traveled per undulation
cycle) for a given body wave, as well as the overall motion di-
rection of the undulatory locomotor with respect to the direction
of the wave.

This is best illustrated in the context of propulsion by planar
flagellar undulations in microorganisms, where the Reynolds
number Re is of the order of 10~ and the viscous force model
can be used to approximate the fluid forces acting on the flagel-
lum body. Such an approach facilitates the analytical treatment
of the undulatory system (see [36]-[38], where a sinusoidal
shape is assumed for the body wave), elucidating the effect of
the friction coefficients ¢y and cy on the motion of the sys-
tem. More specifically, it is established by the viscous force
analysis that, when cr /ey < 1 (resp. er /ey > 1), the overall
motion of the undulatory system is in the direction opposite to
(resp. same as) the propagation direction of the body wave. In-
deed, the body of flagella, which propel themselves forward by
head-to-tail body undulations is typically smooth, and, hence,
the coefficient of normal resistance is greater than the coeffi-
cient of tangential resistance. By contrast, the surface of hispid
flagella, which propel themselves forward by tail-to-head body
undulations, is not smooth, but bears rigid, laterally protruding
hair-like structures (called mastigonemes), by virtue of which
the tangential friction coefficient is greater than the normal fric-
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tion coefficient. It is worth noting that these findings have also
been confirmed by computational fluid dynamics studies, which
consider the 2-D full incompressible Navier—Stokes equations
of low-Re flagellar propulsion [39]. Two additional predictions
of this theoretical approach are of interest for the analysis of
undulatory mechanisms with the viscous force model: 1) the
magnitude of the propulsion speed increases with the differential
between cr and ¢y (defined as the ratio of the friction coefficient
with the greater magnitude over the coefficient with the lesser
magnitude) and 2) in the case of uniform viscous friction (i.e.,
forer /ey = 1), the undulatory movements of the body generate
no net propulsive force and the system merely performs in-place
undulations. We have been able to reproduce all of these find-
ings with our computational models for undulatory mechanisms,
where the links’ interaction with the environment is described
using the viscous force model (3), as detailed in Section III-B.

Similar conclusions, regarding the effect of body roughness
(i.e., of the relative magnitude of normal/tangential frictional
forces) on the overall locomotion direction of undulatory
swimming animals, are reached in [33], which employs an
alternate hydrodynamic model, applicable to a Reynolds regime
of Re > 1 (for which the viscous force model is not suitable).
Relevant examples of undulatory swimming organisms, to
which this analysis may be applied, include eels (whose body is
smooth and, ensuingly, propel themselves by head-to-tail body
waves) and polychaete worms, the bodies of which afford a
significant amount of roughness, mainly due to their parapodia,
and, thus, propel themselves by tail-to-head waves [9], [33].
Note that, unlike the mastigonemes in hispid flagella, which
remain rigid yet passive during the body undulations, the
polychaete parapodia are active and exhibit wave-like rowing
motions (cf. Fig. 1), which further contribute to the propulsive
forces [20], [22]. This type of motion and the locomotory
contributions of parapodia are not covered by the force models
considered here, which only encapsulate the effect of the body
undulations (see [18] for a study of parapodial forces in a
polychaete-inspired robotic prototype).

In a robotics context, the viscous force model of (3) renders
the analysis of the dynamics of undulatory mechanisms more
tractable and, as such, has been used as a first approximation
of the fluid drag forces for aquatic undulatory propulsion (see,
e.g., [16] and [29]). For terrestrial undulatory robotic locomo-
tion, a number of previous research efforts have employed vari-
ants of the Coulomb friction model to describe the interaction
of the mechanism with the substrate (see, e.g., [13]-[15]), and
this was also found to be the case for our robotic prototypes (see
Section V). Although the general observations, made for the vis-
cous friction model earlier, are also valid when Coulomb friction
(4)is used, the effect of the Coulomb friction coefficients p and
wy on the locomotion characteristics is more complex in this
case, while an analytical treatment of the system is significantly
more involved. An illustrative example, which is also pertinent
to our robotic prototypes, is the case pr /puy = 1, which typi-
cally results in the system moving in the same direction as the
propulsive wave, rather than performing in-place undulations, as
is the case for the viscous force model. A relevant investigation
by simulations is provided in Section III-B.
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Fig. 3. General friction model, used for terrestrial locomotion.

In our robotic prototypes, the interaction of the mechanism’s
links with the substrate is via detachable segment contact mod-
ules (SCMs), which provide a friction differential in the tangen-
tial and normal directions of motion. For movement over rel-
atively smooth surfaces, modules with passive wheels may be
used, mounted either longitudinally or transversely with respect
to the link’s axis, in order to yield eel-like or polychaete-like
locomotion, respectively. For movement over granular environ-
ments, such as sand, gravel, and mud, blade-bearing SCMs have
been developed; these are described in Sections IV and V.

