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Abstract— Snake robots have the potential to locomote
through tightly packed spaces, but turning effectively within
unmodelled and unsensed environments remains challenging.
Inspired by a behavior observed in the tiny nematode worm C.
elegans, we propose a novel in-place turning gait for elongated
limbless robots. To simplify the control of the robots’ many in-
ternal degrees-of-freedom, we introduce a biologically-inspired
template in which two co-planar traveling waves are superposed
to produce an in-plane turning motion, the omega turn. The
omega turn gait arises from modulating the wavelengths and
amplitudes of the two traveling waves. We experimentally test
the omega turn on a snake robot, and show that this turning
gait outperforms previous turning gaits: it results in a larger
angular displacement and a smaller area swept by the body
over a gait cycle, allowing the robot to turn in highly confined
spaces.

I. INTRODUCTION

Snake robots are capable of maneuvering through tightly
packed and confined spaces, making them appealing for
use in search and rescue or industrial maintenance [1]-
[3]. Due to their unconventional mode of locomotion, body
undulation, much research on snake robot locomotion has
focused on designing cyclic motions (gaits) and managing
the interactions with the surrounding environment [4]-[6].
Most often, planar locomotory behaviors have been achieved
by varying joint angles according to a traveling wave, and
most prior work has focused on forward motion. In this
paper, we consider turning gaits, as we believe the ability to
reorient plays a critical role in agile snake robot locomotion,
especially in complex, cluttered, unstructured and highly
damped environments which constrain maneuverability.

Hirose [7] first introduced a turning behavior for snake
robots by augmenting body waves with a constant offset
in curvature. By regulating this constant offset, the robot
was able to steer, a method we refer to as “offset turning.”
Subsequent work demonstrated the effectiveness of the offset
turn in two-dimensional snake robot locomotion problems
[8]. Dai et al. [9] used techniques from geometric mechanics,
the application of differential geometry to rigid body motion,
to design a gait that enables in-place turning, a method we
refer to as a “geometric turn.” Both of these in-plane turning
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(a)

Fig. 1: In this work we present a biologically-inspired turning gait to
enable a snake robot to reorient in confined spaces. (a) The omega
(€2) shaped turning behavior of the nematode worm C. elegans. (b)
The omega turn executed with a snake robot.

behaviors are achieved by propagating a single traveling
wave along the body of the robot and modulating the
parameters of the traveling wave [10]. To gain a richer
set of behaviors, we propose to move beyond the single-
wave template while maintaining a low-dimensional means
of coordinating the many joints on the body.

We turn to biology to find examples of effective turning
behaviors. The gait presented in this paper is inspired by
a motion commonly found in Caenorhabditis elegans, a
millimeter-scale nematode worm often used as a model
organism [11], [12]. Within the literature, the turning motion
is called an omega turn because during the course of turning
the anterior end of the body (head) sweeps near the posterior
end of the body (tail), inscribing an “Omega” (£2) shape
(Fig. 1a).

Stephens et al. [12] showed that the postures of C. elegans
locomoting on agar can be described with four total principal
components (PCs). The first three PCs corresponded to for-
ward motion (PC 1 and 2) and turning (PC 3). Interestingly,
the forward motion PCs and turning PC were found to have
different spatial wavelengths. Inspired by this finding, we
develop a template in which the snake robot’s joint angles
follow a superposition of two coplanar traveling waves with
different wavelengths. The two wave components can be de-
fined in terms of their resulting motions when isolated from
each other. The first wave results in forward motion, and is
of the same form as previously proposed planar undulatory
motions [13]. The second wave causes the “omega” shape
on the robot’s backbone and, when combined properly with
the first wave, results in in-place turning.

