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Abstract
Legged locomotion on soft and wet terrains

Over the past decade, Unmanned Ground Vehicles (UGVs) have experienced rapid and
continuous advancements. Improvements in motor power densities, battery storage den-
sities, materials properties, and computing power have made it possible to take mobile
robots out of constrained and predictable indoor environments. New applications include
environmental monitoring, terrestrial and extraterrestrial exploration and mapping, agri-
culture, or search and rescue. These missions often need crossing environments that are
soft, wet and deformable such as snow, sand or mud, in forests, estuaries, shores, rivers
or fields.

So far, most of the aforementioned environments have been traversed by humans
using heavy machinery with large power output, such as track-equipped excavators and
tanks, or all terrain vehicles (ATVs) with large, studded, deflated wheels. However, these
systems, often used for defense, resource exploitation or hobby purposes require large
power outputs and damage the environments. In applications such as environmental
monitoring or search and rescue, prolonged autonomy and preservation of the surround-
ings are instrumental.

Current robotic systems lack means to traverse these environments reliably, efficiently
and without damaging the environment. The goal of this thesis is to provide solutions
to those shortcomings by designing locomotion means, developing models of the ground
substrate, control strategies or mechanical designs to help robots move on soft wet grounds.

The introduction of this thesis reviews the physics-based means of locomotion for
moving on different unstructured grounds, both in the animal world and among the robots.
It establishes the existence of two physics-based categories of locomotion means: static-
based and dynamics-based, meaning that animals and robots mostly rely on either the
frictional and hydrostatic-like properties of the ground, or on acceleration-related terms
and try to preserve their momentum. Both categories are then subdivided into differ-
ent contact patterns between the moving body and its environment. This introduction is
based on a publication that reviews the latest research in biology and robotics on loco-
motion over soft, deformable ground. It classifies the locomotion methods used by both
animals and robotic devices. Additionally, it presents a catalog of potential solutions to im-
prove static and dynamic locomotion on such terrains. Several gaps were identified in this
review, such as the relatively low amount of attention received by research on dynamics-
based locomotion on soft grounds, or the lack of research on wet deformable grounds.

The rest of the thesis focuses on addressing the challenge of moving on soft wet
grounds, and the author chose to explore it through the means of legged locomotion,
because of the rapid advancements and potential of legged systems for tasks in natu-
ral environments. The author’s second publication examines how soil with varying water
content reacts to different stepping loads and models its behavior. The research demon-
strated that the soil exhibits a near hydrostatic behavior when subjected to loading, and
a non-linear response, with a suction force when retracting the intruder. It also demon-
strated a strong dependence on water content, foot compliance, loading repetitions or
speed.



Based on the knowledge gained from the experiments in the second publication, the
thesis then explores two directions to solve the challenge of walking on soft wet grounds:
a control approach and a mechanical design approach. As a first approach, a controller
is presented. It takes advantage of the knowledge gained from soil modeling, to propose
estimators for ground compliance and suction force, and a model-based center of mass
(COM) positioning using proprioceptive information plus the estimated forces. The pub-
lication presents different versions of the controller to establish the contribution of each
element of the controller to its overall performance.

Last, the thesis explores a mechanical solution for walking on soft wet grounds. The
inspiration is drawn from a wild ungulate that walks with ease on diverse types of soft
grounds: the moose. In this study, moose feet were mounted on an actuator to step on
mud, demonstrating the contribution of the claws to locomotion in muddy terrain. Then,
a silicone foot, inspired by the moose foot was designed and tested. This foot was com-
pared to three reduced versions through experiments. The experiments demonstrated
superior results for the designed foot, for all the metrics considered. Four of these feet
were then installed on a quadruped robot using the controller developed in the previous
publication. The robot was able to walk faster and more efficiently on different muddy
grounds thanks to the moose-inspired silicone feet.

As a whole, this thesis provides contributions in reviewing, classifying and cataloging
solutions for moving on soft grounds, as well as characterization and modeling of soil of
different water content, and proposes a control approach and a mechanical solution for
facilitating legged locomotion on wet deformable grounds. These results are useful to the
research community, and to a wider audience as they push further the boundaries of the
accessible areas for robots, helping to open diverse applications for UGVs. These results
represent research directions and can be used as a starting point for future academic
or industrial research to improve the capabilities of robotic systems in complex natural
environments.



Kokkuvote
Jalgadel liikumine pehmel ja marjal maastikul

Viimase kiimnendi jooksul on mehitamata maismaasoéidukid (UGV-d) teinud labi kiire ja
pideva arengu. Mootorite voimsustiheduse, akude energiasalvestuse tiheduse, materja-
liomaduste ja arvutusvéimsuse paranemine on véimaldanud mobiilsete robotite kasuta-
mist valjaspool piiratud ja etteaimatavaid siseolusid. Uued rakendused hélmavad keskkon-
naseiret, maapealset ja maavalist uurimist ja kaardistamist, pollumajandust ning otsingu-
ja paastetoid. Need missioonid nduavad tihti liikumist pehmetel, mirgadel ja deformeeru-
vatel maastikel, nagu lumi, liiv véi muda, samuti metsades, jogede suudmealadel, kallastel,
jogedes voi poldudel.

Senini on nimetatud keskkondi (iletatud peamiselt raske tehnikaga, millel on suur véim-
sus, naiteks roomikutega ekskavaatorite ja tankidega voi maastikuséidukitega (ATV-d) mil-
lel on pehmed suured ja stigava mustriga rehvid. Kuid sellised stisteemid, mida kasutatak-
se sageli kaitsetdostuses, loodusressursside ammutamisel voi hobi eesmarkidel, néuavad
suurt voimsust ja kahjustavad keskkonda. Rakendustes, nagu keskkonnaseire voi otsingu-
ja paastetdod, on aga oluline nii pikem autonoomia kui ka keskkonna sailitamine.

Praegused robootikastisteemid ei suuda neid keskkondi usaldusvaarselt, téhusalt ja
keskkonda kahjustamata Uletada. Selle doktorit66 eesmark on pakkuda lahendusi nendele
puudujaikidele, kavandades liikkumismeetodeid, arendades pehmete pinnaste mudelisee-
rimist, juhtimisstrateegiaid ja mehaanilisi disaine, mis aitaksid robotitel lilkuda pehmetel
ja margadel maastikel.

To0 sissejuhatus annab Ulevaate flitisikalistest liikkumismehhanismidest ebakorrapara-
sel pinnasel, uurides nii loomade kui ka robotite liikumist. Tuuakse esile kaks fiilisikalist
liilkumisviisi: staatiline ja diinaamiline. See tahendab, et nii loomad kui ka robotid kasuta-
vad kas maapinna hoérdumis- ja hiidrostaatilisi omadusi voi kiirendusel pohinevaid mee-
todeid, puitides sailitada oma liikumishulka. Mélemad kategooriad jagunevad omakorda
erinevateks kontaktimustriteks liikuva keha ja keskkonna vahel. Antud sissejuhatus pohi-
neb hiljutistel bioloogia- ja robootikauuringutel mis uurivad liikkumist pehmetel ja defor-
meeruvatel pinnastel. Selles klassifitseeritakse nii loomade kui ka robotite kasutatavad lii-
kumismeetodid ning esitatakse voimalikud lahendused staatilise ja diinaamilise liikumise
parandamiseks nimetatud maastikel. Ulevaates tuvastati ka mitmeid liinki teadust&6s, néi-
teks diinaamilise liilkumise uurimise vahest tdhelepanu pehmetele pinnastele ning vihene
teadustood margade ja deformeeruvate pindade osas.

Ulejasnud doktoritdd keskendub liilkumise arendamisele pehmetel ja margadel pinda-
del. Autor valis selleks jalgadega liilkumise uurimise, kuna viimastel aastatel on neljajalgse-
te siisteemide areng ja potentsiaal looduslikes keskkondades markimisvaarselt kasvanud.
Antud t66 autori teises teaduspublikatsioonis analiilisitakse, kuidas erineva veesisalduse-
ga pinnas reageerib erinevatele sammukoormustele ning modelleeritakse selle kaitumist.
Uuring naitas, et pinnas kaitub koormuse all peaaegu hiidrostaatiliselt ning sellele on ise-
loomulik mittelineaarne reaktsioon, sealhulgas imemisjoud jala eemaldamisel pinnasest.
Samuti selgus, et pinnase reaktsioon soltub tugevalt veesisaldusest, jala painduvusest,
koormuse korduvusest ja kiirusest.

Nende eksperimentaalsete teadmiste pohjal uuriti kahte [ahenemisviisi lilkkumise pa-
randamiseks pehmetel ja margadel pindadel: juhtimispdhist ja mehaanilist. Esiteks esitleti
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kontrollerit, mis kasutab pinnasemudeli pohjal hinnanguid maapinna pehmuse ja imemis-
jou kohta ning modelleerib massikeskme (COM) positsiooni roboti liigeste asendi ning hin-
natud joudude pohjal. Publikatsioonis vorreldi kontrolleri erinevaid versioone, et maarata
iga kontrollkomponendi panus tldisele joudlusele.

Lopuks uuriti antud doktorit66s mehaanilist lahendust liikumise parandamiseks peh-
metel ja margadel pindadel. Inspiratsiooni lahendusele ammutati looduses liikuvatelt s6-
ralistelt, tdpsemalt podralt, kes suudab kergesti liikuda erinevatel pehmetel maastikel.
Uuringus paigaldati podra jalad katsestendi, et anallitisida sorgade moju mudasel pinnasel
lilkumisele. Tulemuste péhjal disainiti ja testiti silikoonist jalalaba, mis imiteerisid podra
jala struktuuri. Seda vorreldi kolme lihtsustatud versiooniga ning katsete tulemused nai-
tasid, et disainitud jalg oli kdigi méddetud parameetrite osas parem. Seejarel paigaldati
neli sellist jalga neljajalgsele robotile, mis kasutas varem valja to6tatud kontrollerit. Tanu
podrast inspireeritud silikoonjalgadele suutis robot liikuda kiiremini ja tohusamalt erine-
vatel mudastel maastikel.

Kokkuvottes, panustab antud doktorit6o pehmetel pinnaste lilkkumise analtiisi, klassi-
fitseerimisse ning lahenduste katalogiseerimisse. Koos pinnase erineva veesisalduse mo-
delleerimisega pakutakse valja juhtimispdhine ja mehaaniline lahendus jalgadega liiku-
mise holbustamiseks margadel deformeeruvatel pindadel. Kaesoleva t66 tulemused on
kasulikud nii teadusringkondadele kui ka laiemale avalikkusele, sest need laiendavad ro-
botite kasutusvoimalusi keerulistes looduslikes keskkondades, avades uusi rakendusvald-
kondi mehitamata maismaasoidukitele. Lisaks annab antud doktorit66 aluse edasistele
teadus- ja toéo6stusuuringutele, et tdiustada robootikastisteemide voimekust keerulistes
keskkondades.
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ATV
COM
MCoT
MPC
NESM
PID
PD
PD+FF
RL
uGv

All Terrain Vehicle

Center of Mass

Mechanical Cost of Transport

Model Predictive Control

Normalized Energy Stability Margin
Proportional-Integral-Derivative (controller)
Proportional-Derivative (controller)
Proportional-Derivative + Feed-Forward (controller)
Reinforcement Learning

Unmanned Ground Vehicle
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1 Introduction: Motivations, Research Questions and contri-
butions of the thesis

1.1 Background and Motivations

This thesis addresses the locomotion of legged robots on soft, wet grounds. The goal of
this work is to provide a range of tools—from understanding the characteristics of yielding
grounds to designing morphological features and controllers—to enable legged robots to
navigate natural terrains covered with soft, yielding material.

Mobile robots have undergone a wide expansion in the past few decades. While low
power density and low computational density first confined robots to factories, technolog-
ical barriers were pushed further, and mobile robots are now expanding into a wide range
of environments and carrying diverse tasks. Early mobile robots were mostly wheeled or
tracked because these configurations allow for simple mechanical design, straightforward
control, and stability on flat, hard terrains commonly found in man-made environments.
However, the vast majority of the planet consists of natural environments where wheels
or tracks are not the best choice due to obstacles and irregular or soft terrain. In particu-
lar, soft and wet yielding environments, such as wet forests, riversides, or seashores, are
highly unpredictable and complex. In fact, these terrains are made of viscoplastic mate-
rials that dampen motion, deform when pressure is exerted on them, and do not regain
their original shape after pressure is released. In those environments, animals walk, run,
jump, crawl, or dig, as demonstrated in Publication 1.

Publication | demonstrated that animals moving in yielding grounds use two different
physics-based movement categories: static-based and dynamics-based movements. In
the first case, they either move using discrete contact points with the medium (largely rep-
resented by walking), move while maintaining continuous contact with the ground (crawl-
ing or slithering), or dig through the medium. In the second case, that is, dynamics-based
movements, only discrete contact or movement through the medium occurs, probably
because continuous contact during dynamic motion is highly energy-inefficient. For each
of these ways of locomotion, various research directions can be explored. Publication |
demonstrated that both in biological and robotics research, little attention has been given
to dynamic locomotion. Although the robotics literature has explored all static modes of
locomotion on soft ground to a similar extent, the majority of research has focused on
sand—particularly dry sand—Ileaving a gap in research on wet viscoplastic terrain, such as
mud.

Advances in mobile robotics make it possible to foresee an increasing number of ap-
plications for robots in diverse environments. For example, [8] highlights the significant
potential and interest in robotics-based environmental monitoring. Robot-based environ-
mental monitoring enables high-resolution data collection, frequent surveying, and easy
deployment. [9] demonstrates significant growth in robotics research aimed at incorpo-
rating mobile robots into agriculture. Robots are also going to be increasingly used for
space exploration [10]. [11] explains how robots are essential in search and rescue to make
operations safer, faster, and more effective at locating and rescuing victims of natural or
man-made disasters.

Legged robots, and particularly quadruped robots have garnered increasing interest in
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recent years, and are well-suited for navigating complex natural environments due to their
agility, versatility and endurance [12]. The number of legged animals moving in the wild is
an indicator of the suitability of legs for natural environments. It is clear that quadruped
robots are going to be increasingly involved in tasks that require agility, versatility, and
endurance, especially in natural environments. Typical applications mentioned above are
all applications for which quadruped robots are good candidates. Some of them are even
already being investigated. Research is being done on quadruped robots for search and
rescue [13, 14], agriculture [15], and extraterrestrial exploration [16, 17].

However, to traverse complex natural terrains, robots also need to traverse soft wet
grounds, which are ubiquitous. Even though quadruped robots demonstrate superior abil-
ity to negotiate obstacles and unstructured terrains, they still struggle to traverse soft wet
grounds, such as deep mud or deep snow. The reviews proposed in [8] and [9], highlight
a striking lack of legged robots for both agriculture and environmental monitoring, likely
due to the complex challenge of traversing some environments, such as wet deformable
grounds.

As such, this thesis aims to address the gaps that hinder quadruped robot locomo-
tion on soft yielding grounds. This work will approach the problem from different angles,
including ground characterization and modeling, gait and controller design, and foot mor-
phological design.

1.2 Research Questions

Building on the motivation above and the state-of-the-art gaps highlighted in Publication I,
this thesis addresses the following core research questions:

1. RQ1: How do animals and robots achieve locomotion in soft, yielding terrains?

e Answered in Publication |, presented in the introduction and summarized in
Fig. 1.

2. RQ2: How does soil with varying water content behave under different feet compli-
ance and stepping conditions, and how can this knowledge be used to inform robot
design?

e Answered in Publication I, discussed in Chapter 2 and summarized in Fig. 2.

3. RQ3: What type of control strategy allows quadruped robots to walk on soft, wet
terrain?

e Answered in Publication l1lI, discussed in Chapter 3 and summarized in Fig. 3.
4. RQ4: How can foot design enhance locomotion performance in soft, wet grounds?

e Answered in Publication 1V, discussed in Chapter 4 and summarized in Fig. 4.

Relation of the introduction to RQ1

This introduction directly addresses RQ1: "How do animals and robots achieve locomotion
in soft, wet terrains?". The insights presented here are drawn from Publication [, which of-
fers a comprehensive survey and classification of locomotion strategies observed in both
animals and robots in yielding environments. It categorized the locomotion strategies into
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static-based and dynamics-based locomotion, identified underexplored areas—particularly
dynamic locomotion and wet viscoplastic terrains—and lays the foundation for the sub-
sequent research questions. This lays the ground for the rest of the thesis, which tackles
the problem from several angles: understanding the terrain, developing suitable control
strategies for legged robots in soft, wet grounds, and designing effective feet for locomo-
tion on these grounds.

