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Abstract

This study analyses and simulates a snake robot’s locomotion in complex environ-
ments, exploring the impact of serpentine gait parameters like magnitude, shape,

and curvature on its motion in linear and circular gaits.

The research reveals

how small errors in the approximation process can accumulate, significantly af-
fecting the robot’s path. Ninety-six scenarios are tested to validate the model
and demonstrate that CoppeliaSim'’s simulations closely match Maple’s numerical
simulations, especially for longer snakes. The study highlights the minimal role
of wheel positions in altering the trajectory and underscores the significance of
design parameters and friction in the robot's motion. This comprehensive analysis
enhances our understanding of snake robot locomotion and informs their develop-

ment for diverse applications.
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1 Introduction

Bio-inspired robotics has been a viral topic in the field
of robotics for the past few decades, drawing inspi-
ration from the remarkable world of biological sys-
tems. The pioneering work of zoologist J. Gray in
1946 (13), who studied the locomotion mechanisms of
snakes, marked the early exploration of this domain.
Subsequently, in 1971, Hirose initiated bio-mechanical
studies involving real snakes and the development of
snake-like robots (17). Since then, numerous snake-
like robots have been designed and constructed, re-
flecting the enduring fascination with this bio-inspired
approach (36; 95 115 25; 21).

The fascination in bio-inspired robotics is justifiable,
given that animals have undergone millennia of evolu-
tion to optimize their daily activities. The remarkable
abilities exhibited by many of these animals serve as a
rich source of inspiration for advancements in robotics.
Notably, snake-like robots have emerged as a distin-
guished class of bio-inspired robots, renowned for their
unique locomotion capabilities.

Unlike traditional robots that predominantly rely on
wheels and legs for mobility, snake-like robots present
an intriguing alternative. These robots are designed to
mimic snakes locomotion, a promising area of research
that offers several distinct advantages, including supe-
rior stability and terrain adaptability when compared
to traditional wheeled and legged robots.

Snakes, due to their flexible gaits, exhibit remark-
able ability to navigate diverse environments. These
creatures can gracefully traverse not only solid surfaces

but also maneuver through mud, water, grassy terrains,
sandy landscapes, and various other environmental ir-
regularities. Such unique capabilities have fueled active
research aimed at emulating the biological locomotion
of snakes in the development of robots (1).

Snake-like robots can be used in numerous appli-
cations, for instance, to explore challenging terrains
or find missing people in disastrous situations such as
earthquakes, fire sites, pipe inspections (5; 22; 38). Ad-
ditionally, they have proven valuable in airplane fuel
tank inspections (26). They have also been employed in
the medical field for minimally invasive surgeries (23).

This paper addresses the challenge of controlling a
snake-like robot, focusing on its motion along straight
lines and curvatures with a constant radius. Essen-
tially, any trajectory can be regarded as a synthesis of
straight lines and curves with varying radii.

The mathematical analysis of the snake robot’s ser-
pentine motion on level ground with no-slip conditions
is presented, based on geometrical algebra. The re-
sulting gaits are then compared with simulations in
CoppeliaSim, providing insights into the influence of
parameters such as magnitude, shape, and curvature
on its motion in linear and circular paths. Moreover,
specific attention is given to understanding the impact
of these parameters on the initial slip that occurs at the
very beginning of the robot motion leaving the singular
position qq.
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2 Biology of Snakes

The most common locomotion strategy employed by
biological snakes relies mostly on interactions with ob-
stacles present in the surrounding environment. As
the snake’s body undergoes lateral bends along its
backbone, these bends can leverage obstacles to pro-
pel the snake forward (12). However, when obstacles
are absent in the environment, the efficient propulsion
through lateral undulation depends on the interactions
between the snake‘s scales and the surface irregulari-
ties of the terrain’s surface (19). Therefore, the fric-
tional anisotropy created by the directional arrange-
ment of scales on snake skin becomes crucial for pro-
pelling snakes across flat, hard surfaces. Branyan et al.
(5) have demonstrated methods to enhance a robot’s
locomotion capabilities when implementing a lateral
undulation gait by tuning the robot’s skin design and
fabrication.