The main contribution of this paper is to take recourse to
tools found in geometric mechanics to determine the optimal
parameter selection in the omega turn gait template to max-

978-1-7281-6212-6/20/$31.00 ©2020 IEEE 7766

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on June 29,2021 at 03:35:41 UTC from IEEE Xplore. Restrictions apply.



imize turning displacement on the robot. Then, we compare
the performance of the gait through numerical simulations
and robot experiments (Fig. 1b). We also compare the omega
turn gait with turning gaits from prior work [7], [9]. Our
experiments quantitatively demonstrate the benefits of using
this method of turning over the others: it creates a larger
angular displacement per gait cycle than is possible with
previous methods, and it sweeps a smaller area, allowing it
to be effective in confined or obstacle-dense spaces.

We note that at this point, it is no longer entirely accurate
to call our robot a “snake” given that its behavior is inspired
by nematodes. However, we will continue to follow the
historical precedent of denoting these elongated mechanisms
as snake robots.

II. RELATED WORK
A. Offset turn

A common form of locomotion displayed by biological
snakes and reproduced by snake robots is lateral undulation,
a planar motion characterized by a travelling wave moving
along the backbone. A mathematical description of this
motion is known as the serpenoid curve [7], in which the
system’s (snake or snake robot) joints follow a traveling
wave,

9,(t) = Asin <27rwt n 27T/€]i/v) t K, (1)

where ¢ is the index of the joint, N the total number of
joints, 6; the ith joint angle, A the wave amplitude, and
t the time. w is the temporal frequency, which determines
how fast the wave propagates along the backbone. k is the
spatial frequency, which determines the wavelength of the
serpentine shape on the robot’s backbone.

The parameter x in (1) governs the locomotion direction
in the undulation gait: forward motion occurs when & is zero,
and a combination of forward and turning, the offset turn,
occurs when & is non-zero. The offset turn is used widely in
snake robot implementations since it can be easily achieved
using the undulation gait template [14].

B. Geometric turn

An engineered (not biologically-inspired) but surprisingly
effective turning gait for snake robots was discovered by
Dai et al. using tools from geometric mechanics [9]. The
geometric mechanics framework divides the system’s con-
figuration space into the position space and the shape space:
the position space contains the world-frame position and
orientation of the system, and the shape space contains the
internal configuration (shape) of the system [15]. Within this
framework, the serpenoid curve was described as a weighted
sum of sine and cosine modes,

0; = [sin(QWk%) cos(2mk4)] [r1 TQ]T ()
where 7 serves as shape space parameters that describe the
amplitude and phase of the wave in (1). k, ¢, and N keep
the same definitions with those in (1) [16]. Given this shape
parameterization and an environment interaction model, a
local connection A(r) can be constructed to map the changes
in shape parameters to changes in body position by

§=A(r)r, 3)

where & = [& &, €] denotes the forward, lateral, and
rotational body velocities. The local connection matrix, A,
can be numerically derived by force and torque balances in
overdamped environments, such as Coulomb friction envi-
ronments. Prior work [17] showed that numerically derived
local connections using kinetic Coulomb friction can accu-
rately model motion on flat hard ground.

Each row of the local connection A corresponds to a body
velocity component. Given the local connection evaluated at
discrete location in the shape space, the collection of each
row of the local connections forms a connection vector field
over the target shape space. Thus each of the body velocities
can be computed as the dot product of the corresponding
connection vector field and the shape velocity 7. Further-
more, a periodic gait can be represented as a closed path in
the shape space. The displacement resulting from a gait, Jx,
can be approximated by

Az

Ayl =

A6 ox
According to Stokes’ Theorem, the line integral along a
closed path Oy is equal to the surface integral of the curl
of A(r) over the surface enclosed by Ox:

A(r)dr = // V x A(r)dridrs, %)
ox X

where x is the surface enclosed by Jx. The curl of the
connection vector field, V x A(r), is referred to as the height
function. The three rows of the vector field A(r) can thus
produce three height functions in the forward, lateral and
rotational direction, respectively.

By experimentally determining the local connections over
the whole shape space, Dai et al. [9] used the height function
in the rotational direction to identify a turning gait which
produced maximum turning displacement per gait cycle
under this single-wave template. We refer to this turning
method as the “geometric turn.”

