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1 EXECUTIVE SUMMARY

This deliverable explores the bio-inspired locomotion strategies for mining environments. In particular, we are
concentrating on locomotion strategies in low-yield environments (media with the properties of both solids and
fluids). This focus is chosen because first, it is a realistic environment in the mines, in particular in flooded and
abandoned mines and second, because robot locomotion in low-yield environments is a novel research problem
in robotics. The main body of the deliverable is a journal paper giving the overview of the animal locomotion in
low-yield environments, categorization the locomotion principles in low-yield environments and classification of
the underlying physical principles of locomotion. Based on the abstract physical principles we have envisioned
engineering solutions for building robots suitable for mine exploration.

ROBOMINERS D.1.2. Page4/11



ROBOMINERS

ROBOMINERS DELIVERABLE 1.2

2 OVERVIEW

This deliverable mostly presents work done in T1.2. “Legged robots and locomotion strategies” and
proposes solutions for T1.1 “Shape and Function”. As the task description says, we mostly focus on
locomotion strategies in slurry, mud and slippery ground. One reason for this is because it is common
in mining environment. The other reason is that it is also a scientifically novel problem statement.
Indeed, there are enough descriptions and overviews of legged robots on solid terrains that we are also
well familiar with. As the work description states:

“While ground robots move on the solid ground and underwater robots in water, the mining
environment has both properties, e.g. it is a multiphase environment consisting of mixed solids and
liquids. Amphibious robots exist that can move either in water or on solid ground but not in the
environment in between, thus this problem statement is unique from a robotics point of view.”

At early stages of the review, it became clear that animals in those environments do not only use legs
for walking but also other locomotion strategies (e.g. crawling, jumping etc.) so we conducted a
comprehensive search to analyze them all from applicability point of view.

This deliverable is presented in a form of a journal paper to be submitted simultaneously with the report
to the Commission. However, in this report we also discuss and make conclusions beyond that to give a
rationale to our design choices for the mining robot lab prototypes (in T1.1 “Shape and function”). The
main objective of WP1 is to inform the design choices made in WP2 and WP3 (Figure 1).

This deliverable has already informed the worked carried on in WP 3, in particular T3.1. System
specifications. Many decisions made there are taking into account the insights from this deliverable.

WP1 concepts (TRL 1)

WP2 model (TRL 2,3)

WP3,4 prototypes (TRL 4)

Figure 1. WP1 proposes design concepts on TRL1 to inform later design choices

2.1.1 Scope and problem definition.

Low-yield environments are environments that have properties of both solids and fluids depending on
how the robot is interacting with them. If a robot applies low pressure on the low-yield material, it
behaves like a solid, but once the pressure exceeds the yield stress, the material behaves like a fluid (see
Figure 2). Low-yield environments are common in nature: soils are a mixture of different particles that
can take a form of gravels, sands, silts and clays (depending on the particle size and the air and water
content), mud is such a medium with a high water content.

We have set the scope of this deliverable as locomotion in low-yield environments because:

- These environments are common in mines, in particular abandoned and flooded mine, which is
one of the target applications of ROBOMINERS’ selectively mining robots.

- This problem definition is novel in robotics: locomotion on the solid ground is thoroughly
investigated in robotics (including bio-inspired robotics). Also, underwater locomotion is well
studied both from conventional and bio-inspired design perspective. However, the
environments which have properties of both fluids and solids are almost entirely unexplored in
robotics. Therefore, the work is this deliverable has a potential to making a higher impact also
beyond the scope of ROBOMINERS.
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Figure 2. Typical behaviour of a low-yield environment.

2.1.2 Taxonomy of biological locomotion mechanisms in low-yield environments.

In this deliverable we conducted a systematic literature review of biology literature to identify biological
principles of locomotion. The approach is described in detail in the attachment (submitted as a journal

paper). The resulting taxonomy of locomotion is represented in Figure 3.

Undulations on the Axial-
Horizontal plane

Axiakappendages

Axial

Anchoring the crane

Body undulations Appendages Axiakappendages Anchoring Tail Fluidization
Peristalsis = ions around erutching => (Walking with several pairs of legs Anchoring system => Whole body Tail for propuision => Crawing Fluidization
the body axis Crawiing using the appendages + undulations of the body) + (Axial ing using tail for propulsion
for propulsion - appendages) And
{Mucus + waves) + => => Anchoring the appendages {Hopping on the tip of the tail) +
like) + (Looping) => Undulations {walking with several pairs of sz} Axial - appendages (leaping) = Jumping with the tail
on the Axial-Vertical plane + {walking/running) => Walking Cranial based => Anchoring the
on appendages crane
Axial i {
on the Axial-Horizontal plane
Body undulations Appendages Anchoring Tail Fluidization
Undulations around the body axis Crawling using the appendages Whole body anchoring Crawling using tail for propulsion Fluidization
for propulsion
Undulations on the Axiak-Vertical - Anchoring the appendages Jumping with the tail
plane ‘Walking

Figure 3. Taxonomy of bio-inspired locomotion in low-yield environments.

The taxonomy in Figure 3 is then classified further by identifying the physics of locomotion (again, the
attached journal paper for details). As a result we identified 6 locomotion strategies that help traversing
low-yield environments. These principles can be taken as starting point for ROBOMINERS robots but
also in general, for robots that move in environments that exhibit both properties of solids and fluids.
Also, as the physical principles are general, they can be applied for both bio-inspired and non-bio-

inspired robots.
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Figure 4. Taxonomy of the physical principles of locomotion.
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The work carried out in this deliverable has informed the design choices in WP 3, in particular T3.1.
System specifications. Table 1. shows examples of bio-inspired designs considered for the ROBOMINERS
robot (discussed and developed jointly between TalTech and TAU).

Name Beaver Robot Whale Centipede Velox (from Pliant Energy Systems) Round paws criquet

Sketch

Abilty to swim
Ability to move on solid ground
Ability to move in mud
Ability to pass a rock
Control ease
Mechanical simplicity
Resilience to failure

Energy consumption/efficiency 3 3 [— 3

Table 1. Design concepts of bio-inspired robotsforROBOMINERS

Slsetitaseil

21.3 Legged robot locomotion strategies

In addition to the overview of biological locomotion mechanisms, we investigated the development and
requirements of legged locomotion (presented at the consortium meeting in Tallinn January 2020). The
summary of the overview is given in the following section.

Mobile robots in structured environments rely mostly on wheels. Indeed, wheels are one of the greatest
inventions in human era, they are easy to design, manufacture, and are practical for robots that require
speed. They also do not suffer from static or dynamic stability since the centre of gravity of the robot
does not change when they are in motion or just standing still. Moreover, their modelling is
straightforward, which simplifies the implementation of reliable control strategies. The disadvantage is
that wheeled robots are not stable on uneven or rough terrains, on extremely smooth surfaces, and on
slurry and muddy environments. To address this issue, using legs as a replacement for wheels has been
considered. Inspired by nature, adding legs to robots was proposed as a solution for robots operating in
rough terrains [1]. Legs provide a more important mobility potential than their wheeled counterparts,
as they can adapt well to various environments and terrains and are highly manoeuvrable. However,
this kind of mechanics require more complex control algorithms. Legs are not new to humans or animals
but building legs for a robot is a complex process. Several factors need to be considered, such as
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controlling the robot’s stability, sensing the surrounding environment, and generating appropriate
motion patterns.