Finally, in order to allow coverage of the wider range of
tribological phenomena encountered in different terrestrial sub-
strates, a general friction model has been incorporated in the
SIMUUN computational tools (outlined in Section III), which
combines stiction, Coulomb friction, and viscous damping, as
well as the Stribeck effect, and enables the implementation of
anisotropic characteristics. The friction force acting on a rigid
body with mass m is obtained as

F(v) = —sgn(v)myg (uﬁig [ +(0 — p)e130/2v |3> )

where ¢ and p are the static and dynamic friction coefficients,
respectively, c is the viscous damping coefficient, and v is
the break-away velocity (described in [40]). To incorporate
anisotropic friction, these parameters may assume different val-
ues for positive and negative values of v, as illustrated in Fig. 3.
A total of 16 parameters are, then, required to fully describe the
interaction with the environment for each link (eight parameters
for the tangential and eight parameters for the normal directions
of link movement).

C. Motion Control and Gait Generation

A straightforward way to explicitly generate a traveling wave
in a serial chain of N links (Fig. 2), which has been ex-
tensively utilized in studies of undulatory locomotion (see,
e.g., [2], [11]-[14], and [16]), is by having the N — 1 revo-
lute joint angles vary sinusoidally, with a common amplitude
A, frequency f, angular offset v, and a constant phase lag ¢1.,
between consecutive joints. This approach implies full control
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of the mechanism’s joint angles, without consideration of the
required torques, specifying the temporal variation of the ith
joint angle as

¢i(t) = Asin 271 ft + (N — ) 1ag) + 9, 1<i<N.

(6)
This formulation propagates a wave along the mechanism’s
body, whose shape (assuming links of equal length) is a dis-
crete approximation of the serpenoid curve, introduced in [2]
to analyze the undulatory locomotion of snakes. Depending
on the type of interaction with the locomotion environment
(cf. Section II-B), the generated body wave will, then, propel
the mechanism either in the direction of propagation of the body
wave (polychaete-like) or in the opposite direction (eel-like).
The propagation direction of the body wave depends on the sign
of the phase lag parameter, and is from link-1 to link-/NV for
¢1ag > 0; if this wave propagation direction results in forward
motion, then reversing the ¢,,, sign results in backward motion.
The condition ¢, = £27/N yields (exactly) one wavelength
of the propulsive wave across the undulating body. The angular
offset ¢ in (6) provides a means for steering along curved paths,
and is set to ¢ = 0 for locomotion along a straight line (forward
gait). If 1 is nonzero, the mechanism moves along a curved
path (turning gait), clockwise or counterclockwise, depending
on the sign of v, as well as on the propagation direction of
the wave (the sign of ¢i,5), and on the undulatory mode (eel-
like or polychaete-like) resulting from the interaction with the
environment.

We also consider two additional gaits for the undulatory
mechanism, namely parallel-parking and in-place rotation, sim-
ilar to those formulated for a swimming eel-like robot in [16].
They both involve the generation of two traveling waves, char-
acterized by the same values for the A, f, and ¢,, parameters,
which emanate from the center of the mechanism and propa-
gate in opposite directions. More specifically, in-place rotation
is achieved by

¢i(t)

[ Asin2nft+ (i — M)drag) — 1, 1<i<M
_{Asin(2ﬂft+(M+1i)¢1ag)+¢, M<i<N
(7

where M = (N — 1)/2 (for N odd) is the index of the central
link. Similarly, the parallel-parking gait is obtained by

¢i(t)

B Asin (2w ft + (i — M) ¢rag) + 9, 1<i<M
_{Asin(Qﬂft+(M+1i)¢1ag)+1/), M < i< N.
)

Note that, in order for these control schemes to be able to gener-
ate the corresponding gaits, the magnitude of the angular offset
for the two body waves must be ¢ # 0; otherwise, no net move-
ment for the system (rotational or translational, respectively)
can occur.

An alternative, biomimetic neuromuscular motion control
scheme, which is based on central pattern generators to
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generate the body traveling wave via joint torque control, is
outlined in [7].

III. SIMULATION RESULTS

This section presents simulations studies, which illustrate the
characteristics of undulatory locomotion by tail-to-head body
waves (polychaete-like), and highlight its differences from lo-
comotion by head-to-tail body waves (eel-like).

