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ABSTRACT Snake robots have been a topic of discussion among researchers for decades. They are
potentially strong enough to bring substantial contributions to the fields which are unsafe/ narrow/ dirty/ hard
reachable to human operators, such as inspections, rescue missions, firefighting, etc. Though the inventions
of the wheel and legged mechanisms are amazing, they often fail when coming to these scenarios. Terrain
adaptability is the vital essence of locomotion over constrained surfaces in biological snakes. But how this
natural adaptability is accomplished in snake-like robots? Therefore, this paper focuses a study on factors
behind the recreation of a physical snake, like the kinematics and dynamics modelling, mechanical design,
and locomotion control approaches from existing literature. With their feature comparison, the simulators
available for verifying the mathematical model and the feasibility of the mechanical design are also made
for researchers new to the field.

INDEX TERMS Snake-robots, locomotion control, mathematical modelling, kinematics, dynamics,
mechanical design, perception, simulators.

I. INTRODUCTION
The world suffers many natural and man-caused catastrophic
disasters like massive earthquakes, fire breakouts, floods,
aeroplane crashes, tsunamis, building collapses, etc. Disaster
management is vital in minimizing/avoiding the losses these
calamities create. Table 1 indicates the mortality statistics for
building collapse due to earthquakes and other reasons around
the globe over the last ten years. According to [1], there are
four disaster management phases: prevention, preparedness,
response, and recovery. The complete accomplishment of the
preparedness phase of a disaster management cycle includes
taking preventive measures to avoid the disaster and being
prepared to face it. Many projects and research works have
been carried out to understand the benefits and problems of
mobile robots in Urban Search and Rescue (USAR). This
work focuses on the second preventative measure, i.e., being
prepared with emergency assistance for search and rescue.
SAR operations in the urban disaster scenario are complex
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and of high risk due to the uncertainties in the environmental
conditions, which restrict the rescue team from accessing the
spot, making the mission delayed. According to USAR, the
probability of saving a victim is high only within the first
48 hours of the rescue operation, and the prospect tends to
be almost zero.

The rescue teams currently have no higher-order process-
ing to analyze the scene and estimate the location of the
victims trapped and an efficient robot design that can tra-
verse the collapsed environment with suitable mechanical
design. There are developments in rescue assisting legged and
wheeled robots. Though they are amazing inventions, they
fail to perform as required in uncertain environments. The
snake locomotion inspired by biology shows the significance
of exploring uncertain environments with versatile motion
abilities. This is the inspiration behind studying deeper
snake-like robots (snake robots or snakebot). Of course, snake
robot application is not restricted to USAR operations. They
also perform magnificently in other areas like firefighting,
pipeline inspections in gas and power plants, and surgical
applications.
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TABLE 1. Recent statistics of building collapse due to earthquakes and
other reasons around the globe. [Courtesy: NGDC statistics, times of
India, BBC].

The concept of snake robots started in the 1940s. Snake
robots are basically hyper-redundant snake-like biomorphic
mechanisms that mimic the morphology of natural snakes.
A qualitative study on snake locomotion was first done by
J. Gray in 1946 [2]. He described the types of movements
snakes possess. Then, Professor Shigeo Hirose developed the
world’s first snake robot (Figure. 1) at the Tokyo Institute of
Technology, Japan, in 1972 [3]. Since that time, numerous

FIGURE 1. (a) World’s first snake robot developed by Professor Shigeo
Hirose [1] (b) Professor Shigeo Hirose with a series of his developed
snakebots.

snake-inspired robot designs have been conceived and proto-
typed. Although many of the designs mimic the movement
of snakes, they may have different physical configurations
and purposes. For instance, some robots are redundant, while
others have no redundancy. Some robots use powered wheels
or treads, while others use passive wheels or no wheels. Some
designs are even amphibious, travelling effortlessly between
ground and water environments. The slender, elongated body
with a thin cross-section is perfect for narrow space/ pipe
exploration. The more the ground contact points (traction
properties), themorewill be the distribution ofmassminimiz-
ing the center of mass [4], [5]. This makes them stable com-
pared to other limped, wheeled, or multipedal robots [4], [6].
The terrain adaptability of snake robots is a highly noticeable
feature that makes them move mostly on surfaces. They use
the ground roughness or obstacles to gain enough friction to
move forward without slipping [7]. This terrain adaptability
and stability make them robust to mechanical failure making
them suitable for exploring uncertain environments.

Overall, this paper is divided into five sections. Section one
details the physiology of biological snakes, their locomotion
patterns, and how they accomplish these motion patterns.
Further, various mathematical modelling approaches, factors,
and constraints are explained in detail in section 2. For any
robot locomotion, environmental sensing plays a vital role in
control autonomy and hence a study on perception is done in
section 3. Then comes the reality, the mechanical structure of
the robot! The two key design aspects of locomotion in the
2D plane and 3D space are studied based on snake robots
in section 4. Before going with the prototype, it is always
advisable to understand the correctness and feasibility of the
design with simulation. Hence, the last section of this study
introduces the existing dynamic simulator platforms with
their features which help readers choose simulators for their
application.