To tackle the stability issue, researchers defined two criteria, where at least one should be satisfied
when the robot is operating: static stability and dynamic stability [2]. A statically stable robot is well
balanced and does not fall over when standing. This means that its centre of gravity is within its support
polygon, or ground contact base. The minimum number of ground contact points required for a
statically stable robot is three. Dynamic stability is where stability is achieved by movement. Although
dynamically stable robots are harder to control, they are more energy efficient and move faster than
statically stable robots.

To control the robot’s legs to achieve either static or dynamic stability, a dynamic model of the robot is
needed. Several models have been proposed in the literature, but some depend on the number of legs.
The following models are in the other hand independent from the number of legs:

e Rigid Body Dynamics (RBD): This model is the same as the one used for manipulative arms in
industry robotics. Each leg is represented as a serial manipulator, and the goal is to control the
articulations angle of each motor to achieve a specific configuration. This model has been
heavily studied. Several advanced control schemes ensuring high accuracy and speed have been
proposed. The only remaining challenge is to generate an appropriate trajectory for each leg to
follow.

¢ Single Rigid Body Dynamics (SRBD): This is a simpler model of the robot, where the mass of the
legs and their respective momentums are neglected. Only the forces and momentums that
apply to the centre of mass which are generated by each leg are considered. This formulation
allows to represent the robot’s state fully in Cartesian space, and completely independent of
the joints’ angles.

e Linear Inverted Pendulum Model (LIPM): An even simpler model with a few assumptions can be
deduced. If the centre of mass height is considered constant, and that its angular acceleration
and velocity are zero, the non-linearity that are present in the previous models can be
neglected. The advantage of this model is that it can be analytically solved, and thus having
direct inverse dynamics of the robot.

Based on the above-mentioned models, several control strategies have been proposed. Basically, the
idea with this model is to compensate for the dynamics of the robot (dynamic compensation using
feedforward control) and add a correcting term to reach the desired joints angles. This works very well
when there are no modelling errors. However, to achieve locomotion, a motion planning block needs
to be added. This block would be responsible for generating where each leg should be at any given time.
The first level of motion planning is gait generation. Gait generation means how each leg should behave
with respect to time in order to achieve a specific trajectory. This can be walking, running, turning, etc.
One method to generate a gait is to use Central Pattern Generators (CPGs). CPGs are networks of
interconnected oscillators that can generate rhythmic outputs that can be used for joint trajectory
planning. These CPGs can be designed by trial and error [3], by bio-mimicking [4], or with machine
learning techniques [5]. Another option for control and gait generation, is to use the SRBD model as
constraints and find an optimal solution directly [6]. This is called the direct method as gait generation
is directly considered.

The biggest challenge, aside modelling and control for legged robots, is sensing the surrounding
environment. The control of legged robots relies highly on accurate exteroceptive measurements since
each leg tip needs to be precisely at a specific position to ensure its stability. Another challenge,
especially for gait generation using optimization methods, is that the number of possible gaits grows
with the number of legs. The number of possible events (stance and swing events for k legs) is equal to:
N=(2k-1)!
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This means that for robots with 6 legs, there are 39,916,800 possible events to explore for an optimal
solution, which poses a hard constraint for robots with limited computing capabilities.

It follows from the above that having a legged robot in soft, muddy environment has its limitations. First,
since in ROBOMINERS the goal is to be able to achieve locomotion in multiphase environments, the
challenge for legged locomotion control is the accurate computation on the desired position of the legs,
where the ground properties vary. Secondly, mud, sand and dirty water make most 3D space
measurement sensors (LiDAR, cameras) hard to use, making the needed pre-knowledge for gait
generation problematic. Therefore, a “synthetic bio-inspired approach” is preferred, where the ground-
robot interaction is realised.

2.1.4 Conceptual shape and locomotion strategies

Following the literature overview, the possible solutions were discussed during a workshop between
TalTech and TAU in October 2019, presented to the consortium during the Tallinn’s meeting in January
2020. Based on the feedback received, a concept was designed shown in Figure 5.

Out of this work, we selected the means that could at the same time answer to the challenge of locomotion
in soft environments while still enabling locomotion on other environments like hard rocks. This put aside
the fluidization and reduced the tail assisted possibilities because of the modularity of the robot and the
potentially hard surfaces. In a desire to increase the chances of success of the locomotion principle of the
ROBOMINERS, we decided to combine the advantages of the remaining principles.

Within the workshops, the solution of an Archimedean screw locomotion combined with a legged
mechanism was proposed. The combination is bringing together many of the bio-inspired locomotion
principles listed above. First, the large surface area of a screw mechanism is the typical feature enabling
animals to reduce the pressure on the material while gaining as much traction as possible. This large surface
area is provided by the screw drums. Then, when using appendages during the crawling locomotion,
animals rest on a large portion of the body (here the screw surface) and push matter backward to progress
forward. Similarly, when using body undulations, animals like snakes are using several portions of their body
to exert pressure on the material, and the portions pushing are progressively moved backward while the
front portion is periodically re-engaged into the substrate. These two behaviours are typically mimicked by
the helix of the screw that pushes the material backward for any rotation of the screw (like the crawling
motion) and periodically re-engages a new portion of the screw while keeping many portions still pushing
the substrate.

Additionally, legs can be implemented to provide the stepping capability to avoid large obstacles, as well as
the possibility to use the anchoring behaviour, i.e., extending the legs to push onto the walls of the mine
enables the anchoring of the screws into the tunnel to provide anchoring points.

The combination of the screws and legs can provide a way of combining the advantages of several bio-
inspired locomotion principles. An illustration of the initial concept solution can be seen in Figure 5.

ROBOMINERS D.1.2. Page9/11
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Figure 5 The screw-leg mechanism concept for ROBOMINERS

2.1.5 Conclusions

The analysis of bio-inspired locomotion in this deliverable has led to 3 different designs ideas and
locomotion concepts that are currently implemented on the lab scale in hardware:

1. A general physical model for modelling and controlling the interaction of the leg with a low-

yield surface. The aim is to model the stress-strain relationship of the environment from the
feedback sensors of the actuator (e.g. force sensors) and control the stress (via controlling the
force) applied by the foot so that the yield-point of the environment is not exceeded.

A shape-changing soft actuator to control the traction between the surface and the robot and
to change its shape to a flapping fin when the properties of the environment change from solid
to viscous or viscoelastic.

An Archimedean screw-propelled robot concept. Conceptually it is a conventional counterpart
of flipper locomotion (exploited by mudskippers and turtles for example), where the flipper
motion is simplified by actuating it with a single powered rotational joint.
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4 APPENDIX : SYSTEMATIC OVERVIEW OF LOCOMOTION IN LOW-YIELD
ENVIRONMENTS
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Abstract: Low-yield environments exhibit properties of both solids and fluids. For example mud, snow,
soil or sand are low-yield substrates because their behaviour depends on the stress and rate of stress
applied on them. Low-yield media are common in nature but very few robots are designed to move on
low-yield substrates and even fewer have been demonstrated outside of the research lab. This paper surveys
the existing biology and robot literature to analyse mechanical principles facilitating motion on low-yield
substrates. We categorise animal locomotion on two different levels of abstraction, one preserving the
biological relevance and the second, more abstract, mapping them to underlying general physical principles.
We then also categorise the existing robots and some manned vehicles using the same ontologies. The result
reveals which design principles are more widely used and which may represent research gaps for robotics.
We also discuss that higher level of abstraction helps transferring the solutions to robotics domain also
when the robot is not explicitly meant to be bio-inspired. The contribution of this paper is a catalogue of

possible solutions for traversing low-yield terrains.