A(r)dr. 4)

III. THE TWO-WAVE GAIT FAMILY AND OMEGA TURNS
A. Turning behavior in C. elegans

While thought of as simple organism, C. elegans exhibits
behaviors and performances in complex environments not
seen in robots. One of these behaviors is the worm’s turning
strategy, known as omega (£2) turns [11]. These worms gen-
erate a high curvature bend such that the head touches body
and outlines an omega ({2) shape, allowing the worms to
turn in place. The worms were observed to use omega turns
to explore unknown environments, avoid navigational bias,
and to escape painful external stimuli [19]-[21]. Note that
the omega turn can produce effective turning performance
in a variety of environments with different drag anisotropy.
These turns are advantageous when navigating and traversing
complex heterogeneous terrain that the worms encounter
throughout their lifetime. Stephens et al. [12] showed that the
C. elegans kinematics during free crawling can be described
with more than two principal components. Two principal
components are observed to characterize a traveling wave for
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Fig. 2: The height functions on three 2-dimensional sub-shape spaces. (top) The height function and (bott(grr)l) self-collision region on the
shape space (a) {[17 Ay],7r € ST, Ay € R'} (b) {[1x A¢], 7 € S*, As € R'} (¢) {[rf 7], 7y € S*, 7 € S'}. The red and black colors
represent the positive and negative values of the height function on the top figures. The black regions in the bottom figures represents
the shapes that lead to self-collision. The blue curve shows the gait paths fi, f2 and fs3, designed to maximize the surface integral while
not passing through the collision regions. The surface integrals in (a) and (b) is the integral of surface enclosed by the gait path and the
dashed line; in (c) is the integral of surface enclosed in the lower right corner (shadow by solid line) minus the surface enclosed in the

upper left corner (shadow by dashed line) [18].

the forward motion. Surprisingly, another principal compo-
nent is observed to drive the turning motion. This suggests
that a single traveling sinusoidal wave is not sufficient to
describe turning behaviors. Based on this observation, and
our further examination of the motions of C. elegans, we
propose that omega turns can be represented by two planar
sinusoidal waves with different spatial frequencies. This is
a higher-dimensional gait representation than those in most
prior snake robot gaits, but remains structured and low-
dimensional while enabling a richer set of behaviors.

B. A family of two-wave turning gaits

Inspired by the body waves on the C. elegans, in this
section we describe a template for a family of in-plane
turning gaits. The template is a superposition of two coplanar
traveling sinusoidal waves: a forward wave and a turning
wave, with joint angles prescribed by

Bi(t) —As(t) sin (mt N mf’) N
N
Z. (6)
Ay (t) sin (27rwt + 27rktN + ¢) ’

where w, i, t, and N keep the same definitions as in (1). ky,
Ay (t) are the spatial frequency and time-varying amplitude
of the forward wave. k;, A;(t) are the spatial frequency and
amplitude of the turning wave. v is the phase offset between
the two waves. Note that when k; = 0, (6) becomes

0;(t) = As(t)sin (27th + 27ky Jif) +k(t), ()

where k(t) = A¢(t) sin (2rwt + 1). The offset turn (1) can
therefore be considered a special case of the two-wave gait
family. Additionally, when k; = k¢, (6) can be rewritten,

0;(t) = r1(t) sin <27rkf]i[) + 72(t) cos <Q7rkf]i[), (8)

where 71(t) = Af(t)cos (2nwt) + Ai(t) cos (2wt + 1)
and 7o(t) = Ay(t)sin (2nwt) + A.(f) sin (2wt + ). (8)

is equivalent to the geometric turn as in (2), therefore the
geometric turn is also a special case of the two-wave gait
family.

C. The omega turn gait

So far, we have noted that the turning motion of C. elegans
can be described by a superposition of two traveling waves,
and found that the two-wave turning template in (6) contains
two previous turning methods. However, these facts do not
inform us what values of wave parameters to use, or how to
synchronize the two waves for our given robot, which has a
different geometry and environment interaction model than
the nematode worm.