While many robot models incorporate side wheels
to provide essential lateral resistance for effective un-
dulation (30; ; 16; 21), this approach limits the
traversable terrain to hard and flat surfaces. Our inter-
est lies in analysing the movement rather than testing
it across diverse terrains; hence, we opt for a model de-
pendent on side wheels as well to simplify calculations.
This choice allows us to focus on understanding and
simulating snake-like motion with an emphasis on the
impact of different parameters on lateral undulation.

3 Spectrum of Snake-Like Robot Locomo-
tion

Several gaits of snake-like robots, such as the ser-
pentine gait, side-winding gait, sinus-lift gait, rolling
gait, rectilinear, etc., have been extensively studied
(165 65 33; 23; 7; 35; 24). Among these gaits, the ser-
pentine gait stands out as the most common form of
locomotion, observed not only in terrestrial reptiles but
also in numerous aquatic species, including almost all
types of fish (18) and aquatic animals.

3.1 Serpentine Gait

The study of the serpentine gait can be broadly cate-
gorised into two classes: one based on the sinusoidal
curve and the other on the central pattern genera-
tor (CPG). The sinusoidal curve-based approach, pi-
oneered by Hirose in his study on biologically inspired
robots (16), involves approximating the serpentine lo-
comotion curvature of snakes using a sinusoidal curve.
Hirose introduced the concept of the ”serpenoid” curve,
drawing inspiration from bionics. Various mathemat-
ical functions have been proposed to define the ser-
penoid curve (34; 31; 17). According to Prautsch et al.
(31), the continuous serpenoid curve can be described
as follows:

x(s) = /OS cos(a cos(br) + 1) dr,
s (1)
y(s) = /0 sin(a cos(br) + c1) dr.

The serpenoid parameters a, b, and ¢, intrinsic to the
properties of snake robot locomotion, define the wave
shape and can be manipulated to control the snake’s
motion. Specifically, parameter a represents undula-
tion, b represents the number of periods, and ¢ influ-
ences the curl of the curve.

Alternatively, the serpentine gait can be generated
using the CPG method. Ijspeert and Crespi applied
the CPG to control snake robots and optimized CPG
parameters (10). A limitation of the sinusoidal gait is
that the amplitude and the frequency are fixed and can-
not correspond to the changing environment. In con-
trast, the CPG-based gait allows for oscillation modifi-
cation through sensory feedback, enabling adaptation
to varying environments (37).

Specifically, the CPG can couple the dynamics of
robots, making the feedback controller more effective
and robust (39; 8).

In the work by Guo, Ma, Li, and Fang (14), a novel
serpentine gait generation method for snake-like robots
based on geometric mechanics has been introduced.
Notably, this proposed method offers greater flexibility
by not restricting the gait to a sinusoidal signal.

3.2 Gait Pattern Constraints

In essence, both the sinusoidal curve-based gait and the
CPG-based gait assume that the joint angles of snake-
like robots follow signals from the sinusoidal family,
thereby restricting the gait pattern (14). However, the
most efficient serpentine gaits may not necessarily ad-
here to sinusoidal signals. Intuitively, effective serpen-
tine gaits should manifest as different periodic signals
tailored to diverse net locomotion requirements, rather
than strictly conforming to sinusoidal family signals
(14).

A snake-like robot can be viewed as a multibody sys-
tem with non-holonomic constraints, which can be con-
trolled by feeding sinusoidal signals to the joint angles,
though it is not exclusively limited to this method. The
geometric mechanics introduced by Poincaré, Arnold,
and Marsden offer a descriptive framework for the ge-
ometric structure of locomotion (8). From a geometric
perspective, the configuration of the snake-like robot
can be seen as a principal fiber bundle, in which the
base manifold is the joint angles space, and the fiber
manifold is the net locomotion. Building upon this in-
sight, Boyer et al. developed a suite of generic tools for
studying bioinspired locomotion in robotics (4; 2; 3).
In this paper, we follow a similar approach, where the
configuration of the snake-like robot has the only per-
mitted locomotion manifold restricted by Pfaffian con-
strains acting on all wheels.
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Figure 1: Illustration of the 7-link Snake-like Robot in
CoppeliaSim.

4 Mathematical Modeling of a Multi-Link
Snake-Like Robot

The mathematical model of our 7-link kinematic snake
comprises seven solid blocks, each actuated by servo-
motors. This representation, depicted in Fig. 1, serves
as an approximation to real-life snakes.