Keywords:

Robots, bio-inspiration, mud, locomotion, low-yield environment.

1 Introduction

The last decades have witnessed a rapid advancement
of robotics applications from well-structured and defined
industrial environments into an unstructed and dynamic
external environment. Those robots in the real world can
move on the solid ground as well as in air and in water
and consequently researchers and engineers have devel-
oped terrestrial, aerial and underwater robots. However,
those robots still cannot access all types of natural envi-
ronments.

Low-yield environments are environments that have
properties of both solids and fluids depending on how the
robot is interacting with them. If a robot applies low pres-
sure on the low-yield material, it behaves like a solid, but
once the pressure exceeds the yield stress, the material be-
haves like a fluid. Low-yield environments are common in
nature: soils are a mixture of different particles that can
take a form of gravels, sands, silts and clays (depending
on the particle size and the air and water content), mud
is such a medium with a high water content.

Manned vehicles and some robots use wheels and tracks
to move in these environments up to a limit [16]. Usually
they are large and heavy enough to gain traction from
the solid bottom under the loose substrate, but fail if the
mud is too deep and thick. Not so many robot prototypes
are addressing the challenge of traversing low-yield envi-
ronments. Some quadruped [105], [9], or hexapod robots
with rigid [76] or adaptable legs [77] are shown to be able
to negotiate those terrains. The SeaDog robot uses spoke

12

wheels combining some advantages of wheels and legs [68].
Undulatory robots mimicking worms [111], snakes [84] or
lizards [83] is another example. Unstructured environ-
ments have also been negotiated by crawling robots such
as a sea-turtle robot [86] and a mud-skipper robot [87]. A
razor clam robot was designed, capable of digging through
mud [137]. Some researchers designed screw-based robots,
having either 2 screws [90] or 4 [81]. Recently, some robots
were designed to challenge the granular lunar terrain [114]
by combining wheels and walking gaits. On a different
scale, sperm inspired robots have been built, moving at
low Reynolds numbers [66]. For a review on robotics loco-
motion on heterogeneous or wet terrestrial substrates, see
[2] sections 6 and 7.

Despite that there are encouraging examples how robots
could be used to negotiate low-yield terrains, there are still
rather few examples compared to the plethora of terres-
trial vehicles for uneven terrains, aerial and underwater or
even amphibian vehicles.

Yet, the locomotion problem in low-yield environments
is important to solve because it would facilitate new
robotic applications, for example: for search and rescue
in wet forests, muddy fields, avalanches, mudslides; for
the agricultural vehicles operating on wet soils (e.g. rice
fields); for exploration or excavation of materials (e.g.
wood, ore) with a minimal environmental impact; for en-
vironmental monitoring in high biodiversity areas (e.g.
river estuaries, bogs, shores); or for extra-terrestrial ex-
ploration.

Bio-inspiration and biomimetics seems to be the most



commonly used paradigm for developing robots for low-
yield environments: the majority of the above listed exam-
ples claim to be inspired by animal locomotion. Typically,
they mimic a specific animal or an aspect of locomotion
of a specific animal.

The concept of biomimetics and bioinspiration is a spe-
cific case of a problem solving technique design-by-analogy
[130] and often has its focus on biomechanics [50]. The
analogy between biology and engineering can be derived
at different levels but the decisive phase is the mapping
from the problem domain to the solution domain using the
most appropriate level of abstraction [131], [130].

However, bio-inspired design is rarely used in robotics
as a systematic methodological approach and the choice
of the abstraction principles is usually not explicitly or
systematically discussed or justified.

In this paper we review biology research addressing the
locomotion in low-yield environments and propose some
general principles for designing robots for those terrains.
We use abstraction on the level of general mechanical prin-
ciples of the viscoplastic medium to derive engineering
goals. We also categorise the existing robotic research
and demonstrate that some of those principles have been
explicitly or implicitly already used in robots or other ve-
hicles and since they are sufficiently general, the resul-
tant design does not necessarily need to be explicitly bio-
inspired. The motivation of this overview is to offer a sys-
tematic approach, general guidelines and design targets
for developing better vehicles in low-yield environments.

2 Background: soil mechanics

The soil is a complex substrate made up of four com-
ponents: minerals, air, water and organic matter. These
components can be present in varying proportions depend-
ing on precipitations, proximity to water bodies or com-
pression of the material. Depending on the minerals’ par-
ticle size, the soils can be classified as clay (smallest), silt,
sand and gravel (largest). Soil behaviour depends on the
water content; when the water content is very high, the soil
behaves as a fluid, when it decreases the mud behaves as a
plastic or viscoplastic, and it is solid when the water con-
tent is low [11]. The plastic behaviour means that above
a certain stress, called yield stress, the material does not
return to its original shape. The smaller the particles, the
lower the permeability to water and the more prominent
is the plastic behaviour. Viscoplastic behaviour exhibits
properties of both solids and fluids, and material defor-
mation depends also on the rate of stress [23], [10]. The
typical stress-strain curve of soils is shown in figure 1.

Hence, moving in mud means dealing with a material
constantly changing its state between solid and fluid. For
not sinking into the mud, the robots or animals have to
apply a pressure lower than the yield stress. In case it is
already submerged, the animal or robot has to deal with
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Figure 1. Typical stress-strain curve of soils, sketched
according to [11]. The difference between the two curves
lies in the volume change: if a soil is loose or soft it will
dilate directly and the shear stress will rise. If it is al-
ready compact, its shear-stress will increase more due to
the dilatancy of mineral grains until the bonds break and
the curve meets the loose/soft curve. In both cases, if
the particles are small, a residual strength exists after the
critical state, which enables the muds to resist pressure.

moving in a viscoplastic material, where both stress and
stress rate play a role.

3 Methods

This paper aims at answering the following questions:

-What type of locomotion modes and mechanisms are
present in nature for locomotion in low-yield environ-
ments?

-How to classify those modes and mechanisms of loco-
motion in low-yield environments?

-What are the underlying physical principles enabling
locomotion in low-yield environments?

-Do those modes and mechanisms share any common
physical principles that are abstract enough to be applied
to robots including non bio-inspired robots?

To answer those questions, we conducted a review of bi-
ology research, focusing on animal locomotion in low-yield
environments. We identified relevant research papers and
categorised them based on locomotion mechanisms and
patterns. Finally, for each category, we tried to identify
the underlying mechanical principles for motion in low-
yield environments. We have also mapped the existing
robots into the presented categories showing that success-
fully developed solutions implicitly or explicitly are de-
signed against those principles and suggesting that defin-
ing those principles as design targets will help to faster
and easier develop better vehicles.