II. BIOLOGICAL SNAKES: ANATOMY, GAITS, AND
PRINCIPLES OF LOCOMOTION
Snakes are limbless reptiles consisting of a long
backbone made with many vertebrae. This backbone
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TABLE 2. Locomotion patterns/gaits exhibited by the biological snake and their employing principles.

(100-400 vertebras), a skull, and ribs form the skeleton of
a snake. Each vertebra allows slight movements in horizontal
and vertical directions but no twisting and hence works as
compliant universal joints. The snake curves its body with
small angular motions (10-20 degrees in the H-plane and
2-3 degrees in the V-plane) of each vertebra [7]. Their long,
slender body covered with scales protects the skin from wear
and tear and helps gain enough propulsive force for for-
warding motion [8]. A study by mathematician David Hu [9]
says that snake scales are like wheels of ice skates, which
slide much faster and smoother in one direction than in the
opposite. However, it will be rough if rubbed in the opposite
direction due to the overlapping arrangement.

According to Hu, scale roughness is the secret behind the
forward propulsion in snakes [11]. To test this statement by
avoiding scale contact from the ground, the team designed a
unique jacket to cover the snake scale. They discovered that
the friction was high and equal in all directions making the
snake immovable. Hence, the directionality of the scale is the
key. Though it was not fully addressed in their mathematical
models how fast the snake slithers, they observed that the
entire snake body was not pressed-flat against the ground.
But in fact, they lift part of their bodies above the ground
and found that the friction and weight distribution help the
snake slither. To be scientific, snakes exhibiting isotropic
friction are uncontrollable [8], whereas anisotropic friction
promotes movement [12], [13]. Therefore, for snake robot
control designs, anisotropic friction is always considered
where the frictional coefficient in the normal direction is too
large than that in the tangential direction. With these basic
biological features, snakes perform different locomotion pat-
terns called gaits or serpentine movements, such as lateral

undulation, concertina locomotion, rectilinear progression,
sidewinding, etc., to adapt to different terrains and situa-
tions. The ways by which each gait is performed by the
biological snake in real life (Prof. Gray’s classification of
snake locomotion) and their principles of motion are shown
and listed in Figure. 2 and Table 2, respectively. Many
researchers also considered similar locomotions in other crea-
tures like inch worms/caterpillars (vertical wave locomotion),
eel(amphibious snake-like), and elephant trunk/ octopus arm
movement (backbone curvature) for the model study. But this
review focuses purely on explorations of snake locomotions
on land (not the inchworm, caterpillar, or other amphibious
movements).

FIGURE 2. (a) Skeleton, (b) Scales and major locomotion gaits exhibited
by biological snakes [(c) rectilinear motion, (d) concertina, (e) Lateral
undulation and (f) side winding] [10].

III. GENERAL MATHEMATICAL APPROACHES
This section seeks the mathematics behind snake locomo-
tion. In mapping the snake body anatomy to an artificial
snake, most studies made the physical structure of the snake
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using a combination of links connected with joints. Design
parameters (like link length, joint angles, offsets, etc.) play
a key role in any modelling approach. Many researchers
have approached this with kinematic and dynamic mod-
ellings, whereas most authors have concentrated on either
kinematics or dynamics alone. Similarly, many researchers
have approached the control of terrain adaptiveness as the
terrain contour adaption, while others dealt with it as obstacle
avoidance. This section briefs the available methods and
considerations in modelling and focuses more on the recent
updates in snake modelling, which came after the existing
literature presented in [37]. The section is majorly divided
into two; the first is the studies on the kinematics dealing with
the snake robots’ locomotion, and the second is the dynamics
involved in the snake robot locomotion in the 2D plane and
3D environments. The structure of the mathematical mod-
elling used in this section is shown in the below block diagram
(Figure: 3).

FIGURE 3. Illustration of the structure of snake robot mathematical
modelling handled in this section.

A. KINEMATICS
Kinematics describes the geometrical aspect of motion.
It considers only a link’s motion or relative motion, not the
force or torque causing it. Different modelling techniques
have been employed, ranging from classical methods such
as the Denavit–Hartenberg (DH) convention to specialized
methods for hyper-redundant structures (structures with a
high number of DOF). In kinematics, the DH convention
is an engrained technique for describing the position and
orientation of the links of a robot manipulator concerning a
(usually fixed) base frame. Many solutions have been pre-
sented considering some of the tail segments as the snake
robot’s base for the smooth application of the DH convention
(refer to textbook [38] for DH convention by Murray). The
base of a snake robot is considered not fixed in works by
[31] and [39]. Consecutive front links were considered like
a manipulator, where the first motionless link was the base
frame, whereas the links in a motion described the inertial
frame [39]. Hence, only four or five links took part in move-
ment giving the position and orientation with respect to the
base frame (motionless link); the need for traversing the entire
robot length to obtain the final head position and orientation
was eliminated. By employing a virtual orientation and posi-
tion (VSOP) structure in the DH convention, Pal Liljeback

found the position and orientation of each joint in an inertial
coordinate system [25]. A control system is developed based
on forward kinematics using DH convention in [40] for the
motion and trajectory tracking of flexible surgical robots.
While deploying passive wheels, an explicit assumption is
considered, which restricts the sideways slipping, and the
constraint is called the non-holonomic constraint. Snakes
achieve locomotion by changing their body shape, relating the
change in internal position to the net change in the position
of the entire body. This can be expressed in a local form, ’A’,
of a connection as below.