All links share the same parameters, that is, the
same servo motors, same dimensions, and same po-
sitioning of the wheels in each block. To explore the
effects of changing the wheel position, we conduct all
experiments with two settings: one where the wheel
is placed in the middle to ensure static balance of the
blocks, and another setting where it is positioned at an
arbitrary point offset from the midpoint. For instance,
we choose for the latter configuration to be positioned
at the golden ratio, where the distance from the front
side to the wheel, denoted as L;, measures 0.062 m,
while the distance from the wheel to the other end, Lo,
is 0.038 m.

Head (:E(), yo)

Figure 2: The schematic representation of the 7-link
snake, illustrating the nine general coordinates.

The snake is represented by nine general coordinates,
namely ¢ = o,%0,0, ¢1, ¢2, ¢3, P4, ¢5,ps. Where the
first three coordinates form the configuration vector
w = (20, %0,0)T, determine the snake-head’s position.
And the remaining six coordinates form the shape vari-
ables ¢ := (¢1, P2, B3, 4, b5, d)T, which describe the
relative angular displacement between each two succes-
sive links. Given that the global angular displacement
for each link, designated by «;, accumulates through
the previous links, it can be described as a; 11 = a;+¢;.

Notably, the initial global displacement o corresponds
solely to the head’s orientation, 6.

5 Geometric Algebra Approach

To derive the kinematic description of the 7-link
Snake-Like robot, let (x;, y;) : i = 1, 2, ..., 7 denote the
coordinates of the wheels, respectively. Considering that
the length of each link is much greater than its width,
the latter can be neglected. The positions of the wheels
can then be expressed as:

x; = xi—1+L1. cos(a;)+La. cos(ay) i =1,2,....,6,
(2)
3)
The velocity vector of each wheel, v; = (&;,9;), is

derived by differentiating the position of the wheel with

respect to time. The normal vector at each wheel may
be described by global displacements as:

Li=1,2,

(=]

Yi = yi—1+ L1.sin(a;) + La. sin(ay;)

n; := (—sin(ay), cos(a;)).

(4)

For simplicity, we do not impose any limitations on
the friction forces acting on the snake’s wheels, which
is not guaranteed in reality since side-way slipping may
occur when contact surfaces can not endure the applied
friction force.

The nonholonomic constraint of the nonslip assump-
tion asserts that the only admissible direction of the
velocity vector is parallel to the corresponding link
wheels, due to the assumption that the wheels do not
slip nor rotate. Thus, the dot product of n;, v; will be
Zero:

(5)

This results in a system of seven differential equations
for nine unknowns. From these equations (5), we can
derive the constraint matrix (Pfaffian matrix) A(g),
and the kinematic system is described as:

—sin(«;) - ; + cos(ay) - g; = 0.

A(q) - ¢=0. (6)
Further splitting the matrix A with respect to the first
three columns, denoted as B(g), and the remaining
six columns as C(q), the dynamical system can be ex-
pressed as:

e
o 22 0
Blg)- | 90 |+Cla)- df’ =0 (7)
0 D4 0
s 0
o6 0

Since we are interested in controlling the configuration
vector w, we write the system in the following way:
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o
io 02
W | =B —Clg)- j (8)
o) -

¢§5

o6

Provided that the generalised inverse, pseudo-
inverse, of B is well defined, which holds true since
B can be considered as a linear operator between
two Hilbert spaces B : w — —C¢ (15). There-
fore, B~1(q) - —C(q) is the controlling matrix for
w = (z,y,0). By extending this matrix with the
unitary matrix I(6 x 6), we get the control matrix G:

G ( B~(q) - —C(q) )

9
Is.6 ©)
and the whole system can be concisely written as:

S

b

. ?3

—g-| ¢

q s

b5

b6

(10)

6 Numerical Simulation

In the context of the system described by eq. (10), the
gait is achieved by multiplying the control matrix G
by the controlling angular velocities ¢. The matrix G
defines the tangent space in which the snake is allowed
to move depending on the current position of all nine
global coordinates q. The control input depends on (;.31,
$, and so forth.