3.1 Identifying locomotion principles

The first methodological step is described in detail in
Appendix A. It is a systematic review of biology literature



addressing locomotion in low-yield environments. From
this overview we could identify sixteen different ways of
locomotion, summarised in figure 2.
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Figure 2. Locomotion principles identified from the lit-
erature review.

Those locomotion mechanisms were further on clustered
based on their similarities. As a result, we derived 6
classes represented in figure 3, upper row, which we then
regrouped under more generic sub-categories. This led to
the final classification, presented in the lower row of figure
3. Any specific animal described in literature could use
more than one of those principles:

1. Body undulations
2. Appendages

3. Axial-appendages
4. Anchoring

5. Tail

6. Fluidization
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Figure 3. Final categorisation of the locomotion princi-
ples after regrouping and merging the initial categories.

In the next sections, each of the six classes will more
closely described with the emphasis on the mechanics of
soils and with references to the possible robotic analogues.

4 Locomotion principles in low-
yield environments

4.1 Body undulations

This principle lies on the undulation of the animal
body along its anteroposterior axis. By doing so, the ani-
mal pushes against the ground with some of his body parts
while moving the rest forward. Then, the parts alternate
their role in an undulation pattern. In some cases the
body pushes and advances at the same time. Undulations
have been observed to occur in three different geometries;
in the Axial-Horizontal plane (AH), in the Axial-Vertical
plane (AV) or along the anteroposterior axis (see figure 4).

(AV) plane,
or sagittal
or median plane

(AH) plane—
or coronal,
or frontal plane

Anteroposterior axis

Figure 4. Representation of the Axial-Vertical plane in
blue (AV, also called sagittal or median plane in anatomy)
and the Axial-Horizontal plane (AH, also called coronal or
frontal plane) in red. The line joining the head and the
tail (dashed line) is the anteroposterior axis.

4.1.1 Axial-Horizontal undulations

This type of movement consists in undulating the
body on the AH plane (red in figure 4) so that several
points of the body push against the soil simultaneously
while advancing the body forward. Doing this, the efforts
are distributed along the body allowing for a small amount
of force to be applied at each location, thus reducing the
pressure on the ground. This is of particular interest in
an environment which may flow ever under a small pres-
sure such as mud or sand. The well known animal using
this locomotion pattern is snake [132]. Limbless tetrapods
such as snakes are described to generally move in four
different ways (Undulation, concertina, sidewinding and
rectilinear). Among them, the first one, undulations, con-
sist of producing continuous Axial-Horizontal movements
(see figure 5).
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Figure 5. The Axial-Horizontal undulations by snakes,
according to [132]. The grass and rocks are examples of
objects the snake can push against.

Limbless tetrapods produce a wave of contraction of
their lateral muscles propagating from the front to the
back to bend the body sideways. Then the next phase-
shifted wave produces bending in the opposite direction.
The alternating undulations create contact surfaces dis-
tributed along the body that push against the soil. The
ground reaction forces have a forward and a sideways
component, the sideways components counteracting each
other while the forward component pushes the body for-
ward. This locomotion strategy produces skin friction
drag, which can be reduced by scales, mucus or by lift-
ing some body sections.

The second locomotion strategy, used only by snakes,
is the sidewinding [132], in which the body has two sec-
tions in contact with the ground and two lifted off the
substrate. This means that pressure on the surfaces is
higher with only two contact areas, and this deforms the
ground so that the snake produces a heap of soil against
which it pushes itself forward. This particularity makes
this method well suited for low-yield environments as they
easily deform under pressure. A sidewinding snake robot
has been designed to study this pattern [84]. The lung-
fish also uses AH undulations when swimming in a vis-
cous solution, such as mud with high water content [60].
This type of undulations is also used by some worms to
go through muddy sediments [33]. Two main progression
techniques are used by worms, consisting in either frac-
turing the sediments or reorganising the sediments while
using undulatory motion [33]. Such undulations are also
used by burrowing eels [58] and sandlances [48] to burrow
into the sea bottom, and by a diversity of desert reptiles,
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like the sandfish lizard which swims below the desert sur-
face using undulatory movements [51]. A sandfish lizard
robot has been designed to mimic this pattern [83].

4.1.2 Axial-Vertical undulations

The second type of undulation is produced on the
Axial-Vertical plane, shown in blue in figure 4. In this
mode of locomotion, the body alternates between a rest-
ing phase and an active phase consisting of oscillations.
This pattern is used by for example seals [93]. Seals are
described to use a locomotion pattern in which they bend
their back while putting their weight on the front part of
their body. This brings the posterior part of their body
forward. Then, they apply force on the ground with the
posterior part of their body while straightening their back
and supporting the movement with a stroke of the flip-
pers. This moves the anterior part of the body forward.
This pattern is used by seals on rocky or sandy areas,
demonstrating its effectiveness in unstructured environ-
ments. The same pattern is used by inch-worms [100],
leeches [37] and caterpillars [122]. An illustration of this
locomotion can be observed in figure 6.

Figure 6. A movement cycle of the caterpillar. The
forward moving parts are highlighted in red and the static
parts in blue.

Similarly to seals, caterpillars alternately bend each of
their body segments, but contrary to seals, support to the
ground with legs instead of pushing against it with the sur-
face of their trunk. Different molluscs, such as snails and
slugs, also use these undulations to move forward [124].
Here, the differences mainly lie in that they produce mu-
cus to reduce friction and backsliding, or in that they have
a specialised foot producing complex undulatory waves.
This specialised foot can produce sideways and concentric
waves enabling the mollusc to move diagonally or turn on



the spot. Limbless tetrapods also use AV undulations as
one of their four locomotion strategies [132]. In this strat-
egy, they alternately move their ventral portions forward,
similarly to a snail’s foot, while the body stays straight.

Apart from AH undulations, AV undulations use a dif-
ferent orientation of the waves of undulations which in
turn implies that there is no drag on the substrate be-
cause the parts of the body moving forward are lifted up.
The other difference between AH and AV undulations is
that with AV undulations, each section of the body alter-
nates between stance and forward phase, while the entire
body moves simultaneously with AH oscillations.

4.1.3 Undulations around the body axis (peristal-
sis)

The third type of undulation-based locomotion con-
sists of undulations at the intersection of the AH and AV
planes: around the anteroposterior axis, represented as a
dashed line in figure 4. This undulation is called peristal-
sis. One or several waves shorten or lengthen the body
segments. While a body segment is shortening, it widens
and grips the soil more firmly to serve as an anchor point
from which the next segment is pulled [33]. An illustration
of a worm moving with peristalsis can be seen in figure 7.
To grip the soil more firmly, some worms also have chaetae

Figure 7. A worm using a peristaltic motion. The red
parts are making forward progress while the blue ones are
anchored to the soil.

on their segments which protract during the stance phase
to increase friction and retract during the forward move-
ment [45]. The peristaltic waves end with the enlarging of
the tip of the front end of the worm, which when under-
ground acts as a wedge to crack the soil [53]. This wedge
appears to reduce the form drag by reducing the frontal
area of the worm.