g−1ġ = −A(r)ṙ (1)

where the parameters are, r: shape variable, g ∈ SE(2) : gives
the overall position and orientation of the snakebot [16]. The
connection / local form is the controlling factor that maps
the shape change to the displacement (locomotion) of the
robot [41]. ACM III uses this modelling technique to define
motion for the first three segments. The rest of the segments
follow the path generated by these segments to achieve net
movement. Passive wheels aremostly considered free-motion
enablers without considering friction. Though the wheels
significantly reduce the longitudinal friction (usually con-
sidered for kinematic modelling), making the snake capable
of achieving lateral undulation, a few of the literature deals
with passive castor wheels. The kinematic non-holonomic
constraint (Refer to (2)) realized by the addition of passive
wheels can be expressed as:

ẋi sin(φi)− ẏi cos(φi) = 0 (2)

where (ẋi, yi): velocity of CM (centre of mass), φi: joint angle
of the attached wheel. No-slip wheel condition is assumed to
exhibit ideal frictional properties. In contrast, another study
with holonomic constraints found that the joint torque is
difficult to control when slip-condition is considered [20].
A mathematical model of a non-holonomic locomotion sys-
tem using fibre bundle theory for undulatory movement
is introduced in [42]. From holonomic to non-holonomic
robotic systems, the concept of the dynamically consistent
Jacobian inverse was extended by [43]. This new inverse is
based on a conceptual similarity between holonomic and non-
holonomic systems and is built around a Riemannian metric
in the configuration space. This dynamically consistent Jaco-
bian inverse can address the snake robot’s rolling ball motion
planning problem. Kinematic models for creeping, rolling
and serpentine gaits for the unstructured environment were
established by [44].

Apart from the DH convention, head lifting in a snake can
be categorized under continuum motion (resembling the ele-
phant trunk and octopus armsmovements). Continuum robots
have a high degree of freedom resulting in hyper redundancy
of the structure. This motion is defined with a curve describ-
ing the spine’s shape without utilizing the DH convention.
An approach called Frenet–Serret apparatus [45] is employed
in the classical handling of the geometry of curves. But
it exhibited certain limitations: 1) the Frenet–Serret frames
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assigned along the curve are not defined for straight-line
segments. 2) the vector function describing the spatial curve
requires a numerical solution of a cumbersome differential
equation. Backbone curves eliminate these limitations. The
backbone curve is defined as ‘‘a piecewise continuous curve
that captures the important macroscopic geometric features
of a hyper-redundant robot’’, and it typically runs through the
spine of the snake robot. To specify the actual snake config-
uration, a set of orthogonal reference frames is set along the
spine at each joint. Readers can avail more information on
the design, actuation methods, and challenges in continuum
robots from [46].

B. DYNAMICS
The dynamics deal with studying forces and the moments
causing them. It utilizes various modelling techniques such as
the Newton–Euler formulation, the Lagrangian formulation,
and geometric mechanics.

The first two methods deal with the 2D rigid body dynam-
ics model. The final answers for rigid body dynamics are
the same, using the Lagrangian and Newton–Euler formulas.
In Lagrangian, the snake robot is treated using a Lagrangian
function that contains system energy [39], [47], [71]. The
Newton–Euler formula is the most appropriate method to
obtain the torque required for the desired motion. At the same
time, the Lagrangian formula describes the time evolution
of the system’s generalized coordinates [48]. Newton–Euler
formula was used in conjunctionwith the set-valued force law
for deriving a non-smooth 2D model [7], [49], [50].

Moreover, no contact force consideration is required when
lifting the snake head. But it is not the case when the snake
creeps along a surface. This is where the significance of snake
robots with and without wheels comes into the picture. All
dynamic models presented for wheelless bots can also be
applied for wheeled bots. Dynamic modelling becomes vital
because the friction between the lower body and the ground is
huge. There are majorly two cases for friction consideration
as follows:
• Non-holonomic and holonomic constraints
• Friction considerations while traversing slopes and
climbing

Holonomic constraints develop when the joint torque is dif-
ficult to control under slip consideration. The normal con-
tact force (a spring-damper-compliant model) other than a
frictional force for 3D models can be studied in detail in
[25]. The 2D anisotropic friction [23] can be described using
Equation 3:

fi = Hivi

Hi = c(2)i,n

[(
1−

c(2)i,t

c(2)i,n

)
eBit (e

Bi
t )

T
− I2×2

]
I2×2 ∈ R2×2 (3)