The simulations are set up using the SIMUUN simulation en-
vironment [27], developed at ICS-FORTH, which is based on the
SimMechanics physical modeling toolbox of Matlab/Simulink.
SIMUUN provides libraries of “body segment” and “shape con-
trol” modules, which are connected to simulate the mechanics
and control of planar articulated robots. The associated equa-
tions of motion for the thus constructed undulatory systems
are, then, derived automatically and solved using an appropri-
ate integration scheme from the ones provided in Simulink.
These tools have been used to create a computational model of
the 11-link robotic prototype presented in Section IV, where
the mechanism’s links are modeled as 2-D rectangular plates
(length = 35 mm, width = 22 mm, and mass m = 33 g), in-
terconnected by a total of 10 planar rotary joints. The lat-
ter are actuated according to the control strategies outlined in
Section II-C, in order to generate the various undulatory gaits.

A. Polychaete-Like Undulatory Gait Generation

A first series of simulations explores the characteristics
of undulatory gaits by tail-to-head body waves, using the
Coulomb friction model with stiction to describe the interac-
tion of the mechanism’s links with the locomotion environ-
ment. This particular force model, along with the values of
the associated parameters, are specified to reflect the experi-
mental conditions of locomotion over fine sand for our robotic
prototype, as these were obtained by the series of measure-
ments described in Section V. More specifically, the param-
eters in (5) are set as {uy = 0.73,0nx = 1.08,cy =0} and
{pr =0.88,00 = 1.18,¢r = 0} for the normal and tangen-
tial directions, respectively, while m = 33 g and v, = 1 mm/s.
The resultant velocity versus frictional force characteristics are
shown in Fig. 12. The control laws of (6)—(8) are, then, em-
ployed to generate the forward and turning undulatory gaits
with ¢1,, = 27/N rad (i.e., implementing one full wavelength
of the traveling wave along the mechanism), as well as the in-
place rotation and parallel-parking gaits. The associated results
are summarized in Fig. 4. Polychaete-like undulatory trajec-
tories present a number of characteristics differentiating them
from the more widely studied eel-like ones. These include the
sickle-like shape of the tail link’s trajectory in forward motion
[Fig. 4(a)], as well as the fact that, during turning, the mean path
of distal links has a distinct offset from the mean path traced by
the middle link [Fig. 4(b)].

The effect of the joint amplitude A and joint frequency f on
the locomotion of the undulatory mechanism is important for
altering the mean heading speed. This effect can be character-
ized, for the forward gait, in terms of the stride length, and is
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Fig. 4. Simulations of undulatory gaits for the 11-link prototype. At ¢ = 0,
the mechanism is aligned with the z-axis and the center of the middle link is
located at point (0, 0). (a) Forward gait. (b) Turning gait. (c) In-place rotation
gait. (d) Parallel-parking gait.
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Fig. 5. Parametric study of stride length in simulation.

shown in Fig. 5 for a range of A and f values, which reflect the
experimental conditions of our robotic prototypes.

B. Effect of Friction Coefficients on Forward Gait

A second series of simulations explores the effect of the fric-
tion coefficients on the efficiency of the propulsion, both for
the polychaete-like and for the eel-like regimes. Two sets of
parametric investigations have been carried out, one using the
viscous force model of (3), and one using the Coulomb model
of (4) for the interaction of the mechanism’s links with the lo-
comotion environment; both sets have considered an extended
range of values for the friction coefficients (cr, cy and pr, iy,
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respectively). Although the latter is the most relevant to our ex-
periments, the viscous model simulations have been included in
this paper in order to better highlight the differentiating charac-
teristics of the system’s behavior under Coulombian interaction
with the environment.

1) Viscous Friction: Simulations of the forward undulatory
gait with f = 1 Hz, ¢1,; = 27/N rad and for 10° < A < 50°,
are performed using the viscous force model, over the follow-
ing ranges of the friction coefficients’ ratio ey /cx: 1) for 1 <
er/eny <4, withey = 0.22kg/sand 2) for 1/4 < er /exy <1,
with ¢ = 0.22kg/s. The rationale behind selecting such a
scheme for the friction coefficients can be intuitively explained
on the basis of the SCMs, like the ones developed for our robotic
prototypes (see Sections IV and V and Fig. 10), whose morphol-
ogy gives rise to a friction differential in the range 1-4, for an
assumed locomotion environment. Depending on their mount-
ing orientation with respect to the link’s main axis, these can,
then, yield greater resistance in either the tangential (case 1)
earlier) or the normal (case 2) earlier) direction of link motion.

To assess the effect of the friction parameters and the joint os-
cillation amplitude on the propulsion efficiency, the following
metrics are used (all of them are calculated from the steady-
state response of the system, i.e., when its average acceler-
ation is zero): 1) the stride length Sy, which represents the
distance travelled per undulation cycle; 2) the average total
power expenditure over one undulation period 7' = 1/ f, which

. A to+T - ; ;
is P =L [0 SN 5 ()i (t)]dt. where 7i(t) and ¢ (t)
are the torque and angular velocity of the mechanism’s ith joint,
while ¢, specifies a time instance in the steady-state response of
the system; and 3) the locomotion efficiency n, which is defined

here as the inverse of the specific resistance [41], and is given
by the nondimensional ratio 7 2 ks ./ P, where the quantity

k2 mN g/ T remains constant in the current parametric study.