1.3 Contributions and structure of the thesis

This thesis is structured around four core contributions, each corresponding to a core
research question and supported by a dedicated publication:

e Contribution I: An overview and classification of the means of locomotion on soft
yielding terrains, from both biological and robotics perspectives - Introduction, Pub-
lication |

e Contribution II: A characterization of soil behavior when subject to different step-
ping loads - Chapter 2, Publication I

e Contribution Ill: The development of a controller for locomotion in wet, yielding
ground - Chapter 3, Publication Il

e Contribution IV: The development of a bio-inspired foot for quadruped locomotion
on soft ground - Chapter 4, Publication IV

The introduction is partly based on the results of the first publication, in Appendix I,
which corresponds to the first contribution listed. Fig. 1 summarizes the first publication.

Introduction - Publication |

Objective: Review the existing means of locomotion both in nature and in the
robotics literature, identify solutions to mimic, and research gaps

Materials and methods: Keywords search
Article collection
Article filtering
Abstraction of the locomotion means
Classification

Results: Classification of animals and robots physics-based locomotion means
Identification of research gaps
Catalogue of bio-inspired solutions for locomotion on soft yielding grounds

Figure 1: Overview of the first publication and its contribution to the introduction of the thesis

The remainder of this thesis is divided into three parts, focusing on each of the last
three contributions listed above. Publication | highlighted that there is a lack of ac-
curate models for legged locomotion on soft ground, because existing models rely on
shearing stress or terrain-specific approaches, while the field of terramechanics focuses
on wheeled and tracked vehicles [18]. For this reason, we investigated the response of
soil to a variety of stepping loads, with varying water content and different foot types.
Chapter 2 presents the results of this research and their contribution to the thesis. Fig. 2
provides an overview of the research outlined in Chapter 2.
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Chapter 2 - Publication Il

Objective: Identify the characteristic response of soil with different water content to a
variety of loads, get a qualitative understanding and a model

Materials and methods: Linear rig experiment
Soil with different water content
Stepping with different feet, and different speeds
Repeated stepping in the same location
Force control on wet substrate

Results: Force vs sinkage curves for different speeds and different water content
Soil stiffness and impulse efficiency as a function of water content
Model of mud for intrusion
Force controller for stepping on mud

Figure 2: Overview of the second publication and its contribution to the second chapter of the thesis

With the knowledge gained from Chapter 2, we decided to develop a controller for
quadruped robot locomotion on soft ground. This will constitute the control aspect of
this thesis. In this research, described in Chapter 3, we develop a controller that uses
results, both from publication |, where we gained insight into the strategies animals use
when moving on soft ground, and publication I, where we understood that some of the
challenges faced when moving on wet soil were related to varying stiffness of the ground,
speed dependence of mud behavior and the suction forces. Fig. 3 provides an overview
of this research and its contributions to the thesis.

Chapter 3 - Publication I11I

Objective: Develop a gait for locomotion on soft yielding ground taking inspiration from
biological insights from publication | and the knowledge from publication Il

Materials and methods: Test commercially available controller in nature and laboratory
Develop a controller able to traverse a track in the laboratory
Add features to the controller with an iterative approach
Demonstrate superior quantitative results of our controller
Demonstrate the controller in natural environments

Results: A controller enabling quadruped robots to traverse soft yielding grounds
Demonstration of the contribution of each part of the controller to the result

Figure 3: Overview of the third publication and its contribution to the third chapter of the thesis

The last core chapter of this thesis focuses on the mechanical design of the robot’s
interface with flowable materials, that is, the feet. Chapter 2 highlighted that when in-
serting and retracting a foot in mud, the properties of the foot, especially its stiffness, had
an impact on the force profile during both phases. It also concluded that a foot with both
compliance and anisotropic design could help address the challenge of stepping on soft,
wet ground. Additionally, the introduction of this thesis presented results from Publica-
tion I, which demonstrated that animals use specific gaits, as well as morphological adap-
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tations to aid locomotion on these terrains. For example, many animals use deformable
or wider feet, or they have specific features such as long fingers or split hooves that can
expand or retract during stepping. Therefore, we took inspiration from nature and used
our knowledge from our rig experiments (Publication II) to design a bio-inspired, compli-
ant, and anisotropic foot. Since we had developed a controller in Publication Il to enable
a robot to move in mud, we could test this foot on a Unitree Go1 quadruped robot using
our own controller. These results and their contributions to the thesis are described in
Fig. 4, and form the body of Chapter 4.

Chapter 4 - Publication IV

Objective: Develop an artificial, bio-inspired anisotropic foot that takes inspiration from
biological insights in publication I, takes advantage of observations from
publication Il, and demonstrate it with the controller in publication Il

Materials and methods: Perform rig experiments with an animal leg
Design a foot inspired from the animal leg
Evaluate the designed foot on a rig
Compare results on a quadruped robot with the designed feet

Results: Quantitative results on the contribution of digits of moose leg on mud
A bio-inspired anisotropic foot design
Demonstration of the new foot design on a quadruped robot traversing mud

Figure 4: Overview of the fourth publication and its contribution to the fourth chapter of the thesis

To summarize, Fig. 5 illustrates how the four journal articles build upon each other to
form this thesis.
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Publication I: Overview and classification
of animals and robots moving in soft flowable grounds

Publication Il: Characterization of soil subject to different
stepping loads

Publication Ill: Development of a controller
for locomotion on soft wet grounds

Publication IV: Development of bio-inspired feet
for locomotion on soft flowable grounds

Figure 5: Sketch showing the flow of publications building upon each other to form this thesis
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2 Characterization and modeling of a soft, wet ground subject
to stepping

The primary challenge of soft, yielding grounds is their complex and unpredictable behav-
ior. Although there are numerous rheological models for muds of different compositions,
all of them have drawbacks. These include a lack of generalizability across different mud
types, failing to account for dynamic changes, and reliance on parameters that are diffi-
cult to measure in real-world conditions. These limitations make the models impractical
for applications such as locomotion, where the ground exhibits spatial and temporal het-
erogeneity. With every step, the foot can land on mud with different properties, further
increasing the challenge.

Terramechanics is the study of interaction between mobile vehicles and deformable
terrains [18]. It provides the tools to model and build wheeled and tracked vehicles to
move on soft, yielding grounds. However, in legged locomotion, the challenges are dif-
ferent: rather than having a large surface deforming and shearing the ground, legged sys-
tems exert more concentrated and higher pressure, causing them to sink into the mud.
The primary difficulty lies in sinkage depth, imbalance, and suction force hindering leg
pullout rather than limitations in the traction due to shearing resistance of mud. Neither
the terramechanics nor the legged robotics literature has addressed the issue of stepping
on wet, yielding grounds. The motivation behind this research is therefore to improve our
understanding of mud behavior under different stepping loads and provide an overview
of the key parameters influencing legged locomotion on mud.

In publication II, we therefore decided to investigate the response of soil with different
water contents to gain an insight on its characteristics and how they vary with the water
content, and the type of stress. The experimental setup is shown in Fig. 6.

2.1 Results and discussions

The results outlined in Publication Il contribute to building an understanding of the char-
acteristics of stepping on mud. The investigation of mud behavior under stepping led to
various conclusions regarding the mud’s properties, its interactions with the foot, and the
variability of these properties with water content and stepping speed.

The results in Publication Il highlight that moving more slowly is more efficient for
moving in mud. The ratio of impulse to work, which represents the amount of momentum
gained per unit of energy spent on deformation, is inversely proportional to the intrusion
speed. This indicates that stepping faster results in greater energy dissipation in the mud
per unit of momentum gained.

Additionally, the experiments showed that moving more slowly provides an even greater
advantage, as it allows for higher forces generation for the same sinkage depth. This
means that robots or animals that move slower in mud would sink less, thereby, reducing
energy expenditure on ground deformation and requiring lower step heights.

It was also found that the stiffness of the foot influences the force that can be gen-
erated. On the one hand, a foot of low stiffness deforms significantly, covering a smaller
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Figure 6: (A-B) The experimental setup used in our second publication. It consists of an aluminum
support, on which a force sensor, a linear actuator, and the tested feet are rigidly mounted in series.
Below the foot is a tank filled with soil, on which the linear actuator applies different loads (C). The
different feet tested, all with the same surface area but different compliance.

surface area, which in turn increases pressure and sinkage. On the other hand, a foot
of high stiffness leads to pressure concentration on its edges, which yields the mud and
sinks deeper also [19]. Conversely, feet of intermediate stiffness allow reducing edge stress
while maintaining their shape better, leading to a better distribution of pressure and al-
lowing for the generation of higher forces overall for the same sinkage depth.

Experiments measuring the mud stiffness as a function of its water content revealed a
non-linear relationship. Fig. 7 shows that when the soil is dry, up to when it contains 20%
water, its stiffness remains constant. Beyond 20%, the stiffness decreases sharply, with
mud approaching the consistency of water as the water content reaches 40%. However,
the force vs. sinkage relationship during the intrusion phase can be considered nearly
linear for all water contents (Fig. 8). The latter assumption is more accurate for lower
water content, but still holds reasonably well for high water contents at least for locomo-
tion applications. Finally, Fig. 8 shows that for intermediate water content a suction force
develops under the foot during retraction, and gradually disappears when the foot gets
lifted further.

Experiments evaluating the resistance of mud to repeated steps at the same location
showed that each step reduces the mud'’s bearing capacity causing successive steps at the

20



Slope of the force/sinkage curve as a function of water content
I I 1 I

-
N
T
L

-
o

0@ |
L HE RS e

SR == R em———

N
T

==

Slope of the force/sinkage relationship [N/mm]
[}
T

o
I

OL (0%) 1L (5%) 2L (10%) 3L (15%) 4L (20%) 5L (25%) 6L (30%) 7L (35%) 8L (40%)
Water content [L (% of dry soil mass)]
Figure 7: The slope of the force-sinkage relationship for varying water content in the soil. As shown,
below 20% water, the slope of the force-sinkage curve remains relatively constant, but above 20%,
the slope decreases sharply, approaching zero at 40% water relative to soil mass.

same spot to result in progressively deeper sinkage.

Finally, as discussed in some previous research, force control is a promising strategy
for legged locomotion on soft terrains [20]. Based on our results, which show a linear
force-sinkage relationship, we demonstrated that we could control force on wet, muddy
grounds, by using a linear controller acting on the position of the actuator. This demon-
stration proved the feasibility of controlling force using a linear controller on mud. How-
ever, it also highlighted that, as can be expected from the above observation that the
linear relationship is less and less true with increasing water content: the performance of
the linear force controller degrades at higher water content (35%).

The results obtained in Publication 1l demonstrate various characteristics of the mud
response to different linear loads. However, generating lateral motions requires generat-
ing lateral forces, which were not studied with this linear setup. Despite this, we argue
that when walking in deep mud, the lateral forces are not a limiting factor, unlike wheeled,
tracked, or legged locomotion on a thin layer of mud. In fact, when a legged system steps
into deep mud, the foot becomes anchored in the substrate, preventing slippage. Publica-
tion | showed how several legged animals, when moving on yielding material, increased
their step length because of the traction gained when the foot is sunk into deformable
material. The similarity of the force-sinkage relationship observed in mud to that of other
yielding materials hints that these results may be applicable to a wide range of mud com-
positions. The quantitative metrics for force, stress and sinkage depend on the material
and the shape of the intruder, but the qualitative observations described here are cer-
tainly generalizable enough to help legged locomotion research on yielding terrains. The
guantitative metrics can then be measured in real-time if deemed necessary, as deter-
mined by the controller.
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Figure 8: The force-sinkage curves for varying water content in the soil. This graph shows that higher
water content results in a lower slope of the curve during the intrusion phase. During the extrusion
phase, the suction force appears only at intermediate contents, with a maximum at 30% water
content, where the suction force represents a fraction of the peak sinkage force.

2.2 Conclusions

The work presented in this section aimed to support our research on legged locomotion
on soft grounds by providing an initial characterization of muddy terrains. This research
revealed that mud has some unique characteristics that must be considered when devel-
oping robots or controllers to walk on such soft deformable terrains. Some key findings
include that moving more slowly increases impulse and force generation, that foot stiff-
ness significantly influences the force-sinkage relationship, that repeated stepping in the
same location weakens the mud, and that above 20% water content, the mud’s bearing
capacity declines rapidly. Lastly, a particularly notable phenomenon, seemingly specific
to wet cohesive media such as mud, is the emergence of suction forces during foot with-
drawal at intermediate water content. This suction force is absent for low water content,
where the mud behaves as a solid, and when the water content is high and the mud be-
haves as a fluid. This aligns with Barnes’ description that the soil exhibits a viscoplastic
behavior only at intermediate water content [19].

Relation to RQ2. This chapter directly addresses RQ2: "How does soil with varying wa-
ter content behave under different feet compliance and stepping conditions, and how can
this knowledge be used to inform robot design?". Through the experiments performed
in mud with varying water content, we quantified how mud’s response to stepping loads
change, particularly how its stiffness and how suction force are impacted. We also char-
acterized how compliance of the foot affects loading, and showcased how a foot of inter-
mediate stiffness balances stress concentration and shape retention. Next, we highlighted
how different stepping conditions, such as repeated loading, or variable speed, influence
force generation. We found that stepping in the same location decreases the mud'’s stiff-
ness, and that slower stepping allows for higher force generation. These results inform
robot design in both control and mechanical aspects. From a control perspective, it al-
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lows for the incorporation of the mud model in the control scheme and advocates for
lower stepping speeds in soft, wet terrains. From a mechanical perspective, it highlighted
the need for tuned foot compliance and the need for incorporating solutions to counteract

the suction force.
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3 Controller for quadruped locomotion on soft, wet grounds

The first study on which this thesis is based, presented in Publication | explores differ-
ent strategies for locomotion on soft grounds and demonstrated that the use of static-
based locomotion with discrete contacts was one of the most widely used approaches in
robotics. This can be explained by the wide applicability of legged systems, and particu-
larly quadruped robots in natural environments. The second work, presented in Publica-
tion Il examined key soil characteristics with varying amounts of water. Building on these
insights, we worked on Publication IlI, which incorporates the diverse characteristics of
mud behavior to design a controller for a quadruped robot walking in deep mud. In our
research, the mud is considered deep as it reaches 56% of the tibia length.

The controller developed in publication Il for locomotion in deep mud is shown in
Fig. 9. This controller was built iteratively, and each of the six versions of this controller is
presented in the figure. Additionally, Table 1details the specific features that vary between
controller versions, namely, the leg speed adaptation when the leg is in the mud, the
stability criterion of the body, or the definition of the leg trajectory. We compared the
different versions of this controller with the commercially available trotting gait controller,
which is one of the most commonly used gaits for quadruped robots.

Table 1: Summary of controller versions with their leg trajectory speed, stability criterion, and tra-
jectory definitions

Version Leg speed Stability | Leg trajectory
Vo 1 fixed speed NESM Bézier
Vi 2 speeds, RMSE threshold NESM Bézier
Vo 2 speeds, Force threshold NESM Bézier
V3 2 speeds, Force threshold Model Bézier
V4 2 speeds, Force threshold Model Polynomial
Vs Proportional to Force Model Polynomial

We began with a controller containing only commonly used components, namely, a
static gait controller using a Normalized Energy Stability Margin (NESM) stability crite-
rion, impedance control for gravity compensation, trajectory planning based on Bézier
curves, attitude, altitude, and heading control. First, we demonstrate that this controller
can walk through mud blindly, albeit at a highly conservative speed. Then, we present five
additional versions of the controller, each incorporating a single new feature to highlight
its contributions (Tab. 1, Fig. 9). Each added feature is designed based on insights gained
from Publication Il to mitigate for the different adverse effects of mud, such as anisotropy,
suction forces or prior disturbances.