And, fi = [fxi fyi] T ∈ R2 is the friction forces that act on
the CG of link i. Hi is the anisotropic friction coefficients’

matrix and finally I2×2 ∈ R2×2 is a unit matrix. Denote the
unit vectors tangential eBit ∈ R2 the link i in the horizontal
xy-plane. c(2)i,n and c(2)i,t are the coefficients of friction normal
and tangential to link i, respectively. The total viscous friction
torque (from Equation 4) due to rotational velocity around the
centre of mass of link i is found to be:

τi = −c
(3)
i,nJiθ̇i ∈ R (4)

Equation 5 represents the friction force based on Coulomb’s
law for translational motion is found for θ i = 0 by [12] is as:

fi = −mig
[
cos θi − sin θi
sin θi cos θi

][
c(3)i,t 0
0 c(3)i,n

]

× sign
([

(eBit )
T vi

(eBin )
T vi

])
(5)

A musculoskeletal system by a simple mass–spring–
damper model is designed to study its dynamics in a
two-dimensional plane where the ground frictional force act-
ing on the backbone particles is modeled by the Coulomb
friction [10]. Further, sidewinding has been implemented
with an isotropic friction model (C i,t = C i,n) by [2] and
as a purely kinematic case by [29]. In another study [31],
travelling wave locomotion utilizing friction as the dominant
propulsive force for a one-dimensional n-linked crawler is
discussed.

A fusion of Coulomb friction forces with the ground’s
normal contact forces for non-smooth dynamics is described
in [52]. The property C i,t < Ci,n has been implemented to
realize the anisotropic friction property for lateral undulation
in most simulated gaits using friction models. Designing a
snake robot with Ci,t < Ci,n on a general surface may be
difficult. Special gaits for planar motion based on an isotropic
friction model are detailed by [53].

Similarly, a snake robot WHEEKO [54] was developed
(with passive wheels) to generate anisotropic friction prop-
erty. The passive wheels here have the same effect as the
edges of ice-skate plates. Pushing the skate plate sideways
moves forward because the sharp edge gives high sideways
and minimal forward friction. With this anisotropic friction
property, it is found that lateral undulation produces forward
motion. Undulations always propagate backward along the
snake’s body. Hence, from mathematical analysis and biol-
ogy, it is found that lateral undulation is required to move
the robot forward, ensuring that it has the required friction
properties. This can be achieved by making each link follow
the reference signal θ i, as given in Equation:6.

θ i, ref = αg (i) sin {ωt+ (i− 1) δ} + ϕ0 (6)

Lateral oscillations and body compliance help snake robots
achieve stable traversal [55]. Where α is the amplitude of
oscillation, ω is the frequency, δ is the phase shift between
joints, and ϕ0 is the joint offset which depends on the direc-
tion of locomotion. This is also known as the travelling
wave locomotion/ serpenoid curve locomotion. Locomotion
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using undulation mainly consists of relative link displace-
ments sideways with respect to the direction of motion. This
observation can simplify the mathematical model making
it better suited for control design. In addition, the friction
considerations while traversing slopes and climbing in snake
robots must be addressed. For any inclined surface, the fric-
tion coefficient depends on the surface’s inclination angle
and the surface’s condition. To achieve maximum stability,
different adaptive methods are utilized by systems. ACM-1
utilized self-contained terrain adaptability for traversing the
slope. The adaptive control method determines the winding
angle depending on the frictional coefficient ratio. For smooth
upward movement along a slope, the relation between the
slope gradient and winding angle in the case of lateral undu-
lation is studied by [56]. An adaptive slope control using
feedback CPG network by varying speed and winding angle
is proposed in [57]. Another CPG model for effective terrain
exploration is discussed on various slopes and terrain in
[58]. The concept of climbing comes where the snake robot
must lift its body to traverse some obstacles. This lifting can
be done either by the snake itself or with external support
(mostly by exploiting the obstacle). As the output joint torque
is limited, the action of lifting the segments should have
to be designed carefully to avoid joint breakage due to the
load of the segments being lifted. A control approach for
semiautonomous snake robot step climbing based on mixed-
integer quadratic programming to produce the snake robot’s
head’s reference trajectory is suggested in [56]. The approach
identifies appropriate places and time durations to detect the
environment, among other things.

Furthermore, themethod considers the snake robot’s veloc-
ity and acceleration limitation when following the created
route. [55], [59] created a snake robot with lateral undula-
tion, cantilever gait, and snake-like anisotropic friction that
can climb stairs up to one-third of its body length fast and
steadily. When ascending a short route, snake robot mod-
ules can use friction to sustain the robot’s whole weight
if both modules’ ends exert adequate pressure on the pas-
sage wall. This self-locking phenomenon is employed in
[136] to maximize joint torque in an ascending concertina
action. Dynamic modelling and control of motion in a ver-
tical plane for an unstructured environment are discussed in
[47]. Environmental sensing becomes inevitable to control or
make the robot move efficiently in an unstructured / obsta-
cle environment. The control is more dependent on sensing
when it comes to uninterrupted motion. Hence, the following
section deals with locomotion in an obstacle environment by
integrating it with sensors, as they are inevitable in terrain
exploration.