The corresponding results for the viscous friction model are
summarized in Fig. 6. The stride length plots illustrate that,
when c¢r/cy > 1, the mechanism moves in polychaete-like
mode (i.e., its motion is along the direction of the body wave),
designated by positive values for Sy (blue-colored region) in
Fig. 6(a). In that case, the attained stride length is gradually
reduced as the ¢y /cy ratio approaches 1. At the point of uni-
form friction (i.e., for ¢y /ey = 1), and irrespective of the joint
oscillation amplitude A, the stride length becomes zero, i.e.,
the mechanism performs in-place undulations. Thereafter, for
er/en < 1, the system moves in eel-like mode (i.e., its motion
is in the direction opposite to that of the body wave), designated
by negative values for S; (red-colored region) in Fig. 6(a),
with S, increasing with the inverse of the ¢r /cy ratio. This
behavior of the undulatory system is consistent with the predic-
tions of the corresponding analytical models [36]-[38] outlined
in Section II-B. It may also be observed that, for any given
friction differential, and for values of A up to about 35°, consis-
tently greater stride lengths are attained by the eel-like mode. As
the amplitude of the joint oscillations is further increased, the
stride lengths for the polychaete-like mode are comparable to
or larger than the ones attained with the eel-like mode, but with
considerably increased power expenditure. The plot in Fig. 6(b)
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Fig. 6. Viscous friction model: Parametric study of polychaete-like and eel-
like undulatory locomotion. The transition between the two regimes lies along
the S; = 0 line (white line overlaid in plots). For visualization purposes, the
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to the ones in (a) and (b). (a) Stride length: contour plot (left) and 3D plot
(right). Modes of locomotion: eel-like (red) and polychaete-like (blue). (b)
Power expenditure. (c) Locomotion efficiency.

further indicates that, for both regimes, the power requirements
P increase as the friction differential or the joint oscillation
amplitude are increased, while the eel-like mode is, in general,
associated with smaller values of P. Moreover, uniform friction
represents the case for which the two friction coefficients as-
sume the minimum value in their range (¢ = cy = 0.22), and
is associated with the least power input requirements, for a spe-
cific value of A. As a consequence of these observations related
to Sz and P, and as Fig. 6(c) demonstrates, propulsion by the
eel-like mode is more efficient (higher values of 1) than by the
polychaete-like undulatory mode. Note that, for both regimes,
7 increases with the friction differential, but is decreasing with
the joint oscillation amplitude A.

2) Coulomb Friction: Analogous simulations are carried out
for the Coulomb model, using the same body wave parameters,
and considering the same ranges for the 7 /uy friction coef-
ficients’ ratio, as for the viscous force model, i.e.: 1) for 1 <
pr/py <4, with uy =0.22 and 2) for 1/4 < pup/un <1,
with pp = 0.22 (note that, contrary to cy and cp, pup and py
are nondimensional). The corresponding results, summarized in
Fig. 7, indicate that, to a large extent, the behavior of the undula-
tory system under Coulomb friction is similar to the one obtained
under viscous friction. However, a number of important differ-
ences are identified: the stride length plots in Fig. 7(a) reveal that
the transition from the eel-like mode (red-colored region) to the
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polychaete-like mode (blue-colored region) depends on both the
pr /iy value and on A (and, possibly, on other characteristics
of the mechanism, like its number of links V). Indeed, when
the friction differential is around 1, or when the joint oscillation
amplitude is low, the system can be seen to predominantly move
in polychaete-like mode. Overall, however, the stride lengths at-
tained in the eel-like regime are considerably higher for the pa-
rameter range considered in the simulations. These findings are
consistent with the results reported in previous studies of undu-
latory mechanisms under Coulomb frictional forces [13]-[15].
Regarding the power requirements, the general trends identi-
fied for the viscous force model also hold for the Coulomb
model [cf. Figs. 7(b) and 6(b)]. Finally, Fig. 7(c) indicates that,
much like for the viscous model, the eel-like mode is character-
ized by higher locomotion efficiency 7, than the polychaete-like
mode.