To simulate the snake’s movement, we perform re-
current numerical iterations using G and ). The sim-
ulation initiates with an initial position gy, and g can
take any value from the reachable set within the control
limits. For a direct comparison between the numerical
results and the simulation environment, we model the
snake to exhibit a serpentine motion pattern.

Let [ denote the length of each link, and define g =

l-b,vy=—l-c, and p = 2asin (g) We derive from

eq. (1), a more elegant expression for relative angles,
as presented by (20).
¢i(t)=p-sin(w-t+ (G —1) )+,

where w is a constant angular frequency, and the con-
trolling angular velocities are thus given by:

(11)

?1 pew-cos(w-t+0-03)
P2 pow-cos(w-t+1-8)
¢3 | _ | prw-cos(w-t+2-p) (12)
s | | Hrw-cos(w-t+3-0)
bs pew-cos(w-t+4-8)
be prw-cos(w-t+5-5)

By exploring various serpentine gait parameter set-
tings, we compare twelve sets, each a combination
of the following values: the amplitude a = {0.5,1}
of a unitary or half unitary value, the shape coeffi-
cient b = {—19X7T__5X7} i which the snake takes the
shape of a full or half a sinusoidal wave, the curvature
¢ = {0,0.125,0.5} stands for a linear movement when
¢ = 0, and circular otherwise, the chosen time-step is
equal to 50 ms, and the angular frequency w is set to
be 1 rad-s~!.

7 Starting Angle

The snake robot is initially configured with ¢y =
(0,0,0,0,0,0,0,0,0), aligning all links along the x-axis.
To transition from this configuration and initiate any
form of serpentine gait, the wheels experience high
impulse forces, leading to an unavoidable initial slip.
While the wheels are designed to avoid slipping side-
ways, a degree of slip during the first few iterations is
inevitable. resulting in a rotated coordinate system.

Consider the control objective of steering the snake
robot into a straight path while maintaining a heading
parallel to the path. To achieve this, a global coor-
dinate system is defined (see Fig. 2), with the x-axis
aligned with the desired straight path and the y-axis
representing the cross-track error (29). The control
objective is formulated as 11520 y; = 0.

4+ slip

2 0 2 4 6 8 10 12
x (m)

— All-Approximated simulation of Maple
— All-Approximated simulation of CoppeliaSim
The desired path tiltited by Hslip

— An illustration of the whole snake visualised at a random iteration

Figure 3: Visualization of the snake’s head position
during a 2000-step simulation with seven links apply-
ing All-Approximated Algorithm. The blue curve il-
lustrates the Maple simulation, while the orange curve
corresponds to CoppeliaSim. Additionally, a 5-times
magnified representation of the entire snake is plotted
to enhance readability.

Due to the aforementioned rotated coordinate sys-
tem, the resulting path appears as a line tilted with an
angle Oq;p away from the x-axis Fig. 3.

In all of our simulations, observations indicate that
the winding angle u, which represents the joint oscilla-
tion’s amplitude, plays a pivotal role in determining
how the snake departs from its initial configuration
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and commences its motion in a sinusoidal curve 8y;,.
We noticed that setting ¢; to start from a zero angle
causes the snake to commence its motion from a differ-
ent point on the sinusoidal curve. To address this, we
suggested introducing an additional parameter, 0comp,
to regulate the starting angle, as follows:

¢1(t) :M'Sin(W't—‘y-(i— 1) '/6+900pm)+7' (13)
However, the derivation of a definitive formula for com-
puting fcomp remains an ongoing challenge. Interested
readers are encouraged to refer to the work by Shi et
al. (32), where the Line-of-Sight (LOS) guidance law is
adeptly employed to address the compensation for slip-
ping in snake-like robot locomotion. Upon determining
Ocomp, and applying it as a pre-adjustment to the initial
configuration gg of the snake, the system exhibits con-
vergence towards the desired x-axis direction. In light
of the diverse factors influencing the value of 0comp, we
have chosen to keep the snake’s motion within the ro-
tated coordinate frame. Once the definitive formula is
established, its application as a pre-adjustment suffices
to facilitate the desired motion.