IV. SENSING AND MOTION CONTROL SCHEMES
To have high locomotion adaptability to the environment,
snake robots require a high degree of awareness of their
surroundings (i.e. perception) and the capability of efficient
obstacle exploitation [61]. Hence, this section focuses on
sensors and the available literature study of snake robot

locomotion in obstacle environments. We will now glance at
the major sensors and technologies used in obstacle explo-
ration and avoidance for perception-aided locomotion. Read-
ers can find a detailed study on perception-driven locomotion
from [61].

Based on what the sensors do, they are categorized as
proprioceptive sensors, which measure values internal to the
system (like motor speed, wheel load, robot arm joint angle,
and battery voltage) and exteroceptive sensors, which acquire
information from the robot’s environment (quantities such as
distance, light intensity, sound amplitude). A study by [79]
used joint angle to estimate the slope’s tilt angle and then
utilized it for speed control and sidewinding behaviour. Based
on how they (sensors) perform, sensing sensors are of two
types: active and passive sensors. Active sensors emit energy
into the environment and then measure the environmen-
tal reaction (like ultrasonic sensors and laser rangefinders),
whereas passive sensors measure the ambient environmental
energy by receiving signals from the source (like micro-
phones and temperature sensors). Force/contact sensors are
widely used in adapting to terrain irregularities [80], [81].
These contact-based sensors usually permit limited motion
planning as they can only provide touch information. A
whisker-based contact sensor was integrated with a SLAM
framework for mapping and obstacle-aided locomotion [82],
[83]. In [84], the distribution of contact switches along the
snake body is utilized to find the push points for propulsion.
Proximity / range sensors are used as obstacle detection sen-
sors. Integration of passive IR sensors for human detection
and ultrasound sensor for obstacle avoidance and mapping
in rescue applications is introduced in [85]. More accurate
and detailed 3D map information on the environment can be
obtained using LiDARs.

A combination of LiDAR for mapping and ultrasound
sensor for obstacle avoidance with a SLAM framework could
successfully navigate a snake robot by state estimation [86].
Another high-resolution and accurate estimate can be done
with laser triangulation. A custom-designed laser triangula-
tion sensor for a pole climbing autonomous snake robot that
fits the robot head’s size and power constraints was developed
in [87]. First, the relative position is estimated using IMU
data and forward kinematics. Other offboard vision systems
like stereovision systems [88] and cameras [89] are also
used for the head position state and obstacle coordinates.
A detailed survey on visual and inertial odometry can be
found in [90]. Autonomous decentralized controls used for
highly adaptive functioning are mentioned in [91] and [92].
Also, an automated sensing system can be found in [69], with
the integration of a camera unit, thermal and PIR-based imag-
ing, processor, and a GPS module to aid rescue operations
after an earthquake.

With the knowledge of the environment, locomotion can be
performed in two ways: Locomotion by avoiding obstacles
and locomotion by accommodating obstacles. The conven-
tional way to manage obstructions comprises attempting to
avoid them (obstacle avoidance). Otherwise, the collision
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might restrict further motion imparting mechanical stress or
damage to the equipment. Various investigations have con-
centrated on motion dealing with obstacle avoidance. One
such locomotion is the Artificial Potential Field (APF) con-
cept [62], where an imaginary force field is assigned to each
object in the plane. The target attracts the robot with the
positive potential field, whereas the other objects (obstacles)
repel it from hitting it. As the robot gets closer, the strength
of these forces may increase. A new controller for obstacle
avoidance using APF theory is presented in [63]. While using
the APF approach, there is a probability that the repulsive
forces from adjacent obstacles may leave the robot unable
to move and eventually make the robot stuck and end up
in local minima. In [64], a hybrid control methodology by
integrating APF with a modified Simulated Annealing (SA)
optimization algorithm is proposed to avoid local minima.
Another algorithm known as the Central Pattern Generator
(CPG) [65] allow the robot to avoid obstacles or barriers by
turning the robot body from its trajectory. The CPG model
also allows collision detection using sensory feedback. The
same work also discussed a phase transition method using
a phase difference control parameter to realize the turning
motion. This CPG algorithm based on a neural oscillator is
applied to generate rhythmic rectilinear and lateral undulation
gaits [33].

The second method of obstacle accommodation can be
easily understood by observing biological snakes. Snakes uti-
lize the terrain unevenness (bumps and obstacles) to achieve
an efficient motion pattern/ gait. Snakes push against these
unevenness/ irregularities and make bends in the body, and
all consecutive body parts follow the same pattern from head
to tail to achieve better motions [8]. Adopting this strategy
in snake robots leads to obstacle-aided locomotion [67] (see
Figure 4). Such an approach makes use of obstacles/ accom-
modates the obstacle rather than completely avoiding them.
A motion planning system for a snake-like robot that accom-
modates barriers was first investigated in [68]. The robot uses
its contact with the obstacles to establishing forward motion.
The obstacle avoidance using sensory data allows collision
in a controlled way by reducing the damage it causes to the
robot. A general formula for motion constraints due to obsta-
cle contact is presented in [69], where an inverse kinematics
model is developed based on this formula for finding the joint
angles of a snake robot under contact constraints. Using this
model, a motion planning algorithm is also proposed for a
cluttered environment.