Similarly to AV and AH undulations, peristaltic waves
push against the ground on several points, distributing the
forces and reducing the pressure on the soil. However only
with AH undulations, the entire body progresses at the
same time and slides on the ground, requiring anti-friction
mechanisms. With AV undulations, the advancing parts

are lifted off the ground while with the peristaltic motion,
they are shrunk while remaining aligned with the body
axis. In both cases, the surface friction is consequently
reduced. However, form drag is only reduced with the
peristaltic motion as the worm shrinks and expands its
frontal area.

4.2 Use of appendages

In low-yield environments, appendages (e.g. legs, fins,
flippers) can be used for walking or propelling the body
forward while lying on the trunk.

4.2.1 Walking on appendages

Most of the terrestrial mammals, birds and insects
use appendages for walking. If the low-yield environment
cannot carry the animal’s body weight, then animals with
long legs can reach the solid bottom and walk on it. This
strategy can only be used when the layer of mud is not
too deep. The second strategy implies reducing the pres-
sure exerted by feet to not exceed the yield of soil. This
strategy can be applied either by increasing the number
of legs to distribute the body weight, this is the case for
arthropods (e.g. crabs, centipedes); or by increasing the
surface area of feet, this is the case for animals with very
long fingers or webs (e.g. lizards, ducks, beavers).

The only studies found in the literature about the first
strategy are studying cows in slurry or sand. Cows have
thin elongated legs with a hard hoof enabling them to pen-
etrate through the substrate and reach the hard bottom.
They reduce their stride frequency because it is difficult
to penetrate and retract the leg through the slurry. They
also increase their stride length because the risk of slip
is reduced when the animal has a strong foothold on the
solid surface under the slurry [98]. The same increase of
stride length was observed when walking in sand [118].
The Bigdog robot uses this locomotion principle to walk
in mud and snow [105].

Many species distribute their body weight over a larger
number of appendages. This is the case for arthropods
(segmented animals) which possess six to hundreds of ap-
pendages [45], [57]. Centipedes provide an example of
those. Their legs can be moved in different combinations
giving rise to a wide variety of locomotion patterns, some-
times coordinating these movements with body undula-
tions [124]. The light highly distributed weight enables
these animals to walk on very soft substrates. Different
species of crab are also living in muddy or sandy environ-
ments using 8 of their 10 legs for locomotion [42]. Again,
the underlying physical principle here is the partition of
the body weight on several legs, reducing the pressure on
the substrate. The AmphiHex [77] and RHex [76] robots
are using this principle.

Webbed feet are often used by amphibious animals such
as salamanders or animals living in wet environments such



as ducks or beavers. Their webbed feet increase the con-
tact area with the ground. Salamanders have also devel-
oped a gait which always keeps 3 legs in contact with a
flowable substrate [8] to stay below the yield stress. Some
lizards increase their contact area using long fingers. The
basilik lizard for example has been observed to balance
and avoid sinking into a flowable substrate by reducing its
stride length as the surface hardness diminishes [9]. The
Basilikbot was designed to study the effects of substrates
properties on the locomotion parameters [9].

Hatching turtles use alternating sequences of strokes
({left fore-flipper + right back-flipper} and {right front-
flipper + left back-flipper}) when they move rapidly on
sand [85] (see figure 8). These turtles also bend their wrist

Figure 8. The stepping pattern of a quickly moving
hatching turtle using only its four appendages. The blue
parts are the flippers supporting against the ground while
the red parts are moving forward. Drawn according to
[85].

while moving forward to keep the flat surface of their flip-
per orthogonal to the force vector, increasing the effective

contact area with the substrate.

Moles have two specialised arms for burrowing but they
can also use them for walking on their long and thin edges.
The rear feet are also long and thin, and are used to push
the mole forward [139]. The mole cricket has a similar
anatomy and a similar locomotion pattern [142].

4.2.2 Crawling using appendages only for propul-
sion

Some other animals rest on the substrate with a large
portion of their body to prevent sinking. They move for-
ward with backward strokes of their appendages and re-
duce the drag by lifting the body off the ground. The
well known example of this locomotion principle is the
mud-skipper [128], [95], [56]. This fish uses an alternat-
ing pattern of 3 supporting points ({left pectoral fin, right
pectoral fin, tail} and { left pelvic fin, right pelvic fin,
tail}). See figure 9.

Figure 9. Locomotion pattern of the mud-skipper using
the alternating tripod system. The red parts are moving
forward while the blue ones are not. Drawn based on [56].

When in resting position, the mud-skipper touches the
ground with its large pelvic fins and the tail. Before mov-
ing forward, it swings its pectoral fins forward until they
touch the ground. It then pushes the soil backward with
its pectoral fins while retracting its pelvic fins. In the end
of the stroke, the mud-skipper lifts the pectoral fins off
the ground and stands on its pelvic fins, again in resting
position and ready for another cycle. A similar pattern
is used by marine turtles on land. These turtles are rest-
ing on their shell and move forward by producing a back-
ward/downward stroke with all 4 fins at the same time,
simultaneously lifting their shell off the ground to reduce
drag [85]. A sea-turtle inspired robot using some features
of this locomotion pattern was built [86].
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4.3 Body undulations + appendages

Fish are moving in water using axial undulations.
They developed limbs to invade land [5] ending up with
locomotion strategies mixing axial body movements and
limbs. The axial-appendages locomotion pattern is de-
scribed as one of the three modes of locomotion of fish on
land [95]. This mechanism consists of anchoring a pec-
toral fin into the substrate and bending the tail towards
the other side of the body. Fish then quickly straighten the
tail, propelling the body forward by rotating around the
anchored fin. They then repeat the cycle with the oppo-
site pectoral fin and bend the tail to the other side. This
locomotion pattern is typical for walking catfish Clarias

[64] (see figure 10).
K-(‘

~)
Figure 10. Locomotion of the Clarias on land according

to [64]. The red parts are making forward progress while
the blue parts are pushing against the ground or are static.

C

Lungfish use a combination of axial undulations with its
fins to walk on the bottom of water-bodies. Its locomotion
pattern is adjusted to the viscosity of the medium. The
more viscous the medium is, the less it uses its limbs [60].

Some tetrapods, such as salamanders, use the retrac-
tion and rotation of appendages in combination with AH
undulations of the girdle when moving on land [38]. A
similar pattern is used by lizard species such as the sand-
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fish lizard, which uses appendages and body undulations
to burrow into sand [82].

Polypterus senegalus uses two gaits depending on the
substrate complexity [115]. If the substrate is uneven so
that the fish can push against stones or lumps, it uses
mainly AH undulations because the body surface (bent in
an S-shape) provides enough support against the elements
of the environment. The smoother is the terrain, the more
the fish walks on its fins coordinating their motion with
AH undulations while lifting the anterior part of the body
so that it reduces friction drag with the soil.

Climbing perch also uses undulations in combination
with appendages to move on land. However a usage of its
detachable sub-opercular to anchor on the ground makes
its locomotion different from other tetrapods and fish (see
next section) [27]. This fish exploits its pectoral fin to
help rolling its body towards the side of the sub-opercular
and then pushes its body forward over the anchored sub-
opercular with a tail stroke, sometimes with a little ad-
ditional stroke with the pectoral fins. Seals also use a
similar gait (their rapid gait) by bending the body to one
side before pushing simultaneously with the tail from one
side and with the flipper from the opposite side [93].