8 Simulation Methodology

The simulation methodology is detailed through the
following pseudo-code, implemented in Maple:

Algorithm 1 All-Approximated Algorithm

1: Input: Initial position of the snake qg
2: Input: Ocomp
3: for Every time step ¢t do

4: Evaluate matrices B, C using eq. (7)

5 Calculate pseudo-inverse matrix B~1

6: Evaluate matrix G using eq. (9)

7 Calculate current q (derivative of the configu-

ration space) using eq. (9)

8: for 7 from 1 to 9 do
9: qt+1(i) = C.lt(l) X Step + Qf(l)
10: Save qi4+1 and iterate

In the mentioned algorithm, at lines 8-10, a first-
order approximation is applied to compute all the gen-
eral coordinates at each iteration.

Executing the above algorithm with the initial po-
sition ¢op and fcomp = 0, the numerical simulation in
Maple showed a curve with some curvature, becoming
more apparent with an increased number of iterations,
see Fig. 3 and Fig. 4.

To address non-linearity, an attempt was made to
compensate for the error only in the last six coordinates
through constant, first and second order polynomials.
When unsuccessful, a correction of the supposed val-
ues of serpentine gait was fed to all relative joint angles
at each iteration step, and the remaining three coordi-
nates were the only ones approximated:

slip

. . . . . . . .
0 5 10 15 20 25 30 35 40
X (m)

—All-Approximated simulation of Maple
— All-Approximated simulation of CoppeliaSim
The desired path tiltlted by 9s"p

Figure 4: Curvature of the snake’s head position path
during a 8000-step simulation with seven links applying
All-Approximated algorithm.

Algorithm 2 Partially Approximated Algorithm

: Input: Initial position of the snake qq
: Input: Time delay
: for Every time step ¢ do
Evaluate matrices B, C using eq. (7)
Calculate pseudo-inverse matrix B~1
Evaluate matrix G using eq. (9)
Calculate current ¢ (derivative of the configu-
ration space) using eq. (9)
8: for i from 1 to 3 do

NS

9: Qr+1(2) = Qe (i) x step + qu (i)

10: for i from 4 to 9 do

11: qi+1(7) = ¢pi41(4) referring to eq. (13)
12: Save q¢4+1 and iterate

The corrected approach resulted in a purely linear
trajectory. The difference between the two algorithms
was found to be a sinusoidal function, as depicted in
Fig. 5. This error, a second-order differential of eq.
(13), and higher orders, cannot be calculated in our
model due to its first-order approximation.

To address the question of whether the approxima-
tion error applies to all nine global coordinates on the
manifold M (namely z,y,0, and ¢1, @2, etc.), the ac-
cumulated error, with a maximum value of 0.03 in a
200-meter run, proves negligible on the x, y axis. How-
ever, for each joint, it results in a relative rotation of
almost 1.7 degrees. Considering the composition of the
six joints, the summed angle from head to tail is around
10 degrees, leading to a deviation from the linear path
of the snake. Consequently, in light of these findings,
we have chosen to adopt the Partially Approximated
Algorithm for all subsequent simulations.
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Figure 5: Propagation of the first-order approximation
error.
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Figure 6: Comparison of the snake’s head path at the
first linear settings (simulations X01) with a different
number of links. The blue curve represents the simu-
lation in Maple, while the orange curve is from Cop-
peliaSim

Table 1: Naming Convention of the Ninety-six Scenar-
ios

a (Magnitude) b (Shape) C (Curvature)

X01 0
X02| 0.5 0.125
X03 —d0x7 0.5
Xo4| 0
X05| 1 0.125
X06 0.5
X07 0
X08]| 0.5 0.125
X09 —3xn 0.5
X10 0
X11| 1 0.125
X12 0.5

9 Simulation Results

In order to validate our model and explore the im-
pact of parameters a, b, and ¢ on the snake robot lo-
comotion, we conducted ninety-six different scenarios
in CoppeliaSim and compared the results with those
we have from Maple. For detailed information about
the simulation environment, refer to Appendix A.These
scenarios cover various combinations of amplitude (a),
shape coefficient (b), and curvature (¢). The labeling
convention is structured as in Table 1, where X resem-
bles the number of links and the relative position of
the wheels, as shown in Table 2.