Each version of our controller was initially developed in the Gazebo simulator using
ROS (Robot Operating System), and later tested in our experimental setup. Our experi-
mental setup consists of a corridor filled with a 12 cm deep layer of mud, with an overhead
rail system to secure the robot from falling into the mud. The setup is shown in Fig. 10.
Our results demonstrate that each new feature improves the overall speed of the robot.
While some features also reduce the mechanical cost of transport (MCoT) of locomotion
in deep mud, others increased speed at the expense of increased MCoT.
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Figure 9: The controller proposed in Publication Ill, with its different versions. The first version of the
control architecture includes only the blocks with a white background, while all subsequent versions
of our controller use the ground contact detection and trajectory adaptation blocks (green blocks).
The third version introduces the Ground Reaction Force (GRF) estimator (orange block) and utilizes it
to feed the ground contact detection block, instead of using the RMSE between the feedback torque
Ty and the gravity compensation torque 7. The last three versions of our controller replace the blue
area with the red area for center of mass (COM) position calculation. In all cases, the main loop runs
at 500Hz. The clearance control block maintains the height of the body at the input clearance h. The
attitude and heading control block is responsible for maintaining the robot attitude and heading,
and provides desired rotations as Euler angles o, B, 7y to the inverse kinematics block. t and q;
represent the feedback torque and position of all the motors of the robot, respectively. x,y,z,%,y,%
are the commanded position and velocity of the swinging foot, xcoam,Ycom are the coordinates of
the next position of the center of mass of the robot, g, q are the position and velocity commands of
the motors, F,y is the external force acting on the swinging foot, Az; are the foot depths in mud,
and K; are the estimated mud stiffness under the feet.

3.1 Results and discussions

Publication Il presents a comparison between a commercially available dynamic-gait con-
troller, and a series of six controllers specifically developed for quadruped locomotion in
deep mud. While the dynamics-based controller is based on a trotting gait, in which the
two pairs of diagonally opposed legs alternate high frequency stepping, our controllers are
all statics-based, ensuring that three legs remain in contact with the ground at all times,
forming a support polygon. This research demonstrated that the commercially available,
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Figure 10: The experimental setup used in our third publication. It consists of a 3m x 0.8 m tank
filled with 12 cm of mud, which the robot traversed. The robot is secured by cables attached to a
pulley on a gantry. Power is supplied externally to allow for emergency cutoffs and extended runtime.
High-level commands are issued and data is recorded by an off-board computer. A camera captures
the scene for post-processing the robot’s movements.

dynamics-based controller is not suitable for deep-mud locomotion as it fails after a short
distance. This failure can be attributed to the inadequacy of this type of gait for deep mud.
The trotting gait is widely used in quadruped robotics due to its stability, simplicity, and
adaptability to different terrains. However, in the case of mud, and unlike on rigid terrains,
a foot in mud continue to sink under load and cannot be considered as a support when
it hits the ground. The sinkage can reach different depths for different feet, adding to
the complexity of control and making the trotting gait even more unstable. An additional
challenge is that the trotting gait follows a highly rhythmic pattern, alternating support
between diagonally opposed leg pairs. In mud, lifting a leg becomes difficult due to the
suction force resisting foot extraction. This resistance can vary between feet, potentially
causing imbalance.

The controllers developed in publication Il are therefore all based on a static gait
where the controller ensures that a leg is supporting the robot before initiating the next
step. However, even in this case, lifting a leg from the mud can be challenging. To address
this, we developed a controller using the widely known NESM in which the robot positions
its center of mass within a stable region of the support polygon. As such, this placement
makes the robot highly resistant to instability. NESM imposes certain constraints on the
controller, as stability is limited by the maximum stability vertex located at the in-center
of the support polygon. Consequently, leg motion has to be performed slowly enough
so that it does not generate more suction force (or torque along the edge of the support
polygon) than the center of mass could counterbalance at the in-center of the support
polygon. Accounting for this limitation and slowing down the leg motion, we verified that
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this gait could successfully traverse our experimental mud track. However, the traversal
speed remained slow.

With the first controller, the robot was unaware of the terrain it was traversing. In
the second version, our goal was to increase the robot’s speed by utilizing propriocep-
tive feedback, enabling it to better perceive its environment. To achieve this, we added
a mud contact observer, allowing the robot to estimate whether a leg is in mud, based
on the instantaneous root-mean-square error (RMSE) between the measured torque at
the joints and the expected torque due to gravity. The estimation relies on an empirically
determined threshold designed to filter out disturbances caused by mud sticking to the
foot, friction, or neglected dynamics terms. Using this information, the second version of
our controller increases the speed of the swinging leg while it is outside the mud. This
modification results in a higher locomotion speed, and a slight decrease of the MCoT.

The RMSE-based mud contact observer used in our second controller version provided
a reasonably accurate determination of when the leg was inside the mud. However, to
improve both the accuracy and intuitiveness of the measurements, we incorporated the
ground reaction force (GRF) exerted by mud on the foot, and used it as a new metric
to inform the mud contact observer. This enhancement allowed for a clearer distinction
between the positive and negative vertical forces, enabling more precise filtering of dis-
turbances. While this modification resulted in only a marginal speed increase, it laid the
foundation for broader use of GRF for our model-based center of mass (COM) positioning
in our fourth version.

The third version of our controller was able to increase the speed of the foot while
in the air thanks to a GRF-based mud contact observer, but the speed was remained con-
strained by the maximum stability the in-center of the support polygon could provide. The
NESM is a stability criterion designed for hard ground, but it does not account for cases
where forces are applied to a leg being lifted off the ground. To overcome this limitation,
we developed a stability criterion based on the equilibrium of torques around the criti-
cal edge of the support polygon, defined as the edge formed by the two adjacent feet to
the moving foot ( (M, M,) in Fig. 11). The controller computes the distance at which the
robot has to place its COM from the critical edge of the support polygon, ensuring that the
torque generated by the suction force on the lifting leg is counterbalanced by the sum of
the torque due to the robot’s weight on the opposite side and the suction force exerted by
the diagonally opposed foot, see Fig 11. This new criterion increased the allowable force
generation by the foot and enabled a higher swing speed. As a result, this controller en-
abled the robot to traverse the mud track more quickly, and with a reduction of the MCoT.

In the first four first versions of our controller, we used Bézier curves for generating
the feet trajectories. An example Bézier curve is shown in Fig. 12. These curves present
the advantage of being very simple in their implementation, and they have a low com-
putational cost. However, they exhibit high velocity and acceleration at the end points,
which is suboptimal in muddy conditions, as these points correspond to the highest inser-
tion force and suction force in mud. To address this issue, we replaced Bézier curves with
polynomial curves, which precise control of the position, velocity, acceleration, and liftoff
angle, see Fig. 12. This adjustment enabled us to increase the overall swing speed, while
maintaining low velocity toward the trajectory endpoints. As a result, the robot was able
to traverse the track more quickly, with virtually no impact on the MCoT.
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Figure 11: Illustration of the forces involved for model-based COM positioning in a muddy substrate.
M, M, are the two feet defining the critical edge of the support polygon. I, is the projection on the
z-axis of the orthogonal distance between the foot to lift A and the edge M|, M>. 1, is the same for
the diagonally opposed foot B. F,, F;, are the corresponding forces at these feet, I is the projection
on z of the orthogonal distance between the COM and the polygon edge Mi,M>. I.. represents
the critical distance at which the COM should be positioned relative to M, M,, and d indicates the
displacement of the COM. The left diagram shows a side view, and the right diagram presents a top
view.

Finally, in previous versions, we had up to two predefined speeds for the swing tra-
jectory, each tuned to allow the robot to remain stable in all conditions. However, when
the leg sinks less into the mud, the suction force is lower, and the speed could therefore
be increased. To eliminate the need for empirical speed tuning, we introduced a speed
multiplier that varies between 0 and 1, proportional to the force margin, defined as the
ratio between the maximum stabilizing force predicted by our model and the actual force
measured at the foot. This final modification significantly increased the speed of our con-
troller, but came at the cost of increased MCoT compared to the fifth version. Ultimately,
this last version achieved more than 6 times the speed of our first version, with a reduc-
tion of the MCoT by 6%.

In summary, the controllers we developed in this research all use a static gait, with a
large step length of 53% body length, and a slow swing speed while in the mud, both during
intrusion and extraction of the foot. A higher step height than that of the commercially
available controller further reduced the portion of the swing phase occurring in the mud.
Each enhancement to our initial version, including the mud contact observer and model-
based stability criterion, more precisely controlled polynomial curve, and speed varying
proportionally to the force margin, enabled faster and slightly more efficient traversal.
Overall, contrary to the trotting gait controller, all our controllers successfully traversed
the deep layer of mud without failures, achieving four times greater efficiency. The MCoT
of our controllers is comparable to previous research on other types of resistive terrain,
and, as expected, remains an order of magnitude higher than locomotion on hard ground.
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Figure 12: Bézier curve path of each leg (first four versions of the controller) and polynomial curve
(last two versions). The control points and key points are determined based on the target foot posi-
tion. The figure illustrates that both trajectory types are similar, particularly in achieving comparable
touchdown and liftoff angles.

3.2 Conclusions

Legged locomotion is a promising means of locomotion in natural environments, as ev-
idenced by the wide diversity of legged animals. Soft, yielding terrain are common in
nature, and present challenges for standard controllers used in quadruped robots. Our
research developed a controller that enables quadruped robots to traverse muddy ter-
rains unlike the commercially available trotting gait controller, which is ill-suited for such
conditions.

Trotting-gait controllers are well adapted to locomotion in a wide range of environ-
ments, but the suction force, damping, and anisotropy of mud introduce step uncertainty,
disrupt momentum conservation, and ultimately make trotting gaits unsuitable for wet,
yielding terrains. The trotting gait was used as our baseline due to its commercial avail-
ability, but more generally, no existing controller is specifically designed for quadruped
locomotion in deep yielding grounds, and developing one remained a challenge.

Most recent approaches to control of quadruped locomotion on complex terrains rely
on Reinforcement Learning (RL), but this approach requires a high number of trials, typ-
ically conducted in simulation. In the case of mud, no simulator to date can generate
realistic simulations of mud, while trial-and-error learning in real conditions is impractical
due to the harsh and potentially damaging environment.

Instead of relying on RL, our controller builds on well-established quadruped locomo-
tion control frameworks, integrating features specifically tailored for locomotion in deep
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mud, inspired by findings obtained in publications | and II. Our controller is designed
around a static gait, incorporating gravity compensation, a large step length, swing speed
monitoring, and COM positioning based on estimated suction forces in the mud and the
position of each leg. All these features make the robot well-suited for muddy terrain, en-
abling stable navigation through muddy tracks and other natural environments without
tumbling. Additionally, it achieves a MCoT comparable to that reported in other studies
on locomotion in resistive ground. The primary downside of this gait is its slow pace. Even
though our controller was also successfully tested on hard ground, the slow pace makes
it inadapted to long distances. As a result, it would be most useful as a specialized gait for
traversing mud fields before switching to a dynamic gait on firmer terrain. Alternatively,
future work could focus on optimizing the controller to increase its speed while maintain-
ing stability.

Some future steps could help improve this research. One possible approach is to in-
crease the gait speed through more active COM positioning. Instead of maintaining a
fixed position, the COM could be initially placed using our model and then dynamically
adjusted toward the next anticipated position, while always remaining within the static
stability region. This would promote a faster and more natural gait. Additionally, sharp
transitions between different environments could impose challenges. These could be bet-
ter managed by incorporating active COM positioning also during the insertion phase,
accounting for force also during the insertion phase of the swing trajectory. Further ad-
vancements could involve incorporating our model in more advanced modern controllers
such as model predictive control (MPC) or MPC-RL hybrid controllers, or even explore the
feasibility of model-free controllers for wading through deep mud. Finally, since a con-
troller’s performance is inherently limited by its hardware, another research direction is
to develop improved robotic hardware to enhance legged locomotion in deep mud. This
is the direction we decided to explore in the following section. There, we propose a novel
foot design aimed at increasing force generation, reducing sinkage, and enabling walking
on thinner mud, pushing the boundaries of quadruped robot locomotion in soft terrains.

Relation to RQ3. This chapter directly addresses RQ3: "What type of control strat-
egy allows quadruped robots to walk on soft, wet terrain?". The results presented in this
chapter demonstrate that traditional trotting gait controllers are ill-suited for soft, wet
grounds. These dynamic gait controllers rely on predictable GRF to maintain stability and
conserve momentum, assumptions that break down in terrains such as mud that are yield-
ing and dissipative, and introduce variable suction forces that further disrupt the rhythmic
pattern. We showed that a statics-based gait, combined with tailored adaptations such
as mud detection, mud-aware trajectory planning, and suction-aware COM positioning
enables a stable and efficient traversal of deep mud. These findings point to the neces-
sity of specialized, terrain-aware control strategies for quadruped locomotion in soft, wet
terrain.
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4 Bio-inspired foot design for quadrupedal locomotion on soft,
wet grounds

Our research in Publication Il demonstrated that using a controller designed to address
the different challenges of locomotion in mud -outlined in Publication II- can enable a
quadruped robot to traverse a track of deep mud. However, a controller’s effectiveness
is inherently limited by the hardware it operates. If the terrain contains mud that is too
fluid and deep to support the robot’s weight, there is nothing the controller can do, and
the robot must avoid such areas. To extend the robot’s accessible range, we explored
hardware-based solutions identified in Publications 1 and II.

Publication | shows that most legged animals walking on soft, deformable ground have
adapted feet, with, for example, long fingers, finger webs, viscoelastic cushions, or split ex-
pandable hooves. The latter adaptation is used by many ungulates whose natural habitat
often includes wet, deformable grounds. These animals likely benefit from the anisotropic
properties of their feet: the feet expand when they want to generate propulsive force, and
retract while minimizing resistance from the substrate during foot recovery.

Building on these findings, in this chapter, we investigate how a bio-inspired anisotropic
foot design, inspired from ungulates’ split hooves, and appropriately tuned compliance
can improve locomotion on a muddy terrain.

To conduct this research, we used the moose as a model; a large ungulate with split
hooves that is particularly well adapted to live in wet conditions, with wet snow, swamps
and mud being part of its natural habitat. We took moose legs and attached them to a
linear actuator to investigate how their split hooves contribute to facilitate locomotion on
a soft, wet ground (Fig. 13). A picture of the moose legs is visible in Fig. 14.A-B.

We then designed a bio-inspired artificial foot, inspired from the foot of the moose
(Fig. 14.C-D). The foot is made with silicone digits on its sides, that passively expand and
retract, providing anisotropic behavior in soft deformable grounds.

As demonstrated in publication I, the stiffness of the foot has a role on the generated
force on the ground. Thus, we tuned the stiffness of the digits to provide the maximum
resistance to intrusion in different muds. The tuning process was a conducted iteratively,
combining Finite Element Analysis (FEA) with prototyping.

We tested the effectiveness of the bio-inspired anisotropic foot in muds with varying
water content, and compared its performance to three simplified versions of the foot (Fig.
14.E-J). Our performance metrics were sinkage during intrusion in mud, maximum suction
force during extraction, and total work over a full cycle.

Fig. 15illustrates our experimental setup. The left panel shows the experimental setup
used to compare the performance of our bio-inspired artificial foot with its simplified ver-
sions. The second panel shows the experimental setup where we evaluated the speed
and MCoT of the Unitree Go1 robot equipped with four of our bio-inspired artificial feet,
or with its original feet.

4.1 Results and discussions

In Publication IV we demonstrate soft anisotropic feet, inspired by the split-hooves of
ungulates, such as moose. These animals have hooves composed of multiple digits that
expand when stepping into mud and retract when lifting the foot. As we show in our re-
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Figure 13: The experimental setup used in our fourth publication, where we mounted the moose
legs on a linear actuator. It consists of an aluminum frame on which we fixed the force sensor,
the actuator, and the moose leg in series. Below the frame, a bucket of mud rests on the bottom.
High-level commands are sent from the PC, while real-time low-level control and data collection are
managed by a microcontroller.

search, this effect is at least partly passive.

To investigate the effects of split hooves on locomotion in mud, we installed moose
legs on a test rig, and compared insertion in mud with digits either free or fastened. Our
results demonstrated that the passive extension and retraction of the moose digits help
reduce the suction force when the leg is pulled out of the mud. However, contrary to our
expectations, we did not find a reduction in sinkage depth or a reduction of the energy ex-
penditure due to mud deformation. This absence of significant effects could be attributed
to several factors, such as to the phenomenon not being entirely passive, limitations in
our experimental setup—such as the restricted range of motion of our actuator or the
confinement to a single water content—or simply that split hooves do not inherently re-
duce sinkage and energy consumption.