Some multi-legged animals, such as centipedes use their
legs in a peristaltic-like pattern. This creates high con-
centration of appendages pushing on the substratum [70],
[45]. The polychaete Nereis virens also uses body AH un-
dulations from the back to the front in combination with a
rowing pattern of the legs [71]. A Nereis robot was created
to explore this locomotion pattern [111]. Different terres-
trial worms also use peristalsis along with appendages to
facilitate anchoring. These appendages are retracted to re-
duce friction with the tunnel walls during movement [33].

In most cases animals using axial-appendages locomo-
tion have adopted AH plane undulations while also pro-
pelling themselves with side appendages to lift the body
off the substrate. They negotiate the low-yield substrates
by resting on the trunk (distribute body weight) while the
appendages and undulations serve to provide high instan-
taneous power.

4.4 Anchoring

The fourth method of locomotion relies on anchors to
push or pull on them and advance the rest of the body.
Some animals alternately use several anchors while others
use only the head as an anchor.

4.4.1 Full body based

The first category of animals uses the entire body as
an anchor, alternating between regions of the body. The
typical animal using this method is clam. The locomotion
cycle of a clam can be observed in figure 11.

Clams use a dual-anchor in which the foot and the shell
alternately play the role of an anchor. They first widen



Locomotion cycle of a clam. The moving
parts are specified with red color and the static ones with
blue. Schematics is based on [30] and [124].

Figure 11.

their shell to hold grip on substratum, preventing the shell
from sliding. Then, they penetrate through the substrate
expanding their thin foot. Next, they invert the roles of
the foot and the shell: they widen the foot and close their
shell to get a better grip with the foot and loosen the
grip with the shell. Finally, they pull their shell forward
by retracting the foot into the shell, completing the cycle
[138], [124]. The RoboClam has been created to mimic
the Razor Clam locomotion [137].

Snakes also use an anchoring mechanism when moving
with concertina locomotion [132] (see figure 12). When

Figure 12. The concertina locomotion of snake, accord-
ing to [132]. The red parts are the moving parts while the
blue ones are fixed on the soil.

adopting this locomotion, the snake bends a part of its
body into an S-shape to increase the friction with the
ground and advances the rest of its body relative to this

anchor. The parts of the body in front of the anchor
straighten and move out of the S-shape portion while the
parts of the body behind the anchor bend to constitute a
new anchor. Following this pattern, the anchor progresses
from the front to the back of the snake, and the body
moves forward section by section.

4.4.2 Cranial based

The second strategy is based on anchoring the head.
This is the case for the lungfish which, when on land,
anchors its head into the soil and moves the rest of the
body forward by bending it to the side. It then pushes its
tail against the ground while straightening its entire body,
propelling the head forward to anchor it further into the
substrate and start another cycle [60], [95], see figure 13.

4

Figure 13. Representation of the locomotion pattern of
the lungfish on land. The red parts are making forward
progress while the blue ones are pushing/pulling on the
soil. Drawn according to [60].

A similar gait is used by climbing perch on land [27].
The particularity of the climbing perch is that its sub-
opercular is able to move relative to their opercular. This
sub-opercular is used as an anchor as well as a grapple
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hook to climb obstacles.

4.4.3 Anchoring the appendages

This third anchoring method is using appendages to
attach to the ground and uses the tail to propel the body
over the anchor. An animal using this method is the Clar-
ias [64]. See figure 10.

The general physical principle behind the variations of
anchoring based locomotion is that it relies on sequences
of yielding the substrate when getting a grip and staying
below the yield point when moving forward. This often
implies shrinking or widening body parts to increase or
reduce the surface area hence negotiating the yield stress.

4.5 Tail

Two strategies exist for tail-based locomotion in low-
yield environments. The first involves crawling on the soil
while the strokes of the tail facilitate the forward motion.
The second strategy utilises the tail for jumping.

4.5.1 Crawling with the tail

Mud-skipper is an example of animal using the first
strategy as it adopts its tail when climbing an incline. It
uses its tail more and more frequently to jump forward as
the incline steepness increases [87]. Moreover, this mecha-
nism also prevents back slippage when the tail is anchored
to the ground. This mechanism can be observed in figure
14. A mud-skipper robot has been designed to study this
feature [87].

Lungfish also use their tail to move forward in all of
their three locomotion strategies [60]. They change their
locomotion strategies based on the viscosity and density
of the medium: the range of undulations increases with
the viscosity of the fluid. When the medium becomes suf-
ficiently thick to provide an anchoring point, they anchor
their fin to the soil and give powerful strokes with the tail.
Climbing perch also use a similar locomotion strategy in
mud [27].

An arthropod such as Nebalia bipes also uses the tail for
propulsion. While digging into the sand with its legs, it
propels itself forward with tail strokes [129].

Finally, sperms use the tail (flagella) while moving in
low Reynolds number environments. The flagella oscillates
from side to side bending in a chiral shape to break the
symmetry and enable propulsion [47]. A sperm inspired
robot was built on this model [66].

4.5.2 Jumping with the tail

The terrestrial blennies (animals similar to the mud-
skippers) are also able to move on land by jumping on their
tail [61]. These blennies touch the ground with the lateral
part of their tail which is much wider than the ventral
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Figure 14. The mud-skipper using its tail to help
the crawling movement. The red parts are making for-

ward movement while the blue ones are static or push-
ing/pulling on the soil. Drawn after [87].

surface of the tail. This enables them to increase traction
and perform powerful jumps. To facilitate jumping, they
bend their body into a C-shape (bringing the tail close to
the head), well know to be used by fish to trigger energetic
starts (C-starts).

The nematode theristus caudasaliens hops using the
posterior part of its body. It stores elastic energy by slowly
bending the back end and then quickly releases it, trigger-
ing a jump [1]. See figure 15.

Generally, tails are used in mud to generate powerful
strokes and not for a continuous motion. This strategy is
often used in combination with the body lying on the soil
and keeping the pressure below the yield point. The dy-
namic effects of these powerful strokes into the low-yield
soils do not appear to be studied. It can be speculated
however, that the property of viscoplastic materials to de-
lay and distribute impact helps the animal to push off the
ground before the matter yields.

4.6 Fluidization

Fluidization implies moving sand or any granular
medium fast enough to suspend the particles and thus
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Figure 15.
dasaliens.
blue ones are not. Drawn after [1].

The hopping pattern of theristus cau

The red parts are moving forward while the

make the granular medium behave as a fluid. This re-
duces friction and helps the animal to move forward.

Sandfish lizard is described as swimming into the sand,
because its rapid oscillations fluidize the sand [51]. Ra-
zor clam has also been observed to use this principle to
reduce friction of its shell when anchoring, thus facilitat-
ing the penetration of the body into the sand [138]. The
RoboClam uses this principle to dig itself through the
ground [137]. Some worms have also been described to
use this principle [33].

5 Underlying physical principles
for locomotion in low-yield en-
vironments

The locomotion mechanisms described in previous
sections often share common physical principles that fa-
cilitate the animal to negotiate low-yield terrains. Those,
more abstract principles can be used by animals regardless
of their anatomy or locomotion pattern and are therefore
common to many species. We have identified six general
physical principles: the animals can distribute force, re-
duce skin friction drag, reduce form drag, increase friction
to prevent slippage, reduce contact time, or change the
properties of the environment. The relations of those prin-
ciples to locomotion mechanisms are represented in figure
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Figure 16. The physical principles used by animals to
move in low-yield environments.