C. Burrowing

Burrowing tasks are of particular interest for the intended
applications of undulatory robotic locomotors. Biological evi-
dence indicates that low-amplitude tail-to-head body waves as-
sist the polychaete worms during the early phases of burrowing,
which is a common activity among these animals [23]. Sup-
posing that the “head” link (i.e., the link foremost with respect
to the motion direction of the mechanism) plays the most sig-
nificant role, among all links, in penetrating the substrate, data
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Fig. 8. Parametric study of the average head link force, for polychaete-like
and eel-like undulatory locomotion (the transition between the two regimes lies
along the white line, corresponding to S;, = 0, overlaid in the plots). In each
case, positive F}, values indicate forces exerted in the direction of locomotion.
(a) Viscous model. (b) Coulomb mode.

from the simulation series of Section III-B were used to esti-
mate burrowing potential for the undulatory mechanism. This
is characterized in terms of the average force F}, exerted by the
head link along the mean direction of motion during the for-
ward gait, for a range of joint oscillation amplitudes and friction
coefficients’ ratios. The results, shown in Fig. 8, indicate that
greater forces are, in general, generated on the head link, for
both the viscous and the Coulomb force models, when forward
undulatory locomotion is by tail-to-head body waves, compared
to the case of head-to-tail body waves. This suggests that the
polychaete-like mode may be more suitable for burrowing tasks
than the eel-like one.

IV. UNDULATORY ROBOTIC PROTOTYPES

A series of robotic prototypes has been developed, us-
ing off-the-shelf components and traditional fabrication tech-
nologies, in order to experimentally investigate polychaete-
like undulatory locomotion and to allow the assessment
of the computational models described in the previous
sections.

The first such prototype, shown in Fig. 9, was composed of
N = 8 segments (link mass 42 g, length 47 mm, width 52 mm),
which were fabricated from Delrin with aluminum intercon-
necting links. The seven rotary joints of the mechanism were
actuated using Hitec HS-81 microservo motors, controlled by a
Microchip PIC18F252 microcontroller. This first prototype suc-
cessfully demonstrated, for the first time, forward and turning
locomotion by tail-to-head body waves over fine sand. How-
ever, it presented a number of reliability issues, mainly due to
the servos overheating and to the aluminum linkages’ suscepti-
bility to braking, which prohibited carrying out extensive tests
with it.

A second prototype, shown in Fig. 10(a), was developed in
order to overcome these reliability issues. It is composed of
N =11 segments, which have been designed to be stronger,
yet smaller and lighter (link mass 33 g, length 35 mm, width
22 mm) than the ones of the first prototype. The larger number
of segments yields more accurate body waves and facilitates
implementation of the more demanding parallel-parking and
in-place-rotation gaits. The rotary joints are actuated by Hype
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Fig. 9. Eight-segment undulatory robotic prototype.

(b)

Fig. 10. (a) Eleven-segment undulatory robotic prototype without segment
contact modules. (b) Single-blade SCM mounted transversely to the segment.
(c) Multi-blade SCM, mounted longitudinally to the segment.

Mini 11s servos, while the aluminum servo frame used ensures
effective heat dissipation during prolonged testing. The linkage
between consecutive segments utilizes aluminum bridges,
whose geometry has been designed to combine high bend-
ing flexibility with increased torsional stiffness. This facilitates
adaptation of the robot shape to unstructured environments,
without compromising the smoothness of the locomotory wave.

The interaction of the robot’s segments with the granular
locomotion substrate is via detachable SCMs, which employ
blades for generating a frictional differential in the tangential
and normal direction of motion. Two SCM designs have been
developed and tested: the first one exploiting a single blade
of Delrin, and the second one made of five aluminum blades.
Both can be mounted either transversely or longitudinally with
respect to the main axis of the segment, as shown in Fig. 10(b)
and (c).

The servos are controlled by a Pololu serial 16-servo board,
which receives the joints’ angular trajectories from a host per-
sonal computer (PC) via an RS-232 connection. A Visual Ba-
sic program, running on the host PC, is used to generate the
joint angle profiles for the undulatory gaits (forward, turning,
in-place-rotation, and parallel-parking), where the amplitude,
frequency, and phase offset are the main parameters, tunable via
a graphical user interface (GUI).
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Fig. 11.  Test-bed used for the SCM frictional force measurements.

TABLE I
DATA FROM THE SCM FRICTIONAL FORCE MEASUREMENTS

Single-blade SCM | Multi-blade SCM

FINE SAND I [ T | [T
Static friction coefficients
1.08 | 1.18 | 1.09 | 1.22
Traction velocity Dynamic friction coefficients

(mm /s)

v] =5.8 0.73 0.85 0.93 1.15

vy = 8.0 0.68 0.85 0.96 1.07

v3 =11.0 0.71 0.89 0.84 1.12

vg4 = 13.4 0.76 0.91 1.07 1.26

v5 = 18.2 0.77 0.92 0.97 1.19

Mean 0.73 0.88 0.95 1.15

V. THE EXPERIMENTAL SETUP

This section describes the experimental setup utilized to test
the capabilities of the 11-segment prototype for undulatory gait
generation over unstructured environments and to assess the
previously presented computational models.