Table 2: Naming Convention of the Ninety-six Scenar-
ios (continued)

Li=Ly;=0.05 | L1 =0.062, Ly, = 0.038
7lnks | X =1 X=5
8 links | X =2 X=6
4links | X =3 X=7
3links | X =4 X =8

The comparison of the eight settings reveals that
the simulated gait in CoppeliaSim closely aligns with
the numerical simulation conducted in Maple in gen-
eral. This correlation becomes more evident with a
greater number of snake links, indicating a more con-
sistent behavior. One notable difference is that Cop-
peliaSim simulations consistently exhibit a smaller 6,
compared to Maple across all scenarios, except for the
three-links scheme. The three-links setting was a com-
plete chaos in Maple and CoppeliaSim Fig. 6, 8, 9.
Therefore we show the result here and acknowledge
that our model is only suitable for snakes with four
links or more.

Furthermore, it’s worth noting that the relative posi-
tion of the wheels exerts minimal influence on altering
the snake’s trajectory, as detailed in Table 3.
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801 Maple

401 Maple

601 Maple

201 Maple

501 Maple

201 CoppeliaSim

101 CoppeliaSim

501 CoppeliaSim

601 GoppeliaSim

—simulation 101 of CoppeliaSim for 6 joints with equally distanced parts
—simulation 501 of CoppeliaSim for 6 joints with golden ratio parts
simulation 101 of Maple for 6 joints with equally distanced parts 7
—simulation 501 of Maple for 6 joints with golden ratio parts
—simulation 201 of CoppeliaSim for 7 joints with equally distanced parts
simulation 601 of CoppeliaSim for 7 joints with golden ratio parts
—simulation 201 of Maple for 7 joints with equally distanced parts
—simulation 601 of Maple for 7 joints with golden ratio parts
—simulation 301 of CoppeliaSim for 3 joints with equally distanced parts
simulation 701 of CoppeliaSim for 3 joints with golden ratio parts
—simulation 301 of Maple for 3 joints with equally distanced parts
—simulation 701 of Maple for 3 joints with golden ratio parts
simulation 401 of CoppeliaSim for 2 joints with equally distanced parts
—simulation 801 of CoppeliaSim for 2 joints with golden ratio parts
—simulation 401 of Maple for 2 joints with equally distanced parts
| —simulation 801 of MaPIe for 2 joints with golden re‘ltio parts

15 20 25

Figure 7: Comparison of the snake’s head straight path with varying links and wheel positions under setting

XO01.

Linear Gait Comparison

We initiated the comparison by examining linear gaits
(e.g., simualtions X01) with different numbers of links
(Fig. 6). The consistent similarity in trajectory, es-
pecially with longer snakes, reinforces the accuracy of
our model.

In Fig. 7, we examine the gait under identical pa-
rameters (a = 0.5,b = _LOTF,C = 0), identical time of
travel, 2000 iteration steps, while varying the number
of links and wheel positions. Notably, we observe slight
variations in y;, based on the number of joints, except
in the case of two joints, where the behavior appears
chaotic.

Circular Gait Comparison

Similarly, we compared circular gaits, such as simula-
tions X03 and X05, with varying numbers of links (Fig.
8, Fig. 9). Despite minor variations, the agreement be-
tween the two environments is evident.

Impact of Parameters on 6y,

The primary factor influencing 64, is the magnitude
parameter (a), as it is directly related to the winding
angle p. Larger a values result in a greater 4, but a
shorter trajectory. In contrast, the shape coefficient (b)
has minimal impact on 6. In Maple, the trajectory

nearly doubles when b is halved. CoppeliaSim has the
same pattern with a different ratio Fig. 11.

We can also see that for the same values of a and
b (and varying values of ¢), circular trajectories ¢ =
{0.125,0.5} are tangent to the linear ones ¢ = 0, which
suggests that ¢ has no effect on 04;,. In other words,
the circles are rotated, with respect to the x-axis, by
the exact same starting angle that the line exhibits. If
c did affect the starting angle, we would expect to see
a noticeable difference in the rotation, Fig. 10.