A very common strategy used by diverse animals is to
distribute force for keeping the pressure exerted to the
soil below the yield point. The animals take advantage
of large surface areas, either by resting on their trunk, by
increasing the number of appendages or widening distal
parts.

Decreasing skin friction drag also facilitates the move-
ment in low-yield environments and there are diverse
mechanism for achieving it. The friction drag can be
reduced by lifting or shrinking the moving parts off the
medium, by jumping off the medium but also by lubrica-
tion or usage of low-friction material couples.

When some parts of the body are submerged by the
substrate, form drag can be reduced by lifting or shrinking
the moving parts off the medium or by jumping.

The fourth common principle is to prevent back-
slippage. Many locomotion mechanisms result to increas-
ing friction on the static parts. Friction can be increased
by anchoring body parts, increasing the contact area,
bumping the weight over the contact surfaces, deforming
the soil or relying on its roughness.

The fifth common principle is using viscosity of low-
yield environments as an asset. Animals reduce the con-
tact time with the substrate by increasing their speed.
The viscoplastic materials answer to a faster solicitation
with a higher shear stress, hence allowing higher pressures
to be exerted on them.

Finally, some animals fluidize the environment to facili-
tate the progression. This reduces drag and enables using
locomotion strategies otherwise used when swimming.

5.1 Locomotion principles used by robots

Some locomotion principles appear already to be used
in existing robot prototypes. Similarly to the biology re-
view, we have identified those principles and found analo-
gies with animals. Sometimes the biological principle used
by robots is explicitly stated in the papers and sometimes
we have ourselves mapped the robot to the possible closest



biological analogy. When analysing figure 17, it appears
that walking and AH undulating seem to be widely ex-
plored locomotion principles used by robots. Few robots
have been demonstrated to move in such substrates us-
ing fluidization, axial-appendages locomotion, AH undu-
lations, tail for crawling or whole body anchoring. No
robot, to our knowledge, has been developed for low-yield
environments using either the appendages as an anchor,
undulations around the body axis or in the AV plane, nor
the appendages or the crane as anchors. This points to-
wards possible research gaps and underexploited opportu-
nities.
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Figure 17. The bio-inspired modes of locomotion used by
robots: The Nereis robot [111], Sperm-shaped robot [66],
Screw-drive rover [90], Tetrad-screw robot [81], Basilikbot
[9], NASA’s mini rover [114], Mud-skipper robot [87], Big-
Dog [105], RoboClam [137], Sidewinding rattlesnake robot
[84], SeaDog [68], Sandfish robot [83], RHex [76], Amphi-
Hex [77], Sea-turte robot [86].

Similarly, the existing robots can be mapped to ab-
stracted physical principles by investigating their design
and mechanics of locomotion. This mapping is proposed
in figure 18.

Analysing figure 18 reveals that a majority of robots
were designed to distribute force, prevent slippage or re-
duce form and friction drag. However, reducing the con-
tact time or changing the properties of the environment
seem to be mostly unexplored. Note that not all the robots
analysed in figure 18 are explicitly bio-inspired. Indeed,
principles such as force distribution or increasing friction
an also be achieve by other design approaches, e.g. fat
tires, tracks, screws etc. Several manned vehicles can be
found already exploiting those solutions. Examples of such
wheeled vehicles include the Sherp ATV [113], the Burlak
[92], the Frontier 750 scout [6]. Tracked vehicles, such as
the Ripsaw tank [108], the Tinger track [120], the Bvs10
beowulf [116] are designed to increase friction and dis-
tribute weight. Screw-propelled vehicles have been pro-
posed, built and proven reliable in muddy and sandy sur-
faces (the MudMaster [97], the ZIL-2906 [145], the River-
ine Utility Aircraft [40]).
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Figure 18. The general physical principles used by
robots in low-yield environments. The robots references:
the Nereis robot [111], Sperm-shaped robot [66], Screw-
drive rover [90], Tetrad-screw robot [81], Basilikbot [9],
NASA’s mini rover [114], Mud-skipper robot [87], BigDog
[105], RoboClam [137], Sidewinding rattlesnake robot [84],
SeaDog [68], Sandfish robot [83], RHex [76], AmphiHex
[77], Sea-turte robot [86].

6 Discussion

The contribution of this paper is a systematic review
of biology literature for identifying locomotion principles
that can be applied for robot design in low-yield environ-
ments. The principles are identified at two different levels
of abstraction: one preserving the biological relevance and
the other abstracting it away to form more general un-
derlying principles for locomotion mechanics. The higher
level of abstraction also allows expanding the ontology to
non bio-inspired robots. It is perhaps worth mentioning
that using abstract language and non-technical terms to
describe a problem is a well-know technique of systematic
problem solving proposed to avoid tunnel vision and early
fixation [4]. In the current case, for solving the problem of
motion in low-yield environments, it may help the designer
to propose more diverse solutions.

The results described in this paper have several short-
comings and limitations. First of all, we observed that
biological literature strictly addressing the biomechanics
of low-yield environments is very scarce, especially when
compared to the papers generally addressing legged lo-
comotion, flying biomechanics, swimming biomechanics
etc. Even from the identified papers, the focus of the
paper was often on some other aspects (e.g. the be-
haviour of the animal) and biomechanics was only very
briefly described. And even if the focus was on bioloco-
motion the papers used the terminology and methods of
biology, rather than physics and mechanics, e.g the lo-
comotion mechanisms where descriptive and not mathe-
matically formulated or the physical quantities not mea-
sured. Therefore our derivation of the physical principles
is purely hypothetical and definitely different mappings



from the ones presented in this paper can be developed.
In some cases our interpretations of the physical principles
are purely speculative. For example, the effect of timing
and duration of stress to the viscoplastic environment was
not described or analysed anywhere in literature.

The applicability of the identified principles is also not
necessarily straightforward with the current technology
and materials. For example, deforming the animal body to
re-distribute stress is much more complex to mimic than
statically enlarging surface area (e.g. wider feet or tires).
From an applicability point of view, a special concern is
allometric scaling. If the length of an animal/device in-
creases linearly, its body weight increases in the cube but
the surface area supporting it only increases in square (and
hence the pressure increases linearly with length), making
it difficult for bigger animals (or vehicles or robots) to stay
below the yield stress of the soil. Therefore not all the bio-
inspired solutions are necessarily feasible when replicated
on robots.

This research has been supported by project ROBOMIN-
ERS which received funding from the European Commis-
sion’s Horizon 2020 research and innovation programme
under grant agreement No. 820971
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Appendix A Systematic literature
review

For identifying the relevant papers, we conducted a
keyword search relating to the terms locomotion, animal
and low-yield environment. While conducting the search
we found new keywords from the identified papers and
added them to our keyword list. The final list of keywords
is the following: {amphibious, animals, benthic, boring,
burrowing, clay, flowable, fossorial, intertidal, legged, lo-
comotion, low resistance, mangrove, motion, mud, mul-
tiphase, sand, semi-terrestrial, slurry, soft, substrate, un-
structured, viscoplastic, walking, weak ground, wet gran-
ular media}.