Motivated by these findings, we investigated whether a controlled bio-inspired foot
design could more effectively reduce sinkage, suction, and energy consumption. We de-
signed bio-inspired feet, modeled after the moose’s foot structure, and tested their per-
formance in mud with varying water content. The feet featured a ball-shaped sole similar
to the original Go1 feet, surrounded by compliant digits. Our experiments measured the
force, sinkage, and energy dissipated for the bio-inspired anisotropic foot in mud with
low, medium, and high water content, corresponding to water-to-soil ratios of 0.21, 0.25,
and 0.27, respectively. To isolate the contribution of the digits, we also compared the
bio-inspired anisotropic foot with three reduced versions: one with fully extended digits,
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Figure 14: The different feet tested in our fourth publication. (A-B) moose front and back legs,
used to test the hypothesis that split hooves facilitate locomotion in mud. (C-D) The proposed bio-
inspired anisotropic foot developed for walking on mud. It features a ball-shaped sole similar to most
quadruped robot feet, surrounded by flexible silicone digits that passively expand in soft deformable
grounds, and retract when removing the foot from the medium. (E-F) The proposed bio-inspired
anisotropic foot with fastened digits, used to isolate the contribution of the digits during the intru-
sion phase. (G-H) A rigid version of the foot with the digits fully extended. It was used to show, by
contrast, the contribution of the passive retraction of the digits during the extrusion phase. (I-J) The
original commercially available Go1 foot, used as a baseline for comparison. (C-J) are at the same
scale, displayed in (J)

one with fastened digits, and one without digits (the original commercially available robot
foot). The different foot types we tested are illustrated in Fig. 14.

With this new experiment, we expected to find at least similar performance to the
moose feet, or even surpass them on our metrics, since the smaller dimensions of our
feet did not limit our experimental conditions.

The results showed a reduction in suction force, sinkage, and energy expenditure in
all three conditions tested, namely, low, medium and high water-to-soil ratio. More pre-
cisely, the bio-inspired anisotropic foot we proposed reduces suction force by 21% to
47.6%, sinkage depth by 37.4% to 46.3% and energy expenditure by 40.3% to 70.4% in
the medium and high water content conditions. Under the low water content condition,
suction force, sinkage depth and energy expenditure are respectively reduced by 82.1%,
18.4%, and 19.1%. While the low water content condition showed notable improvements,
the commercially available foot already performed well in such conditions, making further
improvements less significant.

The comparisons with the rigid foot with extended digits and the foot with fastened
digits highlighted the contributions of the anisotropic foot for the different stages of the
step. First, the bio-inspired anisotropic foot exhibited less sinkage than the foot with fas-
tened digits, demonstrating the role of digit extension in reducing the sinkage. It also
generated a lower suction force than the foot with rigid extended digits during retrac-
tion, showing that digit retraction helps break the suction and reduce resistance to with-
drawal. In summary, our bio-inspired anisotropic foot allowed for less sinkage, reduced
suction force, and lower energy expenditure overall. Moreover, since the digits remain off
the ground on firm surfaces, the bio-inspired foot does not introduce any disadvantages
when walking on hard terrain.

Finally, after confirming the effectiveness of the bio-inspired feet in a controlled test
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Figure 15: The experimental setup used in our fourth publication. (A) Setup for testing the artificial
feet mounted on a linear actuator. The setup is similar to the one used for testing with the moose
legs (Fig. 13). The artificial foot is mounted on the linear actuator, itself fixed to an aluminum frame.
On the bottom, a force sensor is positioned beneath a bucket of soil to measure ground reaction
forces. A microcontroller handles low-level control and data acquisition, while high-level commands
and recording are managed by the PC. (B) The mud track used to test the quadruped robot with and
without the bio-inspired artificial feet. It consists of a 3m x 0.8m track filled with a 12cm layer of mud,
overhung by a gantry. The gantry prevents the quadruped robot from falling into the mud. Power is
supplied externally for extended runtime and quick shutdown. High level commands and recording
are done through the PC. A camera captures the scene for analyzing movements in postprocessing.

rig, we mounted them on a quadruped robot to assess their impact on actual locomotion
performance in mud. Our results on the quadruped robot corroborated the results ob-
tained from the test rig: the MCoT of the quadruped robot was drastically reduced, in a
manner consistent with the findings from the test rig. Additionally, the robot’s speed was
significantly increased thanks to the reduced sinkage.

These results demonstrate the applicability and effectiveness of our new bio-inspired
anisotropic feet. Itis also important to note that the robotics experiments were conducted
using the controller developed in Publication IlI, without any modifications. This suggests
that adding these feet to a quadruped robot for traversing mud provides advantages and
practicality, without introducing downsides. A patent application has been submitted for
this foot design.

4.2 Conclusions

In the introduction of this thesis, we demonstrated that animals employ both different
gaits and distinct anatomical features to enable locomotion on soft, deformable grounds.
The first chapter then focused on characterizing the different responses of mud under
various stepping loads. Then, while the second chapter focused on the development of
a gait tailored for locomotion in mud, in this third chapter, we proposed to address the
challenge of locomotion in mud from an anatomical perspective. To this end, we drew
inspiration from nature, where ungulates with split hooves are able to traverse muddy
terrains. We first demonstrated that the split hooves of the moose indeed provide a dis-
tinct advantage in mud, by reducing the suction force when the foot is retracted from the
mud.
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We then designed an artificial foot, inspired by the feet of the moose, featuring soft
digits along its circumference, which imparted properties of compliance and anisotropy.
Testing this foot on our test rig demonstrated that it reduces sinkage, suction force, and
overall energy cost of a step in mud.

Contrary to our expectations, our experiments on moose feet did not show that split
hooves reduce sinkage or save energy. However, the bio-inspired anisotropic feet did
achieve these reductions, suggesting that similar results might have been observed in
moose feet if our experimental conditions had not been limiting.

After demonstrating that our bio-inspired artificial feet provided significant advan-
tages in various mud conditions, we showcased the applicability and practicality of our
solution by mounting four of these feet on a quadruped robot. The resulting experiments
demonstrated that the feet enabled to increase speed and decrease MCoT, all without the
need to modify the robot’s controller.

As Marc Raibert stated during ICRA 2023, "hardware is just as important as software".
This solution serves as a hardware counterpart to complement the software approach
presented in the previous chapter.

Relation to RQ4. This chapter directly addresses RQ4: "How can foot design enhance
locomotion performance in soft, wet grounds?". The results demonstrated that a bio-
inspired anisotropic foot design can significantly improve locomotion on soft, wet grounds
such as mud. The foot we presented, inspired from the hooves of ungulates, significantly
reduced sinkage, suction force, and energy expenditure caused by mud deformations
across varying mud conditions. These improvements are enabled by the foot’s compli-
ance, the passive expansion of the digits during the intrusion phase, and their passive
retraction during withdrawal. Further experiments on a quadruped robot confirmed the
energy savings and also demonstrated an increased locomotion speed enabled by lower
sinkage. These findings highlight the importance of foot design in complementing and
enhancing the role of a dedicated controller for locomotion in soft, wet grounds.

4.3 Societal impact

Publication IV has garnered significant media attention. As of the writing of this thesis, it
has been featured in at least 55 news sites, blog posts, or journal publications, accross 12
different languages. Notable international coverage includes the Wall Street Journal, Ya-
hoo News, MSN News, The Daily Star, Eurekalert!, or Interesting Engineering. In Estonia,
the work was highlighted in major outlets such as in Postimees, ERR public boradcasting
radio, Horizont magazine, and Research in Estonia. Some examples of media coverage are
shown in Fig. 16.

In addition, the patent application #P202400026 [5] was filed to protect the invention
described in Publication IV. This step underscores the practical relevance and potential so-
cietal value of the research, as it paves the way for future commercialization and broader
real-world applications.
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5 Conclusions and future work

This thesis presented contributions to the review of locomotion techniques, soil model-
ing, quadruped control, and mechanical design of feet for quadruped robots locomoting
on soft, yielding grounds.

Locomotion on soft yielding ground is challenging because of the diverse and hard
to predict behaviors of yielding grounds such as deformation, variable stiffness, yielding
stress, and suction force. However, such grounds are ubiquitous in nature, and enabling
robots to traverse them would provide substantial benefits for operations such as search
and rescue, exploration, environmental monitoring, and agriculture.

Legged robotics is emerging as a preferred solution for the applications mentioned
above, because legged robots, and quadrupeds in particular, present a good combina-
tion of versatility, agility and endurance. Nonetheless, research on quadruped robots has
only recently gained enough maturity to allow locomotion on anything other than hard
flat grounds. Research aimed at enabling these robots to walk in complex terrains almost
exclusively focuses on sand, debris or accidented terrains. The study of legged robot loco-
motion on soft yielding grounds has been little explored, and when it has been studied, it
has mostly focused on dry granular media. Locomotion on other types of yielding grounds
has been extensively studied in the field of terramechanics [18], but the teachings from
this field, which focuses on wheeled and tracked vehicles, are only marginally applica-
ble to legged locomotion, where the main challenges are related to sinkage and stability,
rather than traction and shearing forces of wheels or tracks. Our research thus represents
one of the first works addressing legged locomotion on soft wet grounds.

The introduction and publication | presented the work on soft ground modeling and
the challenges inherent to locomotion on soft, yielding grounds. The different physics-
based principles of locomotion in both animals and robots are then reviewed and classi-
fied into statics-based and dynamics-based locomotion means. Each of these categories is
further sub-classified based on how these physics-based principles are implemented from
an anatomical perspective. The outcomes of this research are a classification of the loco-
motion means of animals and robots on soft yielding ground, an analysis of the amount of
work and gaps in both robotics and biology literature, and finally a catalogue of solutions
for bio-inspiration in designing robots or vehicles moving on soft yielding grounds.

To address the challenge of legged locomotion on soft, yielding ground, we first needed
to investigate the gap in understanding how these substrates respond to stepping loads.
Chapter 2 and publication Il highlight this thesis’s contribution to bridging this gap. This
work shows how the behavior of a soil changes with varying water content, and explores
the stiffness of the ground, the ratio of impulse-to-work, or the dependence of the gen-
erated force on the stiffness of the foot and on repeated stepping. We found that mud
exhibits a linear force-sinkage relationship during the intrusion phase, though the stiff-
ness varies non-linearly with water content. Additionally, the speed of intrusion plays a
role in both the intrusion and extrusion phases of the step. During the latter, a suction
force appears, but only for moderate water contents. Finally, this work demonstrates that
a linear force controller can be used to perform a step on mud, with better results at
low water contents, where the linear force-sinkage relationship is more accurate. Overall,
this research provides insights into the important characteristics of mud and the effect of
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parameters such as the foot stiffness, suction force and the model of the force-sinkage
relationship.

After developing an understanding of mud behavior, we proceeded to tackle higher-

level aspects of legged locomotion. As previously mentioned, most research on legged
locomotion in challenging environments has focused on terrains such as dry sand or un-
even ground. However, quadruped locomotion in deep mud remains largely unexplored.
Our aim was thus to start investigating this aspect of terrestrial locomotion and propose
the first controller for quadruped locomotion in deep mud.
Chapter 3 and publication Ill present this thesis’ contribution to the control of quadruped
robot locomotion in deep mud. This work proposes a gait inspired by those observed in
publication I, and leverages the knowledge gained in Chapter 2 and publication Il about
mud behavior and modeling. The controller proposed in this thesis is based on a newly
developed model-based stability criterion, bio-inspired gait, and several adjustments to
the leg motion to account for the resistive nature of the mud. This work demonstrated
that the controller we proposed, in contrast to a commercially available dynamics-based
trotting gait controller, enabled reliable traversal of a deep track of mud while consuming
less mechanical energy.

The work presented in Chapter 3 and in publication Il yielded notable results and
appears promising from a control perspective. However, the software is limited by the
capabilities of the hardware. Legged locomotion in mud is strongly influenced by leg sink-
age and the suction force when withdrawing the foot from the mud. As demonstrated in
Chapter IlI, a compliant foot can reduce sinkage when exerting pressure on soft ground,
and an anisotropic design can lower suction force and the work exerted during a step. We
therefore took inspiration from nature once again, using solutions cataloged in publica-
tion 1, and investigated the contribution of split hooves, which are found in the legs of
many large mammals, to locomotion on soft ground. The results from the animal leg ex-
periments were promising but were later surpassed by experiments with our bio-inspired
anisotropic foot design. Our foot is mechanically simple, easy to manufacture, and offers
advantages in sinkage depth, suction force reduction, and work spent in deforming the
mud. Finally, the proposed foot does not impede locomotion on hard grounds and can
therefore be kept on at all times during a mission, even when soft, wet grounds are only
a portion of the covered area.

To conclude, the work presented in this thesis is the first of its kind as no previous re-
search has focused on quadrupedal robotic locomotion on wet, yielding ground such as
mud. Consequently, we consider this as foundational work, with the research directions
explored in this thesis serving as a starting point for further advancements, ultimately en-
abling broader deployment of quadruped robots in natural environments.

The work presented in publication Il provided an understanding of the mud under
different stepping conditions but was limited to low stepping speeds, and higher speeds
could therefore be investigated. One of the most promising future directions for expand-
ing on this work lies in the control aspect. The controller in publication 1l demonstrates
the feasibility of traversing a mud track using a static gait with a model-based stability
criterion and several adaptations to leg trajectories, allowing for walking in mud while
limiting suction and resistive effects. However, this controller results in relatively slow lo-
comotion speeds, which could limit its applicability to certain real-world applications in its
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current state. Additionally, while the controller has been demonstrated in real-world con-
ditions, those conditions were limited to flat, mostly homogeneous terrain. Future work
could explore ways to increase locomotion speed by combining different motions or im-
plementing force control during swing leg interactions with the mud. A broader direction
for future research involves applying Physics-Informed Machine Learning by integrating
MPC with RL, where MPC incorporates the mud model and stability criterion developed
in our research to ensure global motion stability, while RL refines foot interactions using
real-world data, optimizing for velocity and energy efficiency through reward functions.
Alternatively, Residual RL could enhance the existing model-based controller by learn-
ing only the necessary corrections to foot trajectories, ensuring robust handling of mud'’s
resistive and suction effects. These approaches could significantly improve locomotion
speed, robustness, and adaptability to highly inhomogeneous and inclined terrains.

Another research direction is the mechanical design aspect of our research. In pub-
lication IV, we demonstrated a foot that improves locomotion on soft, yielding ground.
This foot was directly inspired by a moose’ foot, with the digits surrounding it analogous
to the split hooves of the moose. However, this represents only an initial step toward de-
signing feet adapted to locomotion on soft, wet grounds. Future work could explore how
varying the shape, stiffness, and orientation of the digits can further improve locomotion
on wet, yielding grounds.

Finally, our work represents an effort to develop a field analogous to Terramechanics
for legged systems. Through the four publications presented in this thesis, we proposed
solutions relating to the control, mechanical design, or modeling of soft, yielding grounds.
As such, a third promising research direction we foresee lies in pursuing the work done in
publication IlI, expanding the types of stepping loads, the types of terrains, and mechan-
ical properties of the end effectors. This would contribute to building a theory of legged
locomotion on soft deformable grounds, bridging with Terramechanics.
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Maneuvering on non-Newtonian
fluidic terrain: a survey of animal
and bio-inspired robot
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yielding grounds
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Frictionally yielding media are a particular type of non-Newtonian fluids that
significantly deform under stress and do not recover their original shape. For
example, mud, snow, soil, leaf litters, or sand are such substrates because they
flow when stress is applied but do not bounce back when released. Some robots
have been designed to move on those substrates. However, compared to moving
on solid ground, significantly fewer prototypes have been developed and only a
few prototypes have been demonstrated outside of the research laboratory. This
paper surveys the existing biology and robotics literature to analyze principles
of physics facilitating motion on yielding substrates. We categorize animal and
robot locomotion based on the mechanical principles and then further on the
nature of the contact: discrete contact, continuous contact above the material,
or through the medium. Then, we extract different hardware solutions and
motion strategies enabling different robots and animals to progress. 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 the robotics domain also when the robot is not
explicitly meant to be bio-inspired. The contribution of this paper is a review of
the biology and robotics literature for identifying locomotion principles that can
be applied for future robot design in yielding environments, as well as a catalog
of existing solutions either in nature or man-made, to enable locomotion on
yielding grounds.