We turn to geometric tools to optimize turning displace-
ment per gait cycle subject to self-collision avoidance for
our robot model. For the remainder of this work, we fix the
spatial frequency of the forward wave at ky = 1.5 to keep
consistent with the forward wave observed in worms, and
study turning gaits within the two-wave family.

We apply the hierarchical geometric framework [22] to
optimize omega turn gaits. Specifically, we construct a four-
dimensional shape space [Af,7s, Ay, 74]7, such that

0; = Assin <7'f + 27rk:f]i[> + A; sin (Tt + Zﬂkt]if)

The gait path in the shape space can then be described as:
fit— [Af,Tf,At,Tt]T,t € St

Some internal shapes lead to self-collision, which we dis-
allow in our robot implementation. We construct a collision
map on the shape space and add the constraints that the gait
path of f cannot pass through the self-collision region.

Note that 7; and 7; are cyclic. In this way, we can simplify
the gait path in the four-dimensional shape space to three
simple functions in the two-dimensional sub-shape spaces
22]: fi : 7f = Af, fo 1 = Ay, and fs 0oTp = T
(f5 LT 7¢). Given any two simple functions, we can
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reduce the shape space dimension to two. For example, given
f1, and f3, (9) becomes

0; =f1 o f5 () sin (fg,_l(n) + 27rkfz)
N

) (10)

+ Ay sin <7’t + 27T]€t;\7,> =0;(As, 7).

Given (10), we can reduce the original shape space to
{[r+ As], 7+ € S, A; € R'}, from which we can numerically
calculate the height function to optimize for fo. Similarly,
given fi and fo, the height functions on {[r; m],7f €
St € Sl} can be numerically calculated; given fy and
5 the height functions on {[r; As],7; € S1, Ay € R'} can
be numerically calculated. In the optimization, we iteratively
optimize the three simple functions f7, f2 and f3 until a local
maximum in turning angle per gait cycle is reached.
For computational simplicity, we reduce the search space
of f1, fo and f3 by prescribing the functions below:
frimpe Ap, Ap = agp(y +sin (77 + ¢p)),
f2 LTy At7At = at(l + sin (Tt + ¢t))
fa:me—= 78,7 =T+,
The converged height functions and gait paths are shown
in Fig. 2. It may be possible to obtain slightly higher
performing gaits by using more complex functions to de-
scribe the trajectory through shape space, e.g. as in [23].
However, simpler functions of paths through the shape space
are correspondingly easier to optimize and execute on the
robot, while still nearing the performance from such complex
functions.

Y

IV. EXPERIMENTS

We tested the omega turn gait in both a simple numerical
simulation and on a physical snake robot. To compare the
performance of the omega turn with other spatial frequencies
within the two-wave template, we tested a series of gaits with
varying k: € [0, 1.5], including the offset turn (k; = 0) and
the geometric turn (k; = 1.5).
A. Numerical simulation

We performed a numerical simulation to predict turning
performance for a given set of wave parameters. Assum-
ing quasi-static motion, the trajectory of the robot can be
determined by integrating the ordinary differential equation
throughout one period [16]. The angular displacement can
thus be determined over one gait cycle. The results are shown
in Section V.
B. Snake robot experiment

We carried out experiments with a snake robot composed
of sixteen identical actuated joints. The joints are arranged
such that the axes of rotation of neighboring modules are
torsionally rotated 90° relative to each other. A low-level
PID controller embedded in each joint of the robot controls
the actuators to follow the joint angle set points. Since the
turning gaits presented here are two-dimensional, i.e., the
motion of the robot is planar, only half of the joints were
controlled following (6), while every other joint angle was
set to zero.

Experiments were conducted on flat, smooth, hard ground
and in a two-dimensional artificial indoor obstacle-rich peg
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Fig. 3: Time evolution of the angular displacement in the simulation
and the robot experiments during an omega turn. Each point
represents the average over three trials, and the error bars indicate
the standard deviation. A sequence of video frames of the robot
depicts the time evolution of the robot’s body shape in 10 seconds.
board environment. We assume the ground reaction forces
are given by kinetic Coulomb friction [17]. For each gait
parameter setting tested, we conducted three trials. In each
trial, we commanded the snake robot to execute three gait
cycles. We tracked the motion of the snake robot via eight
reflective markers affixed along the backbone of the robot
and an OptiTrack motion capture system.