In [70], a framework of non-smooth dynamics and con-
vex analysis is used to systematically and accurately incor-
porate both unilateral contact forces (from the obstacles)
and isotropic friction forces based on Coulomb’s law using
set-valued force laws. A simple control law was developed
using a novel push-point approach to determine the contact
forces required to propel a snake robot through a path/ direc-
tion [71]. The findings were experimentally validated for a
wheelless snakebot, with closed-loop control for the lateral
undulation.

FIGURE 4. Concept of a snake robot exploring terrain with obstacles [61].

Both obstacle accommodation and avoidance locomotion
help robots move in undefined environments considerably.
However, these control approaches are not enough to fully
exploit obstacles for means of propulsion. Only a few pieces
of research have been conducted to see the feasibility of
applying this approach to snakebots. A few researchers have
focused on asymmetry in pushing against obstacles, like con-
trol methods for fixed and predetermined pushing patterns.
In most studies, the lateral undulation depends on the envi-
ronment friction and the actuator’s output torque. To achieve a
user-defined path for snakebot by generating suitable obstacle
forces, [72], [73] investigated the effects of using optimal
motor torque. According to the study, the method faced
two significant issues while practically implementing it for
obstacle-aided locomotion. The first issue is in the automatic
link angle calculations, and the other is in the automatic path
generation. The exciting thing about this approach is that it
helps check the quality of a given path, i.e., one can use useful
forces for a path if they exist from the set of forces generated
by interacting with the obstacles [74]. For obstacle-aided
locomotion, besides the geometric representation, knowledge
about the environment and its properties should be success-
fully explored for effective locomotion. Several studies have
been carried out aiming at obstacle-aided locomotion control
approaches. We will now go through the majors among them
briefly.
Adaptive control schemes: This approach aims at the direc-

tion of locomotion and joint angle tracking [75].
Sliding model control: Deals with planar snakebots’ head

angle control and velocity tracking [51], [76].
Manoeuvring control method: To converge the centre of

mass with the desired path and traverse it with the desired
velocity for planar snakebots [77].
Genetic algorithm: With the help of sensory information,

the robot analyses its internal state by learning appropri-
ate responses. Accordingly, the robot adjusts its gait to the
environment.
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The complexity in controlling and coordinating the high
DOF of a snake robot is overcome by Choset by develop-
ing a directional compliance approach which moderates the
effective stiffness of the robot to decide whether to stick on or
not to a particular direction based on proprioceptive sensing
to react to unknown / non-predefined environment. Along
with the perception of the environment, the knowledge of the
robot’s body shape is equally crucial in analyzing the state
acquisition, especially when it comes to surgical applications.
Due to the miniaturized size of the minimally invasive surgi-
cal robot, it is not possible to equip the conventional encoders
or position sensors. [93] developed a micro-sensing sensor,
a fusion of inertial and gravitational sensors for finding the
difference of states in two consecutive universal joints of
a surgical robot.Along with the knowledge of motion con-
trol mathematics and environment, the mechanism/ prototype
with which the studies are being validated is equally essen-
tial to understand. Hence the next section tries to provide
a detailed review of the electro-mechanical aspects of the
mechanical design of the snake robot literature.

V. MECHANICAL DESIGN
A snake robot body comprises linearly connected modules
through joints (like links and joints mechanism of amanipula-
tor). The combination of different joint orientations reflects in
the robot’s relative head position (the same as the end-effector

position in a manipulator). Generally, almost all snake robots
have a modular structure where the entire body comprises
segments connected in series through joints. Based on the
structure of the module/ how the segments are joined, snake
robots can be divided into three: 1,2 and 3-DOF modular
structures (see Table 3 for details). Two-DOF and three-
DOF modules can reduce the number of robot modules while
maintaining the same operating conditions. However, they are
advantageous when used for 3D terrain, but the number of
modules required increases. Minimizing the cross-sectional
size while ensuring the output torque becomes challenging.
Whereas aligning two motors orthogonal to achieve 2-DOF
makes the module bulky due to the small diameter-length
ratio. It is commonly placed parallel with several othermotors
to reduce the cross-sectional size. The rotation axis is then
transmitted through worm gears or a combination.

The selection of actuators for a snake robot depends on
several factors, such as the operating surface roughness, the
minimum dimension of the tunnel, and the maximum gap to
cross. Table 4 compares the types of major actuators studied
in this paper. Generally, DC motors have the advantages of
digital controllability, extensive joint bending range, and inte-
grated gear-box control circuitry. Pneumatic actuators exhibit
high transmission force and simple linear deformation design.
One module can even achieve 3-DOF motion (e.g., the Slim
Slime Robot can rotate about two axes, and the linear motion

TABLE 3. Details of the three existing modular structures found in snake robots.
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TABLE 4. Mostly used actuators, their features and application details in different snake robots.
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TABLE 5. Existing snake robots and their design specifications and features.
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TABLE 5. (Continued.) Existing snake robots and their design specifications and features.

about the 3rd axis). A miniature endoscopy mobile robot,
Heart-Lander, has a module cross-section smaller than DC
motor modules (8mm in diameter).