KEYWORDS

multiphase environment, soft grounds, yielding grounds, animals, robots, bio-
inspiration, locomotion, non-Newtonian fluid

1 Introduction

The last decades have witnessed a rapid advancement of robotics applications
from well-structured and defined industrial environments into an unstructured and
dynamic external environment (Bruzzone and Quaglia, 2012; Rubio et al.,, 2019). Robots
in the real world can move on solid ground as well as in the air and water, and
consequently, researchers and engineers have developed terrestrial, aerial, and underwater
robots (Aguilar etal., 2016). However, robots still cannot access all types of natural
environments (Bruzzone and Quaglia, 2012; Aguilar etal., 2016; Rubio etal., 2019).
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Soft yielding substrates are materials that significantly deform
under the application of stress and do not recover their original
shape when stress is released. These materials can present a yield
stress under which they do not undergo plastic deformation,
but once pressure exceeds the yield stress, the material flows
and undergoes irrecoverable, plastic deformation (Balmforth et al.,
2014; Coussot, 2014). Such materials are common in nature: soils
are a mixture of different particles such as gravels, sands, silts, and
clays (depending on the particle size) mixed with air, water, and
organic matter (Barnes, 2016). Mud is such a medium with high
water content. Sand, snow, and leaf litter are other examples of such
materials with varying properties (Wong, 2009; Balmforth et al.,
2014; Barnes, 2016).

The problem of locomotion in deformable grounds is important
to solve because it would facilitate new robotic applications such
as search and rescue in wet forests, muddy fields, avalanches, and
mudslides (Schneider and Wildermuth, 2016); for the agricultural
vehicles operating on wet soils (e.g., rice fields) (Duckett et al., 2018;
Oliveira et al., 2021); for exploration or excavation of materials
(e.g., wood and ore) with a minimal environmental impact
(Billingsley et al., 2008; Lopes etal., 2020); for environmental
monitoring in high-biodiversity areas (e.g., river estuaries, bogs,
and shores) (Dunbabin and Marques, 2012); or for extra-terrestrial
exploration (Li and Lewis, 2022).

The field of terramechanics (Bekker, 1960; Wong, 2009) covers
interactions between vehicles and natural grounds from a traction
perspective. It covers the theory of vehicles moving with wheels or
tracks on mud, sand, or soil. However, as we demonstrate in this
article, there are very different ways of moving on soft deformable
grounds, and terramechanics covers only one of these, which is the
method used by all wheeled and tracked vehicles.

Well-known manned vehicles and some robots use wheels and
tracks to move in these environments up to a limit (Bruzzone
and Quaglia, 2012). Usually, they are large and heavy enough
to deform the medium and gain traction from the solid bottom
under the loose substrate if the medium is non-homogeneous and
from the unyielded buried substrate, otherwise. Yet, this can fail
if the medium is too deep and weak because actuators cannot
generate sufficient tangential forces to move a potentially buried
body. Some robot prototypes are addressing the challenge of
traversing yielding terrains. Some quadruped (Raibert et al., 2008;
Bagheri et al., 2017) or hexapod robots with rigid (Li et al. (2013);
Lietal. (2009)) or adaptable legs (Liangetal, 2012) have been
shown to be capable of negotiating those terrains. The SeaDog
robot uses spoke wheels, which combine some advantages of wheels
and legs (Klein etal., 2012), and the ePaddle robot uses wheels
with expandable paddles (Shen etal., 2018). Undulatory robots
mimicking worms (Sfakiotakis et al., 2016), snakes (Marvi et al.,
2014), or lizards (Maladen R. D. etal., 2011) are other examples.
Unstructured environments have also been negotiated by crawling
robots such as a sea-turtle robot (Mazouchova et al.,, 2013) and a
mudskipper robot (McInroe et al., 2016). A razor clam robot was
designed, capable of digging through mud (Winter et al. (2014)).
Some researchers designed screw-based robots, having either two
screws (Nagaoka et al., 2010b) or four (Lugo et al., 2017). Recently,
some robots were designed to challenge the granular lunar terrain
(Shrivastava et al., 2020) by combining wheels and walking gaits.
On a different scale, a sperm-inspired robot has been built, moving

Frontiers in Robotics and Al

10.3389/frobt.2023.1113881

at low Reynolds numbers (Khalil et al., 2016). Aguilar et al. (2016)
introduced the field of robophysics which consists of studying the
motion of moving systems by complementing the study of complex
robots with simplified robotics experiments and simple theoretical
models. It provides a review of research that has already helped with
the understanding of unstructured environments.

Bioinspiration and biomimetics seems to be the most commonly
used paradigm for developing robots for yielding environments: the
majority of the aforelisted examples explicitly claim to be inspired
by animal locomotion. Typically, they mimic a specific animal or an
aspect of the locomotion of a specific animal. Bio-inspired robotics
can be used in two ways: one can take inspiration from a known
working solution taken from nature to make a robot particularly
well-suited for an environment, thereby benefiting robotics. It can
also be used the other way around: one can make a robot that
mimics a living being to understand some of its working principles,
thereby benefiting biology (Gravish and Lauder, 2018). The concept
of biomimetics and bioinspiration is a specific case of a problem-
solving technique called design-by-analogy (Verhaegen et al., 2011)
and often has its focus on biomechanics (Goel et al., 2017). 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 (Vincent et al., 2006; Verhaegen et al., 2011). It is critical
to find an appropriate abstraction level for the task when using
biomimetics (Nagel et al., 2010), and a higher level of abstraction
allows for the creation of links between different principles that are
independent of the form or behavior of biological entities (Mak
and Shu, 2004). When abstract principles have been derived, they
can be transposed to technology and the abstraction level can be
lowered to reach technological solutions for which direct mimicry
of biology-technology may not be feasible (Baumeister et al., 2013;
Fayemi et al., 2017).

A majority of the robotics literature we analyzed chose to
mimic the anatomy of an animal, its locomotion, or a feature
of its body or behavior. Through mathematical modeling, some
researchers have begun to unify these principles of locomotion in
dry granular media. For example, Astley et al. (2020) reviewed the
principles and mathematical modeling of limbless locomotion in dry
sand, Zhang and Goldman (2014) demonstrated the applicability
of resistive force theory (RFT) in dry granular media, and Hosoi
and Goldman (2015) proposed a mathematical modeling technique
for digging and burrowing in granular media and described four
regimes based on the size of the animal and the inertial number.
Other works also address different media. For example, Dorgan
(2015) established the mechanisms of subterranean locomotion in
dry and cohesive media, and Aguilar et al. (2016) proposed using
mathematical modeling, simulations, and experimental validation
as a systematic approach to locomotion in a variety of environments
such as air, water, hard ground, or cluttered environments and goes
beyond the field of yielding media. There, locomotion in yielding
materials is treated from an anatomical point of view and describes
the modes of locomotion as a legged, flipper-based, sand-swimming,
or two-anchor mechanism.

The very active work on modeling presented previously is a
necessary effort to understand the mechanisms of locomotion in
yielding media. However, while reviewing the research work on
biology, we found that, in the vast majority of cases, mathematical
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modeling of the animals’ locomotion was not available. To enable
their study, we propose turning to a higher abstraction level where
locomotion can be studied from a qualitative point of view, such as
the higher level prescribed by the biomimetics methodology.

In this paper, we review biology literature addressing locomotion
in soft, deformable environments and propose some general
principles for designing robots for those terrains. We use abstraction
at the level of general mechanical principles of the deformable
medium to derive engineering goals. We also categorize the existing
robotics literature and demonstrate that some of those principles
have been explicitly or implicitly already used in robots or other
vehicles, and since they are sufficiently general, the resultant design
does not necessarily need to be explicitly bio-inspired. This overview
aims to offer a systematic approach, general guidelines, and design
targets for developing better vehicles for soft yielding environments.
The higher abstraction level used in this overview enables drawing
parallels between locomotion strategies that may, at first, seem
distant from each other. As discussed previously, the use of a high
abstraction level such as the one we chose is advocated by the
biomimetics methodology. With this paper, we aim at providing
future researchers in this field with a tool to pass from the problem
domain to the solution domain and find an adapted solution for
their application related to locomotion in yielding environments. In
addition to this engineering tool, we believe this classification can aid
in the discovery of links between locomotion strategies and provide
hints for future research into the unification of locomotion theories
in soft yielding materials. Last, the present paper will be a useful
catalog of possible sources of inspiration for locomotion in soft
media. The principles and strategies of locomotion presented in this
paper could be further modeled and experimented with using and
extending the theories presented previously, for example, through
the robophysics framework.

2 Background on non-Newtonian,
yielding materials

Yielding materials are a subset of non-Newtonian fluids, which
are fluids that exhibit shear stress that is not proportional to
the shear rate. Over the last century (Alderman (1997); Denn
(2004) for overviews), researchers have identified a wide range of
complex behaviors exhibited by non-Newtonian fluids, including
shear-thinning, shear-thickening, Bingham plastics, and viscoplastic
fluids (Bingham (1917; 1922); Herschel and Bulkley (1926); Oldroyd
(1947); Metzner and Reed (1955); Metzner (1956); Schowalter
(1960)). Rheology, which is the study of the flow and deformation
of matter, is a fundamental discipline that bridges the study
of non-Newtonian fluid mechanics and the theory of plasticity
(Barnes et al., 1989; Larson, 1999). It provides a framework for
understanding and quantifying the complex behaviors of non-
Newtonian fluids, as well as other complex materials beyond fluids,
such as polymers, gels, pastes, and muds. This understanding of
complex materials is essential to comprehend the behavior of soil,
which is a complex substrate made up of four components: minerals,
air, water, and organic matter. These components can be present in
varying proportions depending on precipitation, proximity to water
bodies, or compression of the material. Depending on the particle
size of minerals, the soil particles can be classified as clay (smallest),
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silt, sand, or gravel (largest). When the water content is very high,
the soil behaves as a liquid. When the water content decreases, the
soil behaves as a plastic or viscoplastic material and is solid when the
water content is low (Barnes, 2016). The plastic behavior means that
above a certain stress, called yield stress, the material deforms and
does not return to its original shape. The smaller the particles, the
lower the permeability to water, and the more prominent the plastic
behavior is.

The stress applied on the material can be computed with the von
Mises criterion (1):

\/(‘71 -0) + (0 _‘73)2 +(03 _‘71)2
2

, 1

where o; denotes the stresses in each principal direction and is
calculated as in Eq. 2, and ¢ denotes the von Mises stress. Above a
certain value called “yield stress,” the material will undergo plastic
deformation and flow. For non-cohesive materials like sand or dust,
the yield stress is negligible, and the material starts to flow as soon
as it is pressed upon.

0. = 5 (2)

1 Sx N

In Eq. 2, F; is the force in direction i, and §; is the contact area
in the same direction. Forces can be either due to the weight of the
body or due to acceleration.

Viscoplastic behavior exhibits both solid and fluid properties,
and material deformation is also affected by the rate of stress (Kutter
and Sathialingam, 1992; Balmforth et al., 2014; Coussot, 2014). A
large selection of models exists for muddy/clayey/sandy soils, but
a unifying model is still to be found (Liingaard et al., 2004; Karim
and Gnanendran, 2014). Soft yielding grounds are manifold and
can present different properties, depending on whether they are
cohesive, such as mud and wet sand, or not cohesive, such as dust
or dry sand. More specifically, contrary to non-cohesive yielding
grounds, cohesive grounds have a yield stress and are viscous
(Augustesen et al., 2004; Omidvar et al., 2012; Mishrai et al., 2016;
Yang et al., 2017).

To move, a body must exert forces on the environment. The
environment, in turn, generates a counter-reaction force that propels
the body. On a solid flat ground, if the body stands still, the force
on the ground, called the ground reaction force, has only a normal
component to compensate for the weight of the body. When the
body moves, it must exert a force parallel to the ground, which is the
horizontal component of the ground reaction force and is limited by
the friction coeflicient of the ground/body couple. When the ground
is soft, it can deform under the weight of the body, and the maximum
force is also limited by its shear resistance. The deformation of the
material causes energy losses that make locomotion more difficult
as more work is required (Lejeune et al., 1998). The work W exerted
on a deforming medium is defined as in Eq. 3, where z is the depth
of intrusion and F the force as a function of z.

W= JFdz. 3)

The body will move forward when it generates sufficient forces F
in the direction of movement over some time ¢ (mechanical impulse
I) to move its mass m at a certain speed v (to gain momentum):

1= Jth =mAv. (4)
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Static-based motion

Dynamic-based motion

FIGURE 1
Classification of the principles and strategies of locomotion in yielding
grounds.

When the soil is yielding, the applied force is limited by the
yield force in the direction of movement, reducing the impulse and
slowing the body down. To reduce sinkage into the media, robots
or animals have to apply reduced pressure. When sinkage already
occurred, the animals or robots have to deal with moving in a
deformable material, where, depending on the material, stress, rate
of stress, and depth of insertion can all play a role (Terzaghi et al.,
1996).

Given that soft yielding materials exhibit different behaviors
depending on how one interacts with them, there are two different
ways of moving in/on them. When moving on a yielding substrate,
frictional hydrostatic forces dominate at low speeds, while the
inertial hydrodynamic response of the material dominates at high
speeds (Qian et al., 2012). There are, thus, two ways to move on or
through a yielding material: using the material’s static properties or
using its dynamics properties (Figure 1).

There are primarily two ways to move using the static properties
of the medium, as shown in the top part in Figure 1. The first way
is to not exceed the yield stress of cohesive materials or deform
them plastically so that the resulting surface can be used as a
static support against which to generate thrust. When we do not
consider dynamics, the vertical equilibrium is maintained between
hydrostatic-like pressure on the immersed volume of the body
and weight. We refer to hydrostatic-like pressure as a pressure
that increases proportionally with depth (Aguilar and Goldman,
2016). It has been shown that different flowable materials, when
stepped upon, generate a reaction force that is almost proportional
to the depth of intrusion (Sharpe etal., 2013; Godon et al., 2022;
Ma et al., 2022). In the horizontal direction, thrust can be generated
by relying on the cohesion and adhesion of the medium particles
with the body. Additionally, if plastic deformation is carried out,
the body can push horizontally against the unveiled surface of the
material.

In the second case, the moving body uses the dynamic fluid
properties of the medium (see the bottom part of Figure 1). To move
dynamically on/in a fluid, a body has to transfer momentum to the
fluid so that the fluid reacts by providing thrust, as per the principle
of the conservation of momentum. There are three main momentum
transfer mechanisms in fluids: drag (pressure and friction drags),
lift, and acceleration reaction forces. However, in friction-dominated
media, lift cannot be used for propulsion (Webb, 1988), and pressure
drag is another manifestation of inertial forces (Vogel, 2020). This
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leaves two mechanisms for movement through a frictional fluid.
The first, friction drag, can be used in static locomotion and is also
a necessary component of pressure-drag-induced inertial forces.
The second, acceleration-related force, takes advantage of propelling
fluid particles in the opposite direction of the desired thrust. In
nature, this is usually performed in the fluid by oscillations or
undulations of the body and appendages in fish, ducks, or seals
(Sfakiotakis et al., 1999; Vogel, 2020), but can also be performed at
the surface by slapping the fluid. In this rapid motion regime, the
forces exerted by the fluid depend quadratically on velocity. We refer
to this as the hydrodynamic-like principle (Aguilar and Goldman,
2016) because of its similarities to the hydrodynamic principles of
propulsion exerted in fluids (Webb, 1988; Sfakiotakis et al., 1999;
Vogel, 2020).

As opposed to moving on a deformable soft media, dynamic
motion through such medium is hindered by high friction drag
and form drag. One solution to reduce drag is to use fluidization.
Fluidization is the process by which material particles are given a
sufficient velocity so that the granular material (cohesive or not)
behaves as a fluid. This can be performed by injecting a fluid through
the materials, which will generate a form drag on the particles and
reduce the interparticle stress. Fluidization can also be enhanced
by vibrations in a granular material (Zik et al., 1992; Xu and Zhu,
2006). Fluidization is mostly used to move through the substrate
to facilitate progression and is hence typically observed in animals
digging or burrowing in granular media (Hosoi and Goldman,
2015).

Thus, locomotion on non-Newtonian yielding ground is
different from that on solid ground or in water. To move
on/through such materials, animals have developed a wide
range of locomotion strategies. These strategies are explored and
categorized in this paper, and existing robots are categorized
accordingly.