Distance Comparison Tables

Table 3 provides a quantitative analysis of the distance
traveled along the curve and also measured from start
to end in various simulations. The table reinforces the
observation that, with a larger number of joints, the
snake can achieve smoother and more extended motion.
In summary, the comparison of eight different
gait settings reveals consistent behavior between
CoppeliaSim and Maple simulations. While some
discrepancies exist, particularly in 64y, these varia-
tions can be attributed to differences in simulation
environments.  Overall, the findings support the
validity and robustness of our snake robot model.
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Length of the path Distance between initial -final points

b=-10*pi/n b=-5*pi/n b=-10*pi/n b=-5*pi/n

Ratio simulation SW Nr. of links a=0.5 a=1 a=0.5 a=1 a=0.5 a=1 a=0.5 a=1
7 links 18.67558 | 18.6427 | 38.40998 | 38.39869 | 17.67453 | 14.8009 | 36.2025 | 29.92019
Maple 8 links 21.9258 | 21.91047 | 44.85918 | 44.85117 | 20.75458 | 17.41808 | 42.28393 | 34.9684
4 links 8.633468 | 8.454522 [ 18.94764 | 18.90575 | 8.157799 | 6.621743 | 17.8473 | 14.64467
11=12 3 links 5.366687 | 4.806845 | 13.47052 | 13.36648 | 4.304117 | 2.228193 | 9.074914 | 2.759594
7 links 19.45722 | 17.5125 | 28.76702 | 26.69093 | 18.11472 | 13.29811 | 27.32677 | 21.62242
Coppeliasim 8 links 21.48526 | 19.82498 | 28.50696 | 29.1087 | 20.02514 | 15.17946 | 27.35122 | 24.51912
4 links 11.53532 | 8.576047 | 30.62347 | 19.968 | 10.53989 | 6.363339 | 25.08653 | 13.98837
3 links 8.087829 | 4.434663 | 31.3276 | 19.18279 | 7.170279 | 3.204588 | 16.21488 | 8.014501
7 links 18.92688 | 19.54873 | 38.56868 | 38.82684 | 17.72259 | 14.83048 | 36.24324 | 29.93899
Maple 8 links 22.17717 | 22.81799 | 45.01747 | 45.28084 | 20.80151 | 17.45199 | 42.3247 | 34.98979
4 links 8.88114 | 9.329778 | 19.10811 | 19.31772 | 8.213851 | 6.621577 | 17.88777 | 14.64498
>0 3 links 7.18894 | 6.703535 | 13.01467 | 18.63773 | 1.844149 | 0.681359 [ 10.5899 | 6.733784
7 links 20.04304 | 18.23823 [ 28.9304 | 27.14333 | 18.46368 | 13.18776 | 27.39387 | 22.0158
Coppeliasim 8I?nks 22.4551 | 20.86105 | 28.73391 | 31.37919 | 20.77788 | 15.26484 | 27.49043 | 26.00988
4 links 13.07565 | 9.898847 | 28.78787 | 20.69712 | 11.6703 | 6.559985 | 22.16983 | 13.80086
3 links 10.50022 | 5.883247 | 31.85803 | 20.37622 | 9.062806 | 3.471849 | 17.41794 | 8.438012

Table 3: The distance traveled along the entire curve vs The distance traveled from start to

7 links 8 links
4
3
_2
£
>
0
1 1
3 2 1 0 1 2 3 2 1 0 1 2
X (m) X (m)
4 links 3 links
5 8
4
6
3
Eo» Ey
= =
1
2
0
1 0
3 2 1 0 1 2 -2 0 2 4

Figure 8: Comparison of the snake’s head path at a cir-
cular setting (simulations X03, with curvature ¢=0.5)
with a different number of links. The blue curve repre-
sents the simulation in Maple, while the orange curve
is from CoppeliaSim

10 Conclusion

This paper focuses on the control and simulation of
snake-like robots. We present a comprehensive anal-
ysis of serpentine gaits, investigating two distinct ap-
proaches based on sinusoidal curves and central pattern
generators. Through meticulous mathematical model-
ing and numerical simulations, we gained valuable in-
sights into the locomotion of snake-like robots.

Our findings suggest that effective serpentine gaits
may take the form of different periodic signals, opening
up new possibilities for robot control.

Taking inspiration from the works of Poincaré,

end

7 links 8 links
15 15
10 10
Es Es
= =
0 0
-5 5
15 -10 5 0 5 15 -10 5 0 5
X (m) X (m)
4 links 3 links
5 15
10
10
£ Es
= -
5
0

X (m)

Figure 9: Comparison of the snake’s head path at
a circular setting (simulations X05, with curvature
¢=0.125) with a different number of links. The blue
curve represents the simulation in Maple, while the or-
ange curve is from CoppeliaSim

Arnold, and Marsden, we embraced a geometric
mechanics approach. By treating the snake robot as a
multibody system with non-holonomic constraints, we
presented an alternative perspective on locomotion,
laying the foundation for innovative research in
bioinspired robotics.