Nevertheless, the pneumatic modules’ bending range is
small (30 degrees), limiting the potential motion type of
the whole robot. Besides, the response time and the control
accuracy are worse than DC motor-based modules. Hybrid
actuators integrating DC motors and pneumatic joints have
the advantages of stiffness control and a large propulsion
surface. Applying tracks on the module surface gives the
robot maximum propulsion contact in rough terrain. How-
ever, the hybrid actuators can only bend about one axis in a
limited range. Therefore, the motion efficiency of such snake
robots is higher than pneumatic and DC motor modules.
Major actuation modules for selected snakebots are shown in
Figure 5. Nowadays, more soft actuators are used for more
sophisticated snake robotic / surgical applications. Shape
Memory Alloy (SMA), Fluid elastomer actuators (FEA),

Shape morphing Polymers (SMP), and Dielectric Electro-
Activated Polymers are such novel actuators being used for
soft robotic applications [94].

The existing snake robots design is found to be cate-
gorized into five groups based on the type of locomotion:
i) with passive wheels [like ACM III, ACM-R3, ACM-R5,

AmphiBot I, AmphiBot II], ii) with active wheels [Koryu-II
(KR-II), GMD-SNAKE2 [95], ACM-R4], iii) robots with
active treads (OmniTread OT-4, OmniTread OT-8 [96], [97])
iv) robots based on undulations using vertical waves [Inch-
worm robot developed by Kotay in 1996, Dowling’s snake
robot in 1997, PolyBot, CMU’s Modular Snake Robots],
v) robots based on undulation using linear expansion [Slim
Slime Robot, Telecubes [47]]. Certain snakebots are mod-
ular to reconfigure their bodies to perform different tasks
and adapt to environmental conditions. [91], [92], [93], [94],
[104]. It was Hirose [3] who introduced the first recorded
snake robot (ACM) in 1972, which was 2m long with 20 sin-
gle DOF joints. It performed the left-right movement to
achieve forward locomotion. He introduced the concept of a
snake robot with passive wheels to achieve lateral undulation
by utilizing the serpenoid curve for a series of sinusoidal
patterns transferred from head to tail [105]. Among the ten
snake robots Hirose developed, some were employed with
passive wheels over joints (ACM-III and R5). In contrast,
some robots were equipped with active wheels as the primary
actuators (ACM-R4) and a few with pneumatically driven
joints (Slim Slime). Chowset of Carnegie Mellon University
is another renowned researcher in this field. From snoopy
[105] to Greasefire (the latest among his Modesnake series
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FIGURE 5. Major snakebots with their joint module in close. (a) Wireless controlled ACM-R1 by Hirose and its single DOF joint module (b) World’s largest
snake robot Anna Konda by Hirose (c) Carnegie Mellon University’s Modesnake/ Uncle sam by Prof. Choset (d) Onmitread-4 by Johann Borenstein, The
University of Michigan (e) Kulko by Hirose.

is capable of 3D locomotion, including swimming, climbing,
and crawling), the group developed a series of robots by
modifying the joint configurations [116].

TheUniversity ofMichigan utilized active treads and joints
designed using pneumatic bellows (OT-8 and OT-4). The key
features of these robots are a high propulsion ratio and versa-
tile terrain adaptability. Later many researchers came up with
different ideologies like smart material-based flexible snake
robots [117], modular snake robots based on series elastic
actuators [118], and cable-actuated snake robots [119]. Two
versions of HITSZ-Snakebot with their kinematic models for
creeping, rolling, and serpentine gaits were established [44].
In the next year, remote-controlled, ground-based surveil-
lance and inspection robot were developed on a commercial
basis by Sarcos. The robot named ’Guardian’ claims to offer
live video feed, 3D mapping, and two-way communications
with real-time data transferability from challenging environ-
ments and terrains. The snakebot is commercialized for a
prize of $60,000. In 2020, the creators of Kulko came up with
two new designs for unstructured environment exploration.
The first was a design approach for sensing environment
contact forces based on the measured joint constraint. The
second design approach allowed the cylindrical surface of
each snake segment to rotate by an embedded motor to
generate the forward propulsive forces on the robot from its
environments [120].

The mechanical design thus helps the system’s smooth
control using the modelling equations. More details on the
design specifications of major snake robots, including the
joints, actuators, DOF, modelling, and control, are listed in
Table 5. The snake robot body is usually custom-made by
3D printing or simple assembly. Generally, these snakes used

polycarbonate plastics, aluminum, or steel, as their body
material. Snake robot, MAMBA has all modules sealed with
rubber for waterproofing capable of protecting it till at water
depths down to at least 2 m [66]. A series elastic actuator-
based precision torque-controlled low-cost robot named ser-
pent was introduced in 2019, which utilized FusedDeposition
Modelling (FDM) manufacturing technology for 3D printing
the modules using polycarbonate plastics [121]. Recently,
to withstand higher traverse force and for the screw-less
assembly mechanism, the elastic joint was redesigned with
the addition of a damper element [122].