3 Methods

This paper aims at answering the following questions:

- How to classify the modes and mechanisms of locomotion in
natural, yielding environments?

- What physical principles are present in nature for locomotion
in yielding 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 these questions, we conducted a review of biology
research, focusing at first on animal locomotion in soft yielding
environments. We identified relevant research papers and classified
them based on material behavior and locomotion mechanisms. We
have also mapped existing robots into the presented principles,
demonstrating that successfully developed solutions are designed
implicitly or explicitly against those principles and suggesting that
defining those principles as design targets will help develop better
vehicles faster and easier.

Our integrative literature review on the biology of locomotion in
deformable environments used established methodologies outlined
in Torraco (2005); Snyder (2019). We utilized relevant keywords
associated with the themes of locomotion, animals, and soft
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TABLE 1 Keywords used for the literature search.

About the animal/action About the environment

Clay, flowable, ground,
intertidal, low resistance,
mangrove, mud, multiphase,
sand, slurry, substrate, soft,

Amphibious, animal,
benthic, boring, burrowing,
crawling, fish, fossorial,

legged, locomotion, motion,
semi-terrestrial, walking unstructured, viscoplastic,
weak ground, wet granular

media, yielding, yield stress

environments (Table 1) to search various online databases such
as Google Scholar, IEEExplore, ACM Digital Library, Science
Direct, Web of Science, Wiley Online Library, Scopus, CiteSeerX,
SpringerLink, PNAS, and PLOS One. Our search terms involved
combining at least one word from the first column with at least

one word from the second column in Table 1 to create different
keyword combinations (e.g., “animal locomotion in multiphase
environments,” “walking fish on mud,” and “legged locomotion
on low resistance ground”). Additional papers were identified
from the references in the documents. To ensure inclusiveness,
all papers mentioning any of the selected keywords were selected
at first. Then, analysis of the main topic of the documents led
to keeping only those addressing locomotion from a mechanical
perspective. For instance, documents discussing the evolution of
the genome, neural control, muscle control, fish swimming near
the surface, or an evolutionary analysis of anatomy were excluded.
The documents were then divided into categories based on the
main topic, and some categories were disregarded as being out
of scope for this literature review (e.g., addressing the effect of
viscosity on swimming or the burrowing patterns of crustaceans).
The most representative documents of each category constitute the
corpus of this article and were organized based on the mechanical
principles and locomotion strategies employed by the animals they
describe. Papers relating to robotic analogs were included at a later
stage.

We, then, analyzed the locomotion used by each species and
robot and abstracted it to understand how and where the forces
are generated. We discovered that even when forces were generated
using different body parts, motions, speeds, and material properties,
they could be classified into two categories based on whether they
used the static or dynamic properties of the yielding media. Then for
each mechanical principle, the interaction type could be generated
using different strategies, which mainly differed depending on
the nature of the contact between the body and the medium.
Furthermore, under this second level, we discuss the animals’
specific means of locomotion, describing which body parts are used,
how they are used, and the special features facilitating the means of
locomotion.

In the next sections, the locomotion strategies classified
according to the mechanical principle will be more closely described,
along with a description of the specific animal locomotion patterns
and references to the existing robotic analogs.

In the following sections, the animals’ and robots’ means of
locomotion on soft yielding grounds will be categorized into the two
following interaction types: those using the static properties of the
material, mainly using friction-based hydrostatic pressure, and those
using the dynamic properties, mainly inertia.
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4 Statics-based movements

Statics-based movements use the hydrostatic-like pressure in the
medium to counter gravity, friction forces, and material cohesion
to generate forward impulse. We observed that the highest level of
distinction that could be made was based on the spatial distribution
of the contact between the body and the media. Three different
strategies were observed:

o Discrete contacts with the medium
e Continuous contact at the surface of the medium
e Immersion through the medium

The two first strategies imply compensating the body’s vertical
and forward momentum on the ground by achieving static
equilibrium between the deformable material and the body. There
are two possibilities: the stresses exerted by the body on the medium
are less than or equal to the medium’s yield stress. In most cases,
unless the animal is very light-weighted, or the ground is almost
solid, the material first yields, and then solidification occurs when
pressure drops below the yield stress: at first contact, only a minor
portion of the body, for example, a foot, touches the ground, and
the pressure is very high. The surface yields, the foot sinks into
the soil until a sufficient surface area touches the substrate to
distribute the efforts, and the relative pressure is reduced to the yield
stress. Resistive force increases linearly with depth: the deeper the
appendage sinks into the substrate, the higher the pressure, and the
more the substrate resists intrusion. Only when solidification has
occurred, the animal can use the substrate as a static support. Yet,
at this stage, the material has deformed, required work, and made
locomotion harder. There are two different possibilities to reduce
sinkage: reduce the pressure exerted on each weight-bearing body
part and reduce acceleration-related forces.

Animals use different strategies to achieve such results: using a
large number of legs, using large feet surface areas, lying on a large
portion of the trunk, using the tail to increase the contact area, or
reducing forces by moving slower. In the third strategy, through
the medium, the body is inside the substrate, and hydrostatic-like
pressure does not need to compensate for the weight of the body
outside the material. There, the challenge is rather to generate forces
using non-reciprocal movements because the friction-dominated
environment dissipates energy, and therefore inertia (Purcell, 1977;
Vogel, 2020).

4.1 Animal locomotion

4.1.1 Discrete contacts with the medium

Ungulates (large mammals with hooves) step on yielding
substrates with hooves. The relatively small surface area of the
hoof is initially insufficient for compensating their weight without
yielding the substrate. As a result, the yield stress of the material is
exceeded and the leg starts to sink; the foot of the animal sinks into
mud until it encounters something harder or until the hydrostatic-
like pressure compensates for the weight. One interesting feature
observed in ungulates is the passive enlarging of their feet when
stepping on yielding material. Not only do the different toes move
apart from each other, but also in some cases, digits are located
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higher at the back of the foot. The rear digits also passively extend
outward when the leg sinks into the yielding substrate and passively
retract when the leg is removed from the substrate. Two studies were
found in the literature about locomotion of cows in slurry or sand
(Phillips and Morris, 2000; Telezhenko and Bergsten, 2005). When
in a not too deep layer of slurry, cows reduce their stride frequency
to compensate for the difficulty of penetrating and retracting the
leg through the slurry. Simultaneously, they increase their stride
length because the risk of slipping is reduced when the animal
has a strong foothold in the slurry (Phillips and Morris, 2000).
The same increase in stride length was observed when walking in
sand compared to hard ground (Telezhenko and Bergsten, 2005).
'The foothold providing additional traction has been experimentally
studied on a test bed in granular materials (Yeomans et al., 2013).

Similarly, it was found that in the case of hermit crabs, bigger
individuals ran faster on beach sand by increasing stride length,
but not frequency (Herreid and Full, 1986). Other research showed
that basilisk lizards also increase their speed on sand by solely
increasing their stride length (Bagherietal.,, 2017). Salamanders
use undulations of their body to take larger steps (Edwards, 1989)
and walk on mud using a gait (Aydin etal, 2017) which keeps
three legs on the ground to reduce the pressure on the substrate.
Tiger salamanders additionally increase the surface area of their
feet contacting the ground when the medium is compliant, but it
is not clear whether this is a passive process due to surface softness
or an active mechanism (Vega and Ashley-Ross, 2020). The same
phenomenon was observed in hatchling turtles using the alternating
gait in which diagonally opposed flippers push on the media. During
the stroke, the plastron is lifted off the ground to reduce drag, and
the flippers are oriented perpendicularly to the propulsive force to
decrease soil deformation. An illustration of the hatchling turtles
using the alternating gait is shown in Figure 2A. The Uma lizard has
fringed toes that may facilitate locomotion on sand. These fringes
increase the surface area, which, in turn, increases frictional forces
and decreases pressure (Carothers, 1986). However, a more recent
study disagrees and reveals that these fringes have an advantage
in burrowing (Zheng et al., 2020). Generally, it has been shown
that lizards living in sandy areas have longer feet relative to their
size (Kohlsdorfetal., 2001). Additionally, lizards with larger feet
could passively reduce their penetration ratio and maintain better
performance on flowable grounds. For many lizard species running
on sand, it was demonstrated that the acceleration was lower on sand
than on less compliant surfaces (Vanhooydonck et al., 2015). The
same observation has been made on humans. It can be explained in
part by the mechanical work lost when deforming the sand, and in
part by decreased muscle and tendon efficiency in positions reached
by the feet (Lejeune et al., 1998). Moreover, similar to what was
observed for cows, lizards, and crabs, humans increase their stride
length on very compliant surfaces (McMahon and Greene, 1979).
Figure 2B depicts a human stepping on yielding mud.

Other large animals, such as elephants or camels, also increase
the surface area of their feet when stepping. Fat pads in camels
exhibit viscoelastic behavior and expand more as more pressure
is exerted on them. This pressure-dependent expansion enables
pressure on the ground to be independent of velocity. It also acts as
a dampener, reducing the loading rate and peak force. Additionally,
fat pads reduce localized pressure build-up, which enables traversing
rocky terrains without damaging the foot (Clemente et al., 2020).
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Similarly, elephants can also walk on the waterside or desert sand
thanks to their fat pads (Weissengruber et al., 2006), which have
viscoelastic properties and enable them to absorb shocks and adapt
to the ground (Panagiotopoulou et al., 2012).

Many light-weighted legged animals are also described walking
on deformable grounds. For these animals, their weight is low
enough or their feet surface area is sufficient to reduce the stress
exerted on the ground, hence reducing deformations. For example,
arthropods are lightweight and have six to hundreds of legs. They
are often found in areas where the ground is soft, for examples,
crabs on the seaside, scorpions in the sand, and centipedes in forest
soils (Foxon, 1936; Trueman, 1983; Faulkes and Paul, 1997; Herreid,
2012; Kuroda et al., 2014). Caterpillars (Trimmer et al.,, 2006) and
inchworms (Plaut, 2015) are also very light-weighted animals that
use several pairs of paws moving in an undulating pattern. Even
though such larvae’s natural habitat is not directly mud or sand,
they can often be found moving with ease on such substrates. An
illustration of the caterpillar gait can be found in Figure 2C

One common feature we can notice in all these animals is
the presence of mechanisms to reduce foot pressure: large paws,
spreading/retracting digits (anisotropy), long fingers or a large
number of legs, soft feet absorbing shocks, and spreading weight or
gait lowering pressure on feet. It is worth noting that many animals
we find in the desert or along the watersides have webbed feet
or long fingers, increasing the surface area: Gila monster, shovel-
snouted lizard, web-footed Namib dune gecko, ducks, beavers, and
otters. For animals walking in such media, keeping a relatively low
speed was observed to be a consistent behavior. This could be to
reduce frictional losses as well as acceleration-related forces that
could further yield the substrate and plunge appendages deeper into
it (Li et al., 2012).

4.1.2 Continuous contacts at the surface of the
medium

The strategy presented in this section consists of keeping the
main body constantly in contact with the ground. Crawling animals
use a large part of their body to lie down on the ground and use
appendages or undulations of the body to generate forces parallel to
the ground.

Crawling is a mode of locomotion often used by animals living
in water and occasionally venturing onto the shore. This suggests
that this mode of locomotion is unlikely to be optimized for
land locomotion, but rather a way for bodies adapted to aquatic
environments to move on land. A large number of these animals are
fish. Fish move in water using axial undulations. Some evolved limbs
and invaded land over time (Amaral and Schneider, 2018), resulting
in locomotion strategies that combine body undulations and limbs.
For example, Polypterus senegalus is a fish which uses its fins along
with longitudinal rotations of its body to generate motion, while
the body is resting on the ground (Standen et al., 2016). Climbing
perches, lungfishes, and Clarias all use a similar crawling-based
locomotion on land: they all lay their entire body on the ground,
distributing their weight over a large surface area, and then anchor
a part of their body by plastically deforming the ground. Then, they
apply lateral force to this anchor to propel themselves. The climbing
perch uses this principle by planting the detachable sub-operculum
into the ground to use it as a pivoting point for propelling its body
forward (Davenport and Matin, 1990). Using the same strategy,
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Example gaits of animals using static-based locomotion with discrete contacts. (A) Stepping pattern of a quickly moving hatchling turtle using only its
four appendages. The blue parts are the flippers that are supporting against the ground, while the red parts are those moving forward. Two flippers are
pushing backward/downward against the sand at the same time, while the other two are in the recovery motion and brought forward in the air. Top
view, scale bar is 5 cm. Drawn according to Lutz and Musick (1996). (B) Illustration of a person walking through mud. One leg sinks and deforms mud
until the hydrostatic pressure compensates for the human'’s weight. When the leg is bearing the entire weight, the other leg is retracted and placed
further. The mud undergoes plastic deformation and does not fully recover its original shape. The blue parts are flippers supporting against the ground,
while the red parts are those moving forward. Side view, scale bar is 1 m. (C) Movement cycle of the caterpillar. The moving parts are highlighted in red
and the static parts in blue. Progression of the body happens outside of the medium while the feet make discrete contacts with the ground to generate

the reaction forces. Side view, scale baris 1 cm

the Clarias plant their fin (Johnels, 1957) and the lungfish plant
their crane (Horner and Jayne, 2014). Figure 3A presents Clarias
moving on land using this strategy, and Figure 3B presents the crane
anchoring of lungfish. In all those cases, the plastic properties are
used to plant the anchor into the mud, and the frictional properties
are used when pulling. This way of combining appendages and body
undulations is described as axial-appendages; one of the three modes
of locomotion of fish on land (Pace and Gibb, 2014), the other two
being undulations or appendages only. These locomotion patterns
are probably the most primitive ways of moving on soft media as
they have been adopted by the first fishes invading land (Amaral and
Schneider, 2018).

When crawling, animals such as the mudskipper (HARRIS,
1960; Van Dijk, 1960; Pace and Gibb, 2014) or hatchling turtles
during their symmetric gait (crawling simultaneously with both
front flippers) (Mazouchova, 2012) propel themselves by pushing
backward/downward with their flippers, while leaving a large part of
their body dragging on the ground. In the propulsion phase of the
mudskipper, the fins are placed flat on the surface of the ground to
obtain the maximum traction possible and take advantage of friction
to exert lateral forces. During the hatchling turtle’s propulsion phase,
sand is solidified by positioning the flipper normal to the direction of
efforts, increasing the effective surface area, and then used to propel
the body. While the limbs are in a swing phase (moving without
touching the ground to prepare for another stroke), the animal lies
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on a larger portion of the body, which enables the material to not
significantly deform. The larger portions of the body used are the
pectoral and caudal fins for the mudskipper and the carapace for the
turtle. The crawling locomotion pattern of the mudskipper is shown
in Figure 3C.The mudskipper has been observed to use its tail more
and more as the steepness of the incline increases (McInroe et al.,
2016). This mechanism also prevents back slippage.

The remaining crawling animals found in the literature move
on soft ground by undulating their bodies. Gastropods move on
such substrates while not yielding them (Trueman, 1983). Their
light weight, together with the large surface area of their foot,
enables very little pressure to be exerted on the substrate. The
body of gastropods continuously stays in contact with the ground,
and peristaltic-like undulations of the foot generate propulsion
forces. Snakes use different locomotion patterns, all consisting of
undulations of different sorts. Their locomotion patterns consist of
keeping a large part or all of the body on the ground, and then
they slide the body by pushing on natural obstacles or lumps of
sand that they formed themselves during sidewinding locomotion
by deforming and solidifying the sand surface (Wake, 2001). In
the more challenging case when no obstacles are available to push
against and the substrate is too hard to be deformed, scale anisotropy
and weight distribution help snakes to move on a substrate (Hu et al.,
2009); this is used in concertina and rectilinear locomotion patterns
(Jayne, 1986; Wake, 2001).
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FIGURE 3

Example gaits of animals using a static-based locomotion with continuous contact. (A) Locomotion of the Clarias on land according to Johnels (1957).
The red parts are those progressing, while the blue parts are those pushing against the ground or are static. The Clarias anchors one pectoral fin in the
ground and uses its tail to pivot its body around the anchored fin. It then anchors the second pectoral fin and repeats the cycle on the other side. Top
view, scale bar is 10 cm. (B) Representation of the locomotion pattern of the lungfish on land. The red parts represent those that are progressing, while
the blue ones represent those that are pushing/pulling on the soil. The lungfish propels its head by pushing on its tail and anchors its head in the ground
Then, it brings the tail closer to the head, using the head as an anchor and starts a new cycle. Top view, scale bar is 10 cm. Drawn according to Horner
and Jayne (2014). (C) Locomotion pattern of the mudskipper using the alternating tripod system. The red parts are moving forward while the blue ones
are not. The mudskipper uses its pectoral fins to generate lateral forces on the ground and rests on the pelvic fins during the recovery motion of the
pectoral fins. Throughout the entire locomotion cycle, the tail is trailing on the ground. Side view, scale bar is 10 cm. Drawn based on HARRIS (1960)
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Leeches and worms on mud use peristaltic undulations, where
the parts in contact with the ground are large enough so that friction
resists backward movement while the rest of the body is moving
forward (Dorgan, 2010; Kristan, 2019). The polychaete Nereis virens
also uses body undulations from the back to the front in combination
with a rowing pattern of the legs (La Spina et al., 2007).