In order to compare experimental and simulation results, data
on the frictional characteristics of the mechanism are required,
taking into account the configuration of the SCM used (i.e.,
single- or multiblade design and transversal or longitudinal SCM
placement) and the specific locomotion substrate. Such data are
used to select the appropriate force model for the SIMUUN
simulations and to specify the numerical values of the associ-
ated parameters. A custom test-bed, shown in Fig. 11, has been
constructed to obtain these data, utilizing a pulley, a motor, and
a load cell to measure the required forces for moving the SCM
along the locomotion substrate at different velocities.

The associated results, for SCM motion over fine sand, are
summarized in Table I for single- and multiblade SCMs, when
the blades are parallel (||) to the traction direction and when they
are perpendicular (L) to it. Data on the table are expressed in
terms of the measured frictional forces divided by mg, where
m is the segment mass. The results indicate that the frictional
forces for the multiblade SCM design, in both directions of
motion, are higher in magnitude than those for the single-blade
SCM design; however, the resulting friction differential for the
two designs is almost the same (with a value of around 1.2). This
suggests that employing the multiblade SCM in the robot will
improve locomotion performance only slightly, while increasing
the energy requirements for implementing the same body wave,
compared to the single-blade SCM. This favors the use of the
latter SCM type with the prototype.

The data of Table I indicate that, for both SCM designs,
the frictional forces generated show a relatively small variance



1208

——model ——model
1f| * experiment| 1f|_ * experiment 'y
TT
3 — =
g o5 - £ 05
& &
2 3
o 0 S 0
g v = 0.73 k) 7 = 0.88
-“E_ -0.5 on = 1.08 g -0.5 op = 1.18
— cv =0 cr =0
1 v, = 1 mm/sec =1 v, = 1 mm/sec
-20 -10 0 10 20 =20 -10 0 10 20

velocity (mm/sec) velocity (mm/sec)

(@) ®)

Fig. 12.  Friction model employed in the SIMUUN simulations of the 11-link
undulatory mechanism with the single-blade SCM design. (a) Normal force
component. (b) Tangential force component.

with traction velocity. On the basis of this, a Coulomb friction
model with stiction has been used to approximate the interaction
of the robot with the sand. The resulting relationship between
traction velocity and frictional force, obtained by appropriately
specifying the parameters of (5), for the single-blade SCM on
fine sand, is illustrated in Fig. 12.

In order to obtain polychaete-like conditions, where the tan-
gential resistance to link motion is higher than the normal resis-
tance, the SCM units are placed, following the results of Table I,
so that their blades are transverse to the segment’s main axis,
both for single-blade [cf. Fig. 10(b)] and multiblade SCMs.
With these experimental conditions, the perpendicular direction
results (L) of Table I correspond to tangential friction, while the
parallel ones (||) to normal friction.

For the experiments, the prototype is placed inside a card-
board box (measuring 1 m x 0.7 m), which is uniformly filled
with 20 mm of each of the substrates tested (i.e., fine sand,
coarse sand, and gravel), thus ensuring that, throughout the
robot’s movement, the SCM blades are never in contact with
the bottom of the box. The motions of the robot are tracked
using a 3-D optical motion analysis system (Image Guided
Technologies FlashPoint 5000), which is able to simultane-
ously acquire in real-time the positions of several light spots
(infrared emitters). A total of nine such infrared emitters are
used with the robot, mounted on individual frames and placed
over each of the mechanism’s joints, in order to track their
movements. The tracking head of the localizer is appropriately
placed over the area of the experiments, to ensure its uniform
coverage.

VI. EXPERIMENTAL RESULTS

The results of the experiments, investigating the generation
of undulatory gaits over unstructured environments with the
11-segment robotic prototype, are presented here. Tests with
the multiblade SCM units, indicated that the higher resistance
forces associated with it (cf. Table I) hinder the robot’s ac-
tuators from closely following the prescribed joint angle pro-
files. Therefore, most of the experiments have been performed
with the single-blade SCM units mounted transversely on the
underside of the segments, as indicated in Fig. 10(b), for
which the aforementioned problem appeared only to a lesser
extent.
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Using this configuration, the control laws of Section II-C are
implemented with the prototype moving over fine sand, coarse
sand, and gravel, to produce, for each of these substrates, the
four main undulatory gaits considered in this paper. In all cases,
the motion of the robot is polychaete-like and the gaits exhibit
the main characteristics identified in the equivalent simulation
studies of Section III-A.