VI. SIMULATORS FOR ROBOTS
Compared to virtual character animation, dynamic robot sim-
ulations have more strict requirements. The physical reality,
time complexity, and computational burden are all challeng-
ing for dynamic simulations. As the law of physics can be
violated for cartoons, video games, and other entertainments,
unrealistic forces will not become a problem for their anima-
tion. Simulators can be used offline to analyze or generate
behaviours in mechanical and biomechanical studies. Most
snake robot studies are done by validating the mathematical
model with the experimental prototype alone. The need for
whole-body movement control for complex structures is still
challenging even though the field of dynamic simulations has
matured in the last decades [23], [30]. The challenges include:

• Numerical instability comes during real-time control
[21], [22].

• Lack of performance (high computational time require-
ment) when used as predictive engines in real-time con-
trol loops.
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TABLE 6. Existing simulation platforms used by robotics research communities.

• Solvers may converge to physically feasible solutions at
a certain time [14].

Table. 6 shows the details of existing robotic simulators
used by researchers, which would help future researchers
to choose their simulation platform. It is always preferable
to study the feasibility of the mechanism with any of the
platforms mentioned. Among these simulators, snake robots
are widely studied with Gazebo, V-rep, and Webots.

VII. CONCLUSION AND FUTURE SCOPE
Snake robots have been a topic of discussion among
researchers for decades. Starting from Hirose, many
researchers have made several studies that contributed
substantially to the field. Although these researches were
motivated by the potential adaptability to an unstructured
environment, the practicality of a complete real-time snake
robot is still challenging due to its design and control com-
plexities, as mentioned below.
• Obtaining a smooth surface combined with contact force
sensing at articulated parts of the robot represents a
significant design challenge.

• Developing a joint mechanism to maximize the actuator
strength to robot weight ratio is critical in head-lifting
snakebots.

• Researchers are still in a clean laboratory environment
which is not the scenario of the real applications. Hence

waterproofing, dust-proofing, and body covering are
essential.

• When the elongated body with the small cross-sectional
area helps manoeuvre narrow passages, the higher
degrees of freedom allow it to explore spaces lifting
its body. However, this higher DOF makes the body
configuration redundant. This makes the system difficult
to control.

• The complexity in coordinating the high degree of free-
dom to generate the required motion.

Soft robots exhibit safe contact and environmental adap-
tion compared to traditional rigid robots. But the advance-
ments in the actuation of these soft materials are restricted
due to two reasons which make traditional motion plan-
ning, dynamic modelling and controls computationally
expensive:
◦ Limitations in internal sensing
◦ The difficulty of precise modelling is due to the continu-

ous deformable characteristics, which in turn can result
in infinite DOF and non-linear dynamic response.

Apart from pipeline inspection, all other applications of
snake robots require high environmental sensing and adapt-
ability of their body shape according to the environmental
conditions/
uncertainties. From the control point of view, path planning
and navigation, optimal control-intelligent gait selection, and

112112 VOLUME 10, 2022



G. Seeja et al.: Survey on Snake Robot Locomotion

compatible control based on gait improve robot motions
[139], [140], [141], [142], [143], [144], whereas compatible
perception devices, visual systems [110], [145], [146] from
the point of perception driven obstacle avoidance have to be
explored more for highly adaptive functionality. It is found
that almost all research was concentrated on planar motions,
and very few studies have made obstacle avoidance. Hence a
deeper focus must be made on adaptive motion behaviours in
unstructured environments.

Whereas, in continuum robots, when the backbone curve
concept is employed, the problem of hyper redundancy gets
reduced to determine the proper time-varying behaviour of
the backbone reference set. Once the backbone reference set
is determined, a fitting procedure may allow it to align the
manipulator with the backbone curve.

A few available works have employed locomotion in
unstructured environments using simulation platforms; the
background dynamics are not available, making the con-
troller analysis challenging to comprehend. Hence, more
researchers must address this with easily analyzable models.

Though there are better designs, almost all prototyped
snake-inspired robots face other issues like compromises
in cross-sectional sizes, lack of multi-gait functionality,
low-speed operation, longer operational time, and lack of
waterproofing and dust proofing. These practical challenges
needed to be resolved for effective USAR operations. How-
ever, the developments achieved by Carnegie Mellon Uni-
versity’s snake robot are appreciable because it has assisted
the red cross rescuers after a meter 7 earthquake hit Mexico
City in 2017 [94]. They could find that the building was
unoccupied with any victims. This accomplishment inspires
researchers enthusiastic about the development of rescue
assistance snake robots. Overall, researchers must put a sig-
nificant concentration on the adaptive motion behaviour in
debris/ uncertain environments.

In brief, this paper has started with the principles of loco-
motion behind biological snakes and then goes to the existing
works of literature onmathematical modelling involved in the
recreation of this biology. The kinematics-dynamics motion
controls are studied in detail, followed by the factors for
the mechanical design. Finally, the existing dynamic robotics
simulator platforms are also discussed to choose simulator
platforms for readers.
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