Seals are the only example found in the literature of a
large animal moving on such substrates (sand and gravel) using
undulations (O'gorman 1963). The seal’s entire body is in contact
with the ground and undulates in the sagittal plane at slower speed
and in the frontal plane at greater speeds. Similar to all animals
in this section, keeping a large portion of the body always on the
ground reduces the seal’s sinkage.

4.1.3 Through the medium

In this third static-based strategy, animals move through the
media. There are two ways to do this: either by deforming the
body and using non-reciprocal motion or by removing the material,
thereby removing the frontal motion resistance.

4.1.3.1 Non-reciprocal motion

In a low Reynolds number regime, the viscous forces dominate
the inertial forces. In this case, locomotion cannot rely on
the principle of giving momentum to a fluid because viscous
forces dampen any inertia, and animals have to use locomotion
strategies based on non-reciprocal motion (Purcell, 1977; Pak et al.,
2015). Sperms use flagella while moving in low Reynolds number
environments. To break the symmetry and enable propulsion at
low Reynolds numbers, the flagella oscillates from side to side,
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bending in a chiral shape (Friedrich et al.,, 2010). This strategy is
also typically used by clams, which move through the medium using
a dual-anchor mechanism in which a part, either the shell or the
foot, is shrunk and pushed through the medium, while the other
is expanded and vice versa. This strategy of changing the shape
of different body parts during the motion or the anchoring phase
creates a non-reciprocal motion that enables one to move without
making use of the medium’ inertia. This behavior can be observed
in Figure 4A.

Burrowing eels have been observed to burrow into the bottoms
of water bodies using a high slip factor (ratio of undulation wave
speed to locomotion speed). This means that the undulating wave
of the body travels at almost the same speed as the body and that
the substrate behaves as a solid. Consequently, little energy is lost in
substrate deformations (Herrel et al., 2011). This can be explained
by two different phenomena. First, by concentrating stresses and
deforming the material in front, the wedge-shaped head reduces
form drag. Second, when the eels dig, they use smaller wavelength
undulations, resulting in more distributed forces in the direction
of motion, and reducing stresses on the substrate. Similarly, sand
lances use their wedge-shaped nose to enter the substrate via
plastic deformation and then use the lateral portion of their body
to undulate and push against the sand with little deformation
(Gidmark et al., 2011). The same principle applies to worms using
peristaltic motion: the body anchors at several places, using the
substrate as a solid to provide traction, while some body parts are
shrunk and pushed forth (Dorgan et al., 2016). Worms use crack
propagation to move inside the ground, especially when the soil is
not too soft. Peristaltic waves end with the enlarging of the tip of
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FIGURE 4

Example movements of animals using non-reciprocal static-based
locomotion. (A) Locomotion cycle of a clam. The moving parts are
specified with red color and the static ones with blue. The digging
pattern of the clam is based on a dual-anchor: the shell is expanded
and applies forces on the surrounding medium, which anchors the
shell in place. Then, the foot, shaped in a thin, elongated form,
penetrates the substrate further. The foot is then expanded and the
shell closes so the foot becomes the anchor, and the foot pulls the
shell. Then, the shell is expanded again for a new cycle. Side view,
scale bar is 1 cm. Schematics is based on Dorgan (2015); Trueman
(1983). (B) Worm using peristaltic motion. The red parts are those
progressing, while the blue ones are anchored to the soil. The
peristaltic motion consists of waves of contraction and release of
circular and longitudinal muscles. Parts of the body are expanding and
generating forces against the ground, while the body parts that do not
touch the substrate are progressing. Side view, scale bar is 1 cm

the front end of the worm, which acts as a wedge to crack the soil
(Murphy and Dorgan, 2011; Grill and Dorgan, 2015). This wedge
appears to reduce the form drag by reducing the worm’s frontal area.
If the soil is too soft, it deforms rather than cracking when subjected
to high stresses, and the worm moves by plastic rearrangement of
the grains (Dorgan et al., 2016). To grip the soil more firmly, some
worms also have chaetae on their segments, which protract during
the stance phase to increase friction and retract during the forward
movement (Foxon, 1936; Crane and Merz, 2017), creating a friction
anisotropy. Figure 4B presents the worms’ peristaltic motion.

Mole crabs are using their legs to dig into the substrate and
burrow themselves. For this purpose, they use four pairs of legs
to scrape the material off the ground. During the digging motion,
legs are successively extended or retracted, hence creating motion
anisotropy and enabling the body to burrow (Trueman, 1970;
Faulkes and Paul, 1997; Treers et al., 2022). This animal is also
suspected of using fluidization, which will be described later.

4.1.3.2 Material removal

This strategy entails digging a tunnel to eliminate form drag
on the body as it travels through the media. It cannot be used
in a purely fluidic or solid medium and is, therefore, specific to
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FIGURE 5

Mole rat digging a tunnel with his teeth. Red parts are the moving
parts. Side view, scale bar is 3 cm. Drawn after Van Wassenbergh et al
(2017).

soft plastic grounds. Some examples of animals using this strategy
are moles (Yalden, 1966; Scott and Richardson, 2005), mole rats
(Jarvis and Sale, 1971; Van Wassenbergh et al., 2017) (Figure 5),
mole crickets (Zhangetal, 2011), and the arthropod Nebalia
bipes (VANNIER et al., 1997). These animals make use of different
methods of digging. Moles use their arms equipped with large paws
to plastically deform the substrate and eventually remove it from the
front. So do the mole crickets, while the mole rats dig using their
teeth. The Nebalia bipes digs into unconsolidated mud by scraping
the surface with its paws. Additional anisotropy is created by a
microscale structure on its shell, facilitating progression through
mud while hindering backward motion (VANNIER et al., 1997).

As it was seen in this section, animals progressing statically
through the media are all using anisotropy, either through
oscillations, surface features like chaetae, or microscales or body
deformation. Some animals also take extra steps to reduce the form
drag of the media, either by removing it, or by plastically deforming
it using a wedge-shaped frontal end of the body.

4.2 Robotic analogs

As we will see in this section, the technologies used for
locomotion in robotics can be classified using the same categories as
the strategies derived for animals. The abstraction of the principles
helps understand how technologies that may at first seem very
different, can be brought together under the same principle.

Most of the robots that used discrete contacts with the medium
were not designed to move on soft yielding media, but they were
shown to walk on sand or mud with varying degrees of success.

The most common legged robots demonstrated on yielding
substrates are hexapods. The AmphiHex (Liang et al., 2012), RHex
(Lietal, 2013), and SandBot (Goldman et al., 2009) robots are all
hexapods, which enable them to reduce the pressure on a single
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foot. However, as observed in some of the experiments (Li et al.,
2009; Zhongetal., 2018), the small area and length of the feet
relative to the robot’s weight do not allow an effective motion as
the robot struggles in deformable media. Experiments using the
SandBot (Li et al., 2009; Qian et al., 2015) showed that for very weak
grounds, increasing the step frequency too much and/or reducing
the material compaction leads to dramatic performance losses. The
performance drop is probably due to an increase in acceleration-
related vertical ground support force that leads to deeper sinkage
of the legs (Lietal, 2009; Qianetal, 2012). The BasiliskBot
was designed to study the effects of substrate properties on the
locomotion parameters and showed that a higher sand saturation
level led to increased stride length, which, in turn, increased velocity
(Bagheri et al., 2017). Similar velocity drops were observed at higher
stepping frequencies. A crab-like robot was built to investigate how
crab dactyls could improve sand anchoring (Grafetal,, 2021). It
was found that, despite a clear increase in the generated anchoring
forces, the use of pointed, curved dactyls reduced the locomotion
speed on yielding media. Some quadruped robots were also used
in yielding media: Lee et al. (2020a) demonstrated the quadruped
robot ANYmal treading over natural terrains. Even though the robot
hardware is not well-adapted for locomotion in these deformable
terrains, robust control enables the robot to traverse ground coated
with mud or snow. Using the same principle and similar hardware,
the BigDog robot was demonstrated walking in mud and snow
(Raibert et al., 2008).

Other experiments used a bottom-up approach, investigating
how different materials or actuation strategies could affect forces
and sinkage. For example, an experiment using a variable stiffness
jamming foot was built to prove that using a soft deformable
foot allows for less deceleration, sinkage, and pull-out forces when
interacting with sand due to increased surface area and internal work
(Chopra et al., 2020). Additionally, stiffening the foot after sinkage
allows for more shear force to be generated. Another experiment
tested different stepping parameters on muds and found that foot
compliance increased the generated force on mud, and that lower
speeds lead to higher forces (Godon et al., 2022).

Other robots maintained continuous contact with the ground.
In Baines et al. (2022), a turtle-inspired robot that can change the
shape of its appendages was designed. The appendages can be
changed from legs to flippers to either walk, crawl, or swim. The
turtle robot uses the crawling gait on yielding media to ensure
stability and avoid stress concentration. It was shown that the cost
of transport is correlated with the friction coefficient of the shell and
negatively correlated with the friction coefficient of the appendages.
Additionally, crawling on four flippers was more efficient than that
on two flippers, showing that bio-inspired robots can be capable
of outperforming their biological inspiration. A sea-turtle robot
(Mazouchova et al., 2013) has been designed to mimic some aspects
of the crawling locomotion on sand. It was demonstrated that
crawling with a flexible wrist helped locomotion by reducing the
work done on the material, and that flipper-induced lift enabled to
reduce drag on the body. Additionally, a similar mudskipper robot
(MclInroe et al., 2016) showed how the tail could improve crawling
on low-yield substrates, especially on inclines where limbs alone are
not sufficient to provide thrust. A Nereis robot was created to explore
undulatory locomotion on sand, aided with elastomer appendages
(Sfakiotakis et al., 2016). This robot could move on sand thanks to
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the distribution of its mass over a large body. Appendages were
providing the propulsive force, aided by body undulations. It was
observed that, even though the joint compliance between segments
reduced the average velocity, this enabled the robot to pass all the
presented obstacles.

A snake robot has been created to study sidewinding locomotion
(Marvi et al.,, 2014). Analogous to the animal, this robot deforms the
sand to create lumps of sand, which then solidify and serve as a static
support.

The ePaddle robot was designed to incorporate a wheel-paddle
mechanism to negotiate both unstructured and yielding grounds as
well as water and solid plane ground (Shen et al., 2018). On sand,
the paddles dig into the ground to obtain more traction and reduce
slippage.

More generally, man-made ground vehicles fit in this category.
Examples include wheeled vehicles (the Sherp ATV (SHERP, 2022)
and Burlak (BURLAK, 2022)) which use large, deflated wheels to
spread the weight on a large surface area to reduce soil vertical
deformations. In addition, the tires of these vehicles incorporate
large studs to gain traction on the soil. Other examples include
tracked vehicles (Ripsaw tank (RIPSAW, 2022) and the Tinger
track (TINGER, 2022)), which are designed to increase friction and
distribute weight. Yet, this strategy can only work if the layer of the
yielding medium is shallow, or the yield stress is very high, because
these vehicles do not have the buoyancy that the wheeled vehicles
take advantage of. Screw-propelled vehicles have been proposed,
built, and proven reliable in muddy and sandy surfaces (MudMaster
(PHIBION, 2022) and RUA (Fales et al., 1971)). Typically, on a solid
soil, the helix will yield the substrate and then push on it without
yielding it further. On very soft ground, like dry sand or very thin
and wet mud, or even water, its behavior will look more like a paddle
inside a fluid.

Now let us analyze the robot prototypes using static locomotion
through the medium.

A few robots have been built to move using non-reciprocal
motion. For example, a sperm-inspired robot was built, mimicking
the flagella oscillations of sperm and enabling locomotion in a
friction-dominated medium (Khalil et al., 2016). The sandfish lizard
robot has been designed to mimic the high rate undulations of
the animal, and that has enabled the robot to swim in a granular
substrate (Maladen R. etal., 2011). Even though studies on the
animal demonstrated granular fluidization (see next section), the
robot appears to take advantage only of non-reciprocal motion in a
dense frictional flow. The RoboClam is inspired by the razor clam
(Winter et al., 2014) and uses the clam’s dual-anchor mechanism
to dig efficiently through unconsolidated media. Ortiz et al. (2019)
shows a worm-inspired robot that uses peristaltic motion to
move through dry granular media. Similarly, Liuetal. (2019)
demonstrated a worm-inspired robot with a patterned skin that
increases traction during the anchoring phase of the peristaltic
movement and is retracted during the advance. A robot for planetary
subsurface exploration was created and tested in a regolith simulant
(Zhang et al,, 2019). The robot uses a dual-anchor mechanism that
enables anisotropy, similar to the alternating anchoring/forward
motion observed in earthworms. When one anchor is pushing on
the walls, the other one is retracted and moved in the direction of
motion with a pushing module between the anchors. This motion
is combined with material removal and is described in the next
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paragraph. A similar burrowing robot was designed and tested in
soil (Omorietal,, 2012). The main difference with the robot in
Zhang et al. (2019) lies in the presence of four propulsion sub-units
that mimic the peristaltic motion of earthworms, thereby creating
motion anisotropy.

Some robots use the material removal technique to move
through the medium; for example, Kobayashi et al. (2011) created
a mole-inspired burrowing robot capable of moving through soft
yielding soil by plastic deformation of the ground, resulting in
a tunnel. The material is not dug out when boring a tunnel but
rather pushed aside. The arms, using an anisotropic motion, are
perpendicular to the material while progressing and parallel to
the body during the swing phase. In Treers et al. (2022), a mole
crab-inspired robot was built, able to dig itself through the sand
by statically moving the sand from below to the top. To create
larger forces during the digging phase than during the recovery
motion, the legs are retracted, hence creating frictional anisotropy.
Lee et al. (2020b) developed a mole rat robot that was inspired both
by the mole rat’s teeth-scraping for the digging mechanism and
by the mole for material removal. On top of the non-reciprocal
motion, the underground drilling robot mentioned in the previous
paragraph (Zhang et al., 2019) uses material removal. The body of
the robot consists of an excavation module and a propulsion module,
connected by a propulsion module. All three modules are screw-
shaped to allow transport from the front of the robot to the back,
thereby eliminating form drag. The similar reddish soil-burrowing
robot (Omori et al.,, 2012) also uses material removal through a
screw-based excavation unit. The main difference is that in the latter
prototype, the material is conveyed through the body. Another lunar
subsurface explorer was designed and tested on sand (Nagaoka et al.,
2010a). The robot consists of a cylindrical body with a contra-rotor
screw drill (CSD). The CSD is a cone on which two contra-rotating
sections are responsible for loosening the regolith material and
pushing it backward. The propulsion force is generated by backward
displacement of the material.

As seen in this section, animals and robots use a large diversity of
techniques and technologies to move through soft deformable media
using its static properties. Now, let us observe the second mechanical
principle used to move through such environments, dynamics-based
motion.