V. RESULTS
A. Simulation-experiment comparison during an omega turn

We found that a turning wave spatial frequency of k; = 1.0
enabled the snake robot to turn most effectively. Therefore
we refer to the two-wave gait with k&, = 1.0 as the omega
turn, although other gaits with similar parameters result in
similar body shapes. We measured the rotation angle of the
snake robot during a complete gait cycle using the positions
tracked by the motion capture system, and compare them to
the trajectory found in the numerical simulation. We observe
close agreement between the simulation and the experimental
results, as shown in Fig. 3. There, a sequence of video frames
depicts the time evolution of the robot’s body shape. During
the progression of an omega turn, the body first folds so that
the anterior end of the body comes close to the posterior end
of the body to form an omega (£2) shape, and then unfolds to
complete the turn. A visual comparison between the omega
turning behavior of C. elegans and the omega turning motion
of the snake robot can be found in the supplementary video.

B. Turning speed

Next, we compared the turning speed of the omega turn
gait with other gaits in the two-wave gait family defined by
(6). With fixed temporal frequency w = 2.5, we tested a
range of gaits by sampling the spatial frequency of the turn-
ing wave k; from [0, 1.5] with a 0.25 stride, and conducted
three trials for each gait. Notice that the gait with k; = 0 is
the offset turn, k; = 1.0 is the omega turn, and k; = 1.5 is
the geometric turn. Fig. 4 shows the results of the angular
displacement per gait cycle for each gait. The simulation and
experiment results share similar trends, in which the omega
turn outperforms other gaits in the turning gait family. The
average angular displacement of the omega turn is 105.7° +
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Fig. 4: The angular displacement for the turning gaits over a
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angular displacement both in simulation and reality.
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Fig. 5: The area swept by the body for the turning gaits with varied
turning wave spatial frequency k;. The results are normalized by the
robot body length squared (BL?). Error bars indicate the standard
deviation. The time evolution of robot’s configurations executing
the designed gaits over a period are shown in the red dashed boxes,
where the gait fraction is indicated by colors from the beginning
(blue) to the end (red). The geometric turn has the lowest swept
area due to the fact that its net rotation is also low. The omega
turn has the smallest swept area per degree angular displacement
achieved over the cycle.

2.1°, while the average angular displacement of the offset
turn and the geometric turn are 61.6° + 8.4° and 9.0° +
5.7°, respectively. The larger angular displacement per gait
cycle implies that the omega turn is a more efficient turning
strategy on flat ground. Examples of the experiments can be
found in the supplementary video.

Note that the offset turn we tested in these comparisons
was optimized with a time-variant offset as per (7). The
optimized time-varying offset turn consistently outperformed
the constant offset turn, and so the latter was not included
in our comparisons.

C. Area swept by the body

To evaluate the potential effectiveness of these turning
gaits within confined spaces, we compared the body swept
area per gait cycle. The body swept areas were obtained by
computing the convex hull of all points the tracked positions
on the robot passed through over the course of a cycle. These
areas were averaged over three trials, and normalized by the
body length squared (BL?). Fig. 5 depicts the body swept
areas for the gaits tested. The body swept area for the omega
turn is 0.25 £ 0.01 BL2, while the body sweeping area for
the offset turn is 0.46 4 0.02 BL2. As we have showed in
Section V-B, turning gaits with k; = 1.25 and k; = 1.5
(the geometric turn) are the least effective on flat ground.

Fig. 6: A sequence of video frames of the robot executing omega
turns in a randomly arranged planar peg board. The omega turn
produced 51.3° angular displacement per gait cycle on the robot
on average. Here time ¢ is measured in terms of complete gait
cycle period T'.