Representative results from experiments over fine sand (mean
particle diameter 0.56 mm) are shown in Fig. 13, both in terms
of pictures of the traces left by the robot as it moves on the sand
(on the right) and in terms of trajectory plots generated from the
3-D localizer data (on the left). In Fig. 13(e) and (f), the robot
moves from left to right (along the direction of the body wave)
using the forward and turning gaits. The robot length in these
pictures can be used as an indication of the travelled distance;
this distance is shown explicitly on the links’ trajectory plots of
Fig. 13(a) and (b). Backward movement is obtained simply by
reversing the body wave direction, i.e., by inverting the sign of
@lag in (6). In Fig. 13(g), the robot rotates clockwise by more
than 7 rad using the in-place rotation gait [trajectory plot in
Fig. 13(c)]. In Fig. 13(h), the robot moves downward, laterally
to its longitudinal axis, using the parallel-parking gait [trajectory
plot in Fig. 13(d)].

Significant qualitative agreement can be observed between
the robot link trajectory plots from the experiments (Fig. 13) and
from the corresponding simulation results (Fig. 4). The sickle-
like trajectory of the links seen in the forward gait [Fig. 13(a)
and (e)] is similar to the one obtained in simulation [Fig. 4(a)].
In Fig. 13(e) and (f), the robot can be seen to dig a small
trench, as it propels itself forward, while, simultaneously, dis-
placing the sand (a form of burrowing). This is particularly
pronounced during the turning gait [Fig. 13(f)], where, as men-
tioned in Section III-A, the paths of distal links have a relative
offset [Fig. 13(b)]: the lower part of the trench seen in this pic-
ture is due to the tail link, while the upper part is due to the
head.

Estimates of the stride lengths ST, achieved by the robot dur-
ing the forward gait experiments, are obtained by analyzing the
associated trajectory data. The mean velocity for each experi-
ment is, subsequently, estimated as f .Sy , for the joint oscillation
frequency f used. The results, summarized in Fig. 14, indicate
that the robot achieves velocities in the range of 90—200 m/h,
and confirm the simulation results of Fig. 14 indicating that
higher velocities are associated with increased values for A and
f. Furthermore, it can be seen that the simulation-derived ve-
locities demonstrate close agreement with the experimentally
obtained ones.

Regarding the other three gaits investigated on fine sand, it
can be seen that they have been, in general, successfully imple-
mented, as the robot’s motions are qualitatively consistent with
the ones predicted through simulations [cf. Fig. 4(b)—(d)]. How-
ever, there was comparatively greater discrepancy in their im-
plementation, as the robot generally required a greater number
of undulation cycles to perform movements equivalent to what
the simulations predicted. This is exemplified by the turning
gait trajectories shown in Figs. 4(b) and 13(b), where it can be
seen that, in simulation, the mechanism requires 14 undulation
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Fig. 13.  Experimental results demonstrating polychaete-like undulatory gait
generation on fine sand by the 11-link prototype: (a—d) Representative link
trajectories, (e—h) Image stills. In all instances, the initial position of the robot is
along the z-axis. The forward gait results presented earlier, were obtained with
single-blade SCMs, while the rest involved multiblade SCMs.

cycles to perform an orientation change of about 45° (thus
yielding a turning performance of approximately 3.2° per
undulation cycle); by comparison, in the equivalent experiment,
the robot performs an orientation change of about 45° within
28 undulation cycles, hence exhibiting a turning performance
of 1.6° per undulation cycle. This results in a trajectory with a
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Fig. 14. Estimated velocities of the robotic prototype obtained from experi-
ments (solid lines), compared with simulation results (dashed lines).

significantly increased turning radius compared to the simula-
tion. Similar observations can be made for the in-place rotation
and the parallel-parking gaits.

These discrepancies could be attributed, in part, to the friction
model used in the simulations. Due to its simplified nature, it
cannot describe the whole range of complex phenomena and in-
teractions, tribological or otherwise (e.g., sand shifting or sand
compaction by the blades), which take place between the robot’s
segments and the highly unstructured granular substrates con-
sidered in this experimental study. Such interactions are particu-
larly prominent during the in-place rotation and parallel-parking
gaits. It is noteworthy that the implementation of these two gaits
in an aquatic environment, as reported in [16], is character-
ized by interactions with water of analogous complexity, which
restrict the ability of computational models based on simple re-
sistive friction forces (i.e., of a similar nature to the ones used
here) to accurately predict (on a quantitative basis) the motion
of the undulatory robot.

Another potential source for the discrepancies between the
experimental and the simulation results lies in the use of R/C
servo motors in the developed prototypes. Although this is a
simple solution, providing straightforward position control for
the joints’ rotary movements, these motors provide no posi-
tion feedback output; therefore, it is not possible to verify how
accurately the prescribed joint angle profiles, and, hence, the
prescribed body wave, are being reproduced in individual test
runs. This was evident, particularly when multiblade SCMs
were used, in experiments involving higher values for both A
and f where the actuators were reaching their output torque
limits, which typically led to the implementation of a body
wave with reduced amplitude (the joint oscillation frequency
was not significantly affected in these cases). The actuators
were also under increased stress during the implementation
of the more challenging in-place rotation and parallel-parking
gaits, where, as described previously, significant sand-shifting
occurs.