The search was conducted through online databases
(Google Scholar, TEEExplore, ACM Digital Library, Sci-
ence Direct, WebofScience, Wiley Online Library, Sco-
pus, CiteseerX, Springerlink, PNAS, PlosOne) in which we
looked for as many combinations of our keywords as possi-
ble (e.g. ”animal locomotion in multiphase environment”,
”walking fish on mud”, ”legged locomotion on low resis-
tance ground”). Additional papers were identified from
the references of the found papers. To insure inclusive-
ness, all papers mentioning any of our keywords were se-
lected in the first phase of search. Out of this first step,
216 papers mentioning our keywords were listed.

Then, the second step consisted of reading the abstracts
of the papers. Only the papers dealing with the locomo-
tion aspect from the mechanical perspective were kept; for
example the papers dealing with genomic evolution, neu-
ral control, muscle control, fishes swimming while close to
a surface, or analysis of the anatomy from an evolution
perspective were ousted. At the end of this second phase,
116 papers were kept in our selection.

The third phase was to identify the main topic of the
papers and to categorise them based on that topic. The
outcome of the categorisation can be found in table 1, and
the related references in table 2.

In the fourth step, we disregarded some papers out of
scope for our literature review (e.g. addressing the effect of
viscosity on swimming or the burrowing patterns of crus-
taceans). This left us with 104 papers. Table 3 shows the
distribution of the papers according to their category. This
distribution shows the clear emphasize on worms, mud-
skippers, arthropods and sarcopterygian fishes, which to-
gether account for more than half of the papers.

The fifth and final step was to read each of these papers
and keep the most representative of each category. Those
papers are closer discussed in this overview.



Burrowing /loco of an annelid
Model of granular media +

25,26,27,28,29,31,39,43,55,56,68,69,81,97,110,116,
10,32,3: 9,60,66,86,91,107,115,
112,21,48,53,67,70,73,72,85,101,103,

for

Arthropods
Locomotion/swimming in sand/granular media

39,62,79,99,108,111,119,120,11 8
42,64,65,86,89,121,122,
1,5,15,74,82,110,

Lungfish 2,33,47,52,113,114,

Burrowing/loco using hydrostatic skeleton 9,8,22,24,23,84,

Digging in cr 34,,83,94,99,

Tetrapod locomotion 37,76,100,117,19,53
ion Water to land 4,6,12,30,

Turtle on ground 13,17,32,66,

sarcopterygian fishes 3,52,113,

polypterus senegalus on land 38,87,88,

Viscosity and swimming speed 41,16,114,

caterpillars 78,92,93,

Burrowing and locomotion of molluscs 95,96,105,

Climbing perch on land 18,85,

Description of ion vs substrate prq23,86,

Transition water to sand/burrowing 40,46,

Robots locomotion for difficutl terrain 45,109,

Catfish on land 51,72,

Influence of slurry on the of cows 75,90,

sperm/flagela 104,118,
Walking on water .
Burial anf effects of size on bury

D of limbs in walking benthic fishes

salamander model granular media
Basilik lizard on wet granular media
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Coastal ecology, sediments 44,
Gastropods 49,
Turtle robot in water 61,
skate exhibits a tetrapod-like walking pattern 63,
Seals moving on land 70,
Mangrove rivulus 80,
Killifish 98,
Mole ion/burrowing 106,

Table 1. Categorisation of the papers according to their
topic. The green lines are the topics which were selected
on the next selection step, while the gray and white are
undifferentiated. The column "number of papers” doesn’t
add up to 122 because some of the papers were not in-
cluded in the categorisation due to the fact that they were
a redundancy of another paper published in a different
format, and some papers belong to several categories. See
references in table 2.
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Index \ Reference Ind. \ Ref. Ind. \ Ref.
1 1] 2 3] 3 [5]
4 [7] 5 [13] 6 [15]
7 [17] 8 [19] 9 [18]
10 N/A 11 | N/A 12 [20]
13 [21] 14 [22] 15 [24]
16 [25] 17 [26] 18 [27]
19 [28] 20 [29] 21 | [128]

22 [37] 23 [30] 24 [31]
25 [32] 26 [33] 27 [34]
28 [35] 29 [36] 30 [38]
31 [39] 32 [85] 33 [41]
34 [42] 35 [9] 36 8]
37 [43] 38 [44] 39 [45]
40 [48] 41 [49] 42 [51]
43 [53] 44 [14] 45 [55]
46 [58] 47 [60] 48 [61]
49 [63] 50 | N/JA 51 [64]
52 [67] 53 [65] 54 [69]
55 [71] 56 [72] 57 [73]
58 [74] 59 [76] 60 [75]
61 [78] 62 [79] 63 [80]
64 [82] 65 [83] 66 [86]
67 [87] 68 [88] 69 [89]
70 [91] 71 [93] 72 [95]
73 [94] 74 [96] 75 [98]
76 [99] 77 | N/JA 78 | [100]
79 [101] 80 | [102] 81 | [103]
82 [104] 83 | [107] 84 | [109]
85 [110] 86 | [112] 87 | [115]
88 N/A 89 | [117] 90 | [118]
91 [119] 92 | [122] 93 | [121]
94 [123] 95 | [125] 96 | [124]
97 [126] 98 | [127] 99 | [129]
100 [132] 101 | [133] 102 | [134]
103 [135] 104 | [136] 105 | [138]
106 [139] 107 | [140] 108 | [143]
109 [144] 110 | [62] 111 | [57]
112 [56] 113 | N/JA 114 | [59]
115 [106] 116 | [46] 117 | [54]
118 [47] 119 | [142] 120 | [141]
121 [12] 122 | [52]

Table 2. References of all the documents kept after the
first analyse. This includes all the papers considered as
in relation with our topic: all the papers excluded in the
first step were excluded after reading of the abstract, all
the papers put aside on the next step are because of the
refinement of our problem on a strictly mechanical and
biologically focused problem, as well as the deletion of
the several publications of a same research (rare cases).
The N/A labels indicate documents deleted in the steps
described.




Worms
Mudskipper

Arthropods

sarcopterygian fishes

Locomotion/swimming in sand/granular media
Lungfish

Tetrapod locomotion

Turtle on ground

polypterus senegalus on land

caterpillars

Burrowing and locomotion of molluscs
Ciimbing perch on land

Transition water to sand/burrowing

Catfish on land

Influence of surry on the locomotion of cows
Sperm/flagela

Basilik lizard on wet granular media
Gastropods

Seals moving on land

Mangrove rivulus
Killfish
Mole locomotion/burrowing
TOTAL

25,26,27,28,29,31,39,43,55,56,68,69,81,97,110,116,,8,22,24,23,84,1,5,15,74,82,11
112,21,48,53,67,70,73,72,85,101,103,

39,62,79,99,108,111,119,120,11,

4,6,12,303,52,113,20,

42,64,65,86,89,121,122,

2,33,47,52,113,114,

37,76,100,117,19,53,

13,17,32,66,

38,87,88,

78,92,93,

Table 3. Selection of the categories made depending on
their sensibility. Some categories were merged together.
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