The swept areas for these settings are small because they
did not generate as much turning motion on the robot. The
omega turn has the smallest swept area per degree angular
displacement achieved over the cycle. Smaller swept areas
imply that the omega turn reduces the possibility of the robot
colliding with obstacles, potentially allowing the robot to turn
in narrower spaces.

D. Experiments in a confined space

To test the potential effectiveness of omega turning gaits
within confined environments, we performed the omega turn,
geometric turn, and offset turn gaits in a two-dimensional
artificial indoor obstacle-rich environment, a randomly ar-
ranged peg board. The controls in these experiments are
open-loop; no feedback control policy is applied.

The omega turn gaits exhibit effective turning behaviors
in the planar peg board. An example of successful omega
turning motions on the peg board is shown in Fig. 6.
The robot was able to generate 51.3° £ 27.3° angular
displacement per gait cycle on average over three trials.
Note that the turning performance is highly dependent on the
distribution of the obstacles, therefore the standard deviation
of the turning angle is relatively large. The offset turn
and the geometric turn gaits performed poorly, generating
far less turning motion within the pegs, 8.6° & 5.1° and
4.7°+3.2° angular displacement per gait cycle, respectively.
A comparison video of three gaits in the same environment
can be found in the supplementary video. These preliminary
test shows that the omega turn is the most promising among
the tested turning gaits within confined spaces.

VI. DISCUSSION

With the help of the geometric mechanics gait optimiza-
tion framework, we were able to design gaits for limbless
elongated mechanisms based on the motions of the nema-
tode worm using the proposed two-wave template. We can
qualitatively decompose the optimal omega turn into three
stages:

1) Enter the turning mode by decreasing the amplitude of
the forward wave and increasing the amplitude of the
turning wave.

2) Execute turning by reversing the direction of the for-
ward wave (negative amplitude) and further increasing
the amplitude of the turning wave.

3) Exit the turning mode by increasing the amplitude of
the forward wave and decreasing the amplitude of the
turning wave.
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VII. CONCLUSION

In this paper, we presented a novel biologically-inspired
turning strategy for snake robots, based on the omega turns
observed in the tiny nematode worm C. elegans. We found
through simulation and robot experiments that the omega
turn strategy allows the robot to turn effectively within a
small area. The small area swept by the body may reduce
the possibility of colliding with obstacles in heterogeneous
environments. Therefore, our turning strategy offers promise
for snake robots locomoting in complex, confined and highly
damped environments.

We found that the performance of the geometric turn on
the flat ground is worse than its performance in granular
media reported by [9]. While we have not yet conducted
a full analysis of the various turning gaits in different
environments, our initial observations of the omega turn in
granular media indicate that it may perform comparably to
the geometric turn. This suggests that the geometric turn is
not as robust to different environment types as the omega
turn. One direction for our future work is thus in testing these
gaits in different environments, including granular media
and unstructured/confined spaces. Similarly, we may perform
experiments on the C. elegans to measure the impact that
different environments have on their turning strategies.

Our new two-wave gait template is a superposition of two
traveling sinusoidal waves in the same plane, in contrast
to the existing single-wave planar template. One drawback
to this approach is that there are additional parameters in
the template, making it more difficult to optimize, plan, and
control these gaits. However, we believe that the significant
performance gains are worth the few additional parameters.
A continued avenue for our research is to study the trade-off
between the performance of the agile snake robot motion and
the dimensionality of the motion templates. Further, we plan
to move beyond open-loop gaits to integrate the two-wave
template into reactive control strategies [4], [6].

Our prior work on snake robots has drawn biological inspi-
ration primarily from biological snakes. This work suggests
that other organisms with elongated body structures may pro-
vide valuable insights. Many animals with different anatomy,
morphology, and physiology rely on undulatory locomotion
to traverse myriad environments [24]. While undulatory loco-
motion is a relatively simple form of locomotion, its presence
across scales is indicative that it is remarkably robust. Using
limbless robots, we can test biologically-inspired templates
and gain gain insight on control strategies used by undulators
across scales. Perhaps robots of the future may draw the best
properties from all limbless locomotors.
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