Despite these limitations, the overall results indicate that the
computational models used in this paper are able to capture ad-
equately the dominant characteristics of the robot’s interaction
with the environment and to predict the system’s motion.
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Fig. 15. Experimental results demonstrating polychaete-like undulatory gait
generation on coarse sand by the 11-link prototype equipped with single-blade
SCMs: (a—c) Representative trajectories of the mechanism’s tail link, (d—f)
Image stills. In all instances, the robot initially lies along the z-axis.

During experiments involving coarse sand and gravel (mean
particle diameters equal to 1.5 mm and 3.4 mm, respectively),
the main undulatory gaits have also been successfully generated,
although the increased complexity of the segments’ interaction
with these environments has further affected their implementa-
tion. Comparing the corresponding results in Figs. 15 and 16
with those of Fig. 13, reveals that, as the mean particle diameter
of the granular substrate increases from fine sand to gravel, the
accuracy with which the gaits are implemented and the repeata-
bility of the obtained movements both decline. This is evident
in, e.g., the forward gait trajectories, where the variance of the
movement stride, for different undulation cycles, even through-
out a single test run, is increasing as the substrate is changed
from fine sand, to coarse sand and gravel.

The tests carried out with the 11-link robotic prototype have
verified the viability of employing the polychaete-like locomo-
tion mode to generate a series of undulatory gaits over different
kinds of unstructured terrain, which is congruent with the loco-
motion abilities exhibited by its biological counterpart. Ideally,
such an undulatory prototype would allow the implementation
of both polychaete-like and eel-like undulatory modes, to en-
able the experimental comparative assessment of the two modes
by altering the orientation of the SCM units on the segments’
underside (i.e., mounted transversely or longitudinally with re-
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Fig. 16. Experimental results demonstrating polychaete-like undulatory gait
generation on gravel by the 11-link prototype equipped with single-blade SCMs:
(a—c) Representative trajectories of the mechanism’s tail link, (d—f) Image stills.
In all instances, the robot initially lies along the z-axis.

spect to the segment axis). However, the friction differential of
the current SCM designs is rather small, so that the longitudinal
mounting of the single-blade SCM units yields an pr /py ra-
tio of about 0.73/0.88 ~ 1/1.2 for the robot’s segments. This,
according to the simulation results of Section III-B (Coulomb
friction), is not expected to suffice for generating eel-like undu-
latory locomotion. Experiments with the aforementioned con-
figuration of the mechanism verified this prediction of the com-
putational models, as the robot still moved in polychaete-like
mode (i.e., along the body wave direction), albeit at a reduced
speed, compared to when the SCMs were mounted transversely
with respect to the segments. Apart from providing further val-
idation for the computational models employed to analyze the
behavior of the system, these findings highlight that alterna-
tive SCM designs, characterized by a higher friction differen-
tial, are required to explore experimentally both eel-like and
polychaete-like undulatory modes over unstructured substrates.
For motion over smooth hard surfaces, the use of wheels (as
in “classical” undulatory locomotors) provides such a friction
differential. We have, in fact, been able to generate both eel-
like and polychaete-like gaits with the undulatory prototype
of [8], by the longitudinal and transversal, respectively, mount-
ing of wheel modules on the underside of the mechanism’s
segments.
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Finally, it is worth mentioning that the experimental find-
ings of this paper, most notably the generation of undulatory
gaits by tail-to-head body waves and the close agreement of
experimental and simulation results, were replicated also with
a different robot morphology, namely that of the five-segment
pedundulatory prototype of [18].

VII. CONCLUSION

This paper initiates the study of a class of biomimetic robots,
which are inspired from the morphology and locomotion of the
polychaete annelid worms. The paper focuses on one aspect of
such robots, namely the study, both experimental and in simula-
tion, of the locomotion on sand by tail-to-head body undulations.
To the best of the authors’ knowledge, this is the first work on
undulatory robotic locomotion, which demonstrates propulsion
and motion control on granular substrates, without the help of
wheels or tracks, and considers this novel tail-to-head undula-
tory mode [17].

Apart from the results presented here, evidence was obtained,
during these experiments, that this mode of robotic locomotion
performs well on different types of sand, and over a wide range
of robot sizes, from the ones presented here to robots whose size
is one order of magnitude less [26].

Future work will explore further this mode of locomotion on
additional unstructured substrates (e.g., mud), the engineering
of more effective ways for the frictional interaction with the
environment, the coupling of body undulations with parapodia
[18], and the use of sensory information in closed-loop motion
control schemes [7], [8].
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