Despite shedding light on various aspects of snake-
like robot control, we acknowledge the limitations in-
herent in our study. A notable constraint lies in our
assumption of a perfect wheel grip on hard surfaces
without any side-slips. Addressing this limitation, our
research delved into the initial slip occurring during the
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Figure 10: Comparison of different curvatures affect on
Os1ip of an 8 links snake with equally distanced wheels
in Maple.
Yellow colour depicts linear simulation ¢=0.
Orange colour depicts circular simulation with c=
0,125.
Blue colour depicts circular simulation with ¢= 0,5.

transition from a stacked configuration to a serpentine
gait. Future endeavors may focus on formulating a
precise slip angle formula or incorporating the effects
of varying fractional factors into this formula.

Looking ahead, there are exciting opportunities for
future work. Researchers can delve deeper into the
application of our findings in fields such as disaster re-
sponse, exploration, and even minimally invasive surg-
eries. The world of snake-like robots holds immense
potential, and our research is but a stepping stone to-
wards realising that potential.

In conclusion, our study has expanded the horizons
of snake-like robot control and simulation. By explor-
ing unconventional gaits and adopting geometric me-
chanics, we’'ve paved the way for new possibilities in
robotics. As we continue to push the boundaries of
what snake-like robots can achieve, the future holds
promise for remarkable advancements in technology
and its applications.
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A CoppeliaSim Simulation Environment

To conduct our simulations, we employed the Cop-
peliaSim robotics simulation environment, utilising a
detailed model of the snake robot. The model specifi-
cations include:

_ __ 10xx
a=1.0, b=—%"

0 10 20 30 0 5 10 15 20
x (m) x (m)

Figure 11: Comparison of wheel position effect on all
linear simulations, ¢=0, for a 7 links snake.

Blue colour depicts simulation 104 of CoppeliaSim for
seven links snake with equally distanced wheels.
Orange colour depicts simulation 504 of CoppeliaSim
for a seven links snake with wheels aligned with the
golden ratio.

Yellow colour depicts simulation 104 of Maple for seven
links snake with equally distanced wheels.

Purple colour depicts simulation 504 of Maple for a
seven links snake with wheels aligned with the golden
ratio.

Snake Components
Wheels:

The mass of each wheel was set to 9.817 (g), with prin-
cipal moments of inertia around the z-axis, perpen-
dicular to the planar motion, being 3.125 (cm)?, and
principal moments around the x and y-axes being 1.583
(cm)2. The wheels were configured with the following
dynamics:

e Mass: 9.817 (g)
e Principal moments of inertia (z-axis): 3.125 (cm?)

e Principal moments of inertia (x and y-axes): 1.583
(cm?)

e Restitution: 0.5
e Linear damping: 0
e Angular damping: 0

e Sticky contact: false

Links:

Each link in the snake robot had a mass of 160 (g), with
principal moments of inertia around the z-axis (per-
pendicular to the planar motion) being 9.667 (cm?),
and principal moments around the x-axis being 2.667
(cm?). The links only rotate around the z-axis. The
link dynamics were configured with the following prop-
erties:
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e Mass: 160 (g)

e Principal moments of inertia (z-axis): 9.667 (cm?)
e Principal moments of inertia (x-axis): 2.667 (cm?)
e Principal moments of inertia (y-axis): 9.667 (cm?)
e Sticky contact: false

o Restitution: 0

e Linear damping: 0

e Angular damping: 0

e Custom coil margin (enabled): false

Time Steps and Simulation Parameters

The simulation was executed with a time step of 10
(ms), while dynamics calculations utilised a time step of
5 (ms). The simulation passes per frame (ppf) were set
to 1, maintaining real-time simulation. The dynamics
engine employed in CoppeliaSim was Bullet 2.78, with
specific properties configured as follows:

¢ Solver: Bullet 2.78 - Sequential Impulse (0)
e Iterations: 500
e Compute Inertias: false

e Internal Scaling: full, scaling factor: 10
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