5 Dynamics-based movements

To move using the dynamic properties of the medium, a body
has to rely on the medium’ inertia to exert a sufficient force. To
facilitate locomotion on/through a yielding material, a body can
make it behave as a fluid, thereby reducing its resistance. Analogous
to what was observed in the statics-based interactions, two different
strategies were observed:

e Discrete contacts with the medium
e Go through the medium

We did not find any examples of dynamics-based locomotion
using continuous contact with the medium in the robotics or biology
literature. However, some man-made vehicles use this strategy.
Examples are a full-throttle dirt bike going over a mudflat or a
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propeller-propelled boat powerful enough to generate thrust in
mud. Although the reason for the absence of this strategy in nature
or robotics could not be identified in the literature, we believe
it does not provide any benefits that would justify its usage. As
we will see in this section, the use of dynamics-based motion
requires making use of the medium’s inertia with discrete, powerful
strokes or fluidizing it. A dynamic locomotion based on continuous
contact may not benefit from form drag reduction with fluidization
since the major part of the body lies outside of the yielding
material. This type of locomotion may not benefit from having a
continuous, frenetic movement at the interface between air and
yielding media either, as this would likely require substantial power
to continuously expel material backward/downward. While animals
sometimes use power-intensive locomotion strategies for mating,
escaping, or preying, they generally tend to use energy-efficient
locomotion strategies (Schmidt-Nielsen, 1997; Alexander, 2003). It
is, thus, not surprising that no animal was discovered using this
inefficient strategy nor that no bio-inspired robot was discovered
using it, or any robot, particularly given the generally inefficient
locomotion of robots (Kashiri et al., 2018).

5.1 Animals’ locomotion

Similar to the previous section, we will first look at locomotion
strategies in animals and then at their robotic analogs.

5.1.1 Discrete contacts with the medium

The basilisk lizard uses high-rate deformations to move on water
and along watersides. Even though water cannot be considered a
yield-stress material, the basilisk lizard shows how using high-rate
deformations enables it to stay on top of a fluid. By stepping very
quickly on the fluid with long digits and increasing the surface
area, the lizard takes advantage of the dynamic properties of fluids.
Stepping quickly on a fluid causes a column of fluid to move beneath
the foot’s surface. The inertial resistance of this column of fluid
enables some force to be applied on it (Hsieh and Lauder, 2004). On
top of the inertial effect, hydrostatic pressure and shear resistance of
the fluid, i.e., the friction induced between layers of fluid because of
its viscosity, contribute to the reaction force. The latter is negligible
at high Reynolds numbers such as for the basilisk lizard on water
(Bush and Hu, 2006; Park et al., 2008). Figure 6 depicts the leg of
a basilisk lizard during the slap and stroke phases. These forces
(inertial, hydrostatic, and viscous forces) can enable animals to run
on fluids. The higher the fluid density and the higher its viscosity,
the easier it is to stay on the surface. This same principle can be
applied to moving on soft flowable media such as mud or sand.
The basilisk lizard has been observed to balance and avoid sinking
into a flowable substrate by reducing its stride length as the surface
hardness diminishes (Bagheri et al., 2017). Callisaurus lizards have
been observed on sand using their foot as a paddle to generate force
when sinking into the flowable material. The energy lost during
frictional dissipation in the yielding material is compensated for
by the upper hind muscles (Lietal, 2012). Paddling through a
fluidizing medium is based on the momentum given to elements of
fluid, in the same way one propels with a paddle on a boat.

Other animals are also using a similar effect to move on flowable
materials. To propel itself, the worm Theristus caudasaliens makes
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FIGURE 6

Basilisk lizard leg during the slap (left) and stroke (right) phases or a
step. During the slap, the inertia of the column of water under the foot
and the hydrostatic pressure generated by the column of displaced
fluid above the foot generate reaction force, which enables the lizard
to not sink and gain forward momentum. During the stroke phase, the
same principles apply, but force is directed forward. The leg is then
retracted from the water before the created air pocket collapses. Side
view, scale bar is 1 cm. Drawn after Hsieh and Lauder (2004).

short and powerful strokes on the ground (Adams and Tyler, 1980).
An illustration is provided in Figure 7. Some blennies similarly hit
the soil with their tails to jump forward (Hsieh, 2010). They also
orient the wide lateral surface of their tails toward the soil to get more
grip. The larger surface area leads to a larger column of fluid being
pushed and also leads to distributed efforts to reduce the pressure.
The arthropod Nebalia bipes also uses short strokes of the tail for
propulsion while digging into mud. Additionally, the microscale
structure on its shell is suspected to improve hydrodynamics
by degenerating turbulence close to the surface of the animal,
which, in turn, helps progression through mud (VANNIER et al.,
1997).

5.1.2 Through the medium

Some animals use high-rate deformation to fluidize the material.
This strategy is used by the sandfish lizard, for example, which
undulates its body to transform the sand into a fluid-like material,
enabling it to swim inside the sand (Maladen et al., 2009; Goldman,
2014). The razor clam has also been described as using the
fluidization of the water bottoms to burrow at depths where the
forces required to dig are higher than what it produces. By agitating
its shell at high speed, the clam creates pressure drops that break
the walls of the tunnel, make the mud behave as a fluid, and reduce
the required force to dig itself into the substrate (Trueman, 1983;
Winter et al., 2012).

Worms like Scalibregma inflatum have also been described as
using fluidization of the sand underwater by moving their bodies
and appendages (Dorgan et al., 2016).

Montana et al. (2015) shows how the octopus Kaurna stranks
digs itself into the ground using fluidization by jetting water into
saturated sand. It also secretes mucus to solidify the walls of the
tunnel. The octopus shown in Figure 8 uses fluidization to dig itself
into the sand.

Trueman (1970) showed the digging behavior of sand crabs in
saturated sand, and it is speculated that the sand passes into a fluid-
like state when the crabs give a high velocity to the sand particles.
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FIGURE 7

Hopping pattern of Theristus caudasaliens. The red parts are moving
forward, while the blue ones are not. The worm jumps by bending its
tail and rapidly releasing it to generate a short and powerful stroke on
the medium. Top view, scale bar is 0.1 mm. Drawn after Adams and
Tyler (1980).

5.2 Robotic analogs

Similar to what was observed in statics-based locomotion,
robotic analogs were found using dynamics-based locomotion.

Two examples of robots were found in literature using the
dynamic properties of the sand with discrete contacts. Both are
hexapods using one-degree-of-freedom rotary legs. The SandBot
was the first legged robot to demonstrate fluidization with rotary
legs (Lietal., 2009). Experiments using this robot showed that an
increase in the stride frequency and/or a decrease in soil compaction
can lead to a dramatic loss of speed on a flowable substrate,
probably due to its fluidization (Lietal., 2009). In this case, this
was an undesired effect as it decreased the speed and efficiency.
Zhang et al. (2013) demonstrated that DynaRoach, a similar rotary-
leg, cockroach-inspired walking robot, that is lighter and has
wider legs than the SandBot, uses static-like forces at low speeds,
but transitions to hydrodynamic-like forces when legs’ rotation
frequency increases, thereby increasing its locomotion speed. This
means that contrary to low speeds, where hydrostatic forces balance
the weight and enable sufficient tangential forces to be applied for
moving, high speeds are dominated by particles’ inertia, where the
robot generates forces by accelerating sand particles in the opposite
direction. DynaRoach could benefit from the inertia of the particles
because its wider legs enable it to increase the amount (and therefore,
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FIGURE 8

How the octopus Kaurna stranks digs itself under the saturated sand
by using fluidization. The moving parts are shown in red. The octopus
first injects water into the sediments, thereby fluidizing the medium.
Then, it inserts itself into the fluidized sediment and creates a
mucus-covered chimney with its tentacles to breathe. Side view, scale
bar is 10 cm. Drawn after Montana et al. (2015).

mass) of particles being given momentum, and its lighter body
requires less momentum to gain velocity. These two examples, and
particularly the latter, where the locomotion benefited from the
hydrodynamic-like behavior of the medium, show how inertia can
be used to step quickly on a yielding medium and accelerate particles
in the opposite direction to obtain enough momentum to move.
However, these examples also show us, similar to the basilisk lizard,
that low weight, wide appendages, and high speeds are required. The
combination of lightweight, high instantaneous power, and a large
surface contact area is technically challenging and leaves few design
options for a robot using this locomotion strategy. This is probably
limiting the strategy’s ability to scale.

Robots making use of fluidization to move through the medium
were also rare in the literature. The RoboClam has been created
to mimic the razor clam’s locomotion and manages to dig with
decreased energy expenditure thanks to high-rate agitations of
the shell that fluidize the mud (Winter et al., 2014). Similar to
the animal, the RoboClam creates pressure drops in the fluid
surrounding the walls of the burrow, which leads to the fluidization
of the material and reduces its resistance. It was also demonstrated
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that using only the fluidization motions without using the dual-
anchoring motions enabled the robot to burrow under its own
weight. Naclerio etal. (2018) created a robot that advances by
extending its body, inspired by plant root growth. The robot grows
from the tip, reducing skin friction drag because the rest of the body
remains immobile relative to the ground. It also fluidizes the sand
to reduce form drag by blowing air in the direction of motion. The
fluidization enables the robot to reduce the penetration force into the
sand by an order of magnitude, especially for higher air flows. The
two examples previously mentioned show robotic devices that use
fluidization to reduce penetration resistance into yielding materials,
in a similar way to animals using fluidization through the medium.
This differs from robots or animals using discrete, dynamic contacts
with the medium, where the objective is to use the fluid’s inertia
to generate thrust. In the two cases shown here, the robots were
demonstrated to reach depths they could not reach without the use
of fluidization. This strategy could also be used to move horizontally
through the medium while using less energy. Last, the sandfish lizard
robot was demonstrated to swim in the sand using mainly frictional
forces (Maladen R. et al,, 2011), but it appears to use fluidization
locally at the tail and head, even though the contribution of this
fluidization to locomotion may be limited (Ding et al., 2012).

6 Physical principles to move on soft
deformable grounds: analyses, gaps,
and discussion

The locomotion mechanisms described in previous sections
often share common physical principles that facilitate the animal to
negotiate yielding terrains. Those principles can be used by animals
regardless of their anatomy or locomotion pattern and are, therefore,
common to many species. A summary of this classification can be
found in Table 2. Next, we classified the robots accordingly. This can
be found in Table 3.

6.1 Current state of research and research
gaps

Table 3 shows that robots have been primarily developed
for using the static-based ways of locomotion. Dynamic-based
locomotion alone has been marginally used for robot locomotion.
Of course, swimming robots have been developed for underwater
environments, but no evidence has been found that they would be
capable of swimming in yielding materials. Indeed, using dynamics-
based locomotion in yielding materials can mean hitting it very
quickly to stay on the surface. It can also mean to fluidize it with
frenetic oscillations or fluid projection, both of which require a high
power output.

Both discrete and continuous ground contacts have been
extensively studied in statics-based locomotion strategies. This does
not imply that the problem of locomotion in these environments
has been solved. Indeed, the large majority of the robots presented
here are not fully working solutions but instead were intended
to study a specific aspect of locomotion. Each robot contributes
to the comprehension of locomotion on yielding substrates. Some
of these robots, for example, were aimed at testing models of
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TABLE 2 Modes of loc ion used by animals: arthropods (Foxon, 1936; Trueman, 1983; Herreid and Full, 1986; Faulkes and Paul, 1997; Herreid, 2012;
Kuroda et al., 2014), basilisk lizard (Bagheri et al., 2017), blennies (Hsieh, 2010), burrowing eels (Herrel et al., 2011), caterpillars (Trimmer et al., 2006),
Callisaurus lizard lizard (Li et al., 2012), Clarias (Johnels, 1957), climbing perch (D: port and Matin, 1990), cows (Phillips and Morris, 2000), (Telezhenko and
Bergsten, 2005), eleph (Wei gruber et al., 2006; Panagiotopoulou et al., 2012), gastropods (Trueman, 1983), hatchling turtles (Mazouchova, 2012),
humans (Lejeune et al., 1998), (McMahon and Greene, 1979), inchworms (Plaut, 2015), leeches (Dorgan, 2010), lizards (Carothers, 1986; Kohlsdorf et al., 2001;
Vanhooydonck et al., 2015), lungfishes (Horner and Jayne, 2014), mole crab (Trueman, 1970; Faulkes and Paul, 1997; Treers et al., 2022), mole crickets

(Zhang et al., 2011), moles (Yalden, 1966), mole rats (Van Wassenbergh et al., 2017), mudskipper (HARRIS, 1960; Van Dijk, 1960; Pace and Gibb, 2014), Nebalia
bipes (VANNIER et al., 1997), Nereis virens (La Spina et al., 2007), octopus (Montana et al., 2015), Polypterus senegalus (Standen et al., 2016), razor clams
(Trueman, 1983; Winter et al., 2012), salamanders (Edwards, 1989; Aydin et al., 2017; Vega and Ashley-Ross, 2020), sandfish lizard (Maladen et al., 2009;
Goldman, 2014), sand lances (Gidmark et al., 2011), seals (O'gorman 1963), snakes (Jayne, 1986; Wake, 2001), sperm cells (Friedrich et al., 2010), Theristus
caudasaliens (Adams and Tyler, 1980), and worms (Foxon, 1936; Grill and Dorgan, 2015; Dorgan et al., 2016; Crane and Merz, 2017)

Static-based Dynamic-based

Animal Discrete C. Cont. C. ip. Discrete C. Th

Arthropods X

Basilisk lizards X

Blennies X

Burrowing eels X

Caterpillars X

Clarias X

Climbing perch X

Cows X

Elephants X

Gastropods X

Hatchling turtles X X

Humans X

Inchworms X

Leeches X

Lizards X

Lungfish X

Mole crab x X

Mole crickets X

Moles X

Mole rats X

Mudskipper X

Nebalia bipes X X

Nereis virens X

Octopus X

P. senegalus X

Razor clams X X

Salamanders X

Sandfish lizard X

Sand lances x

S. inflatum X

Seals X

Snakes X

Sperm cells x

T. caudasaliens X

Worms X
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TABLE 3 Bio-inspired modes of locomotion used by robots: AmphiHex (Liang et al., 2012), amphibious robot turtle (Baines et al., 2022), BasiliskBot

(Bagheri et al., 2017), BigDog (Raibert et al., 2008), crab-like robot (Graf et al., 2021), CSD robot (Nagaoka et al., 2010a), dynaRoACH (Zhang et al., 2013), ePaddle
robot (Shen et al., 2018), inchworm robot (Zhang et al., 2019), mole crab robot (Treers et al., 2022), le-inspired robot (Kobayashi et al., 2011), mole rat robot
(Lee et al., 2020b), mudskipper robot (McInroe et al., 2016), NASA’s mini rover (Shrivastava et al., 2020), Nereis robot (Sfakiotakis et al., 2016), planetary
subsurface explorer (PSE) (Omori et al., 2012), RHex (Li et al., 2013), RoboClam (Winter et al., 2014), sandfish robot (Maladen R. et al., 2011; Ding et al., 2012),
screw-drive rover (Nagaoka et al., 2010b), SeaDog (Klein et al., 2012), sea turtle robot (Mazouchova et al., 2013), sidewinding rattlesnake robot (Marvi et al.,
2014), sperm-shaped robot (Khalil et al., 2016), tetrad-screw robot (Lugo et al., 2017), tip-extending burrowing robot (Naclerio et al., 2018), and worm-inspired
robot (Liu et al., 2019; Ortiz et al., 2019). Brackets describe an undesired effect.

Static-based Dynamic-based

Discrete C. Cont. C. Through N-recip. Through Exc. Discrete C. Through

AmphiHex X

Amphib. turtle X

BasiliskBot X

BigDog X

Crab-like r. X

CSDr. X

dynaRoACH X X

ePaddle X

Inchworm r. X x

Mole crab x

Mole . X

Mole rat r. *

MudskipperBot X

NASA’ rover X X

Nereis . X

PSEr. X X

RHex X

RoboClam X X

SandBot X (x)

Sandfish r. X X

Screw-drive r. X

SeaDog X

Sea turtle r. X

Sidewinding r. X

Sperm-shaped r. X

Tetrad-screw r. X

Tip-extending r. X X

Worm-inspired r. X

yielding materials, others were testing a specific hardware or  might be that this locomotion strategy combines high velocity with
kinematic feature of a robot, while others aimed at understanding  continuous drag, resulting in what appears to be a very inefficient,
a phenomenon observed on an animal. We can also see that  energy-demanding, and potentially ineffective solution.

animals digging/burrowing statically are much less explored. This It is important to note that not all the robots analyzed in Table 3
can probably be explained by the reduced fields of applicability of  are explicitly bio-inspired. Indeed, some robots using principles such
such robots compared to robots moving above the ground. It is  as force distribution or increased friction have been exploited for a
also worth noting that no animals or robots are using a dynamic-  long time, even in the automotive industry, and can be achieved by

based continuous contact locomotion strategy. One possible reason  other means than copying the solutions from nature, for example,
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fat tires, tracks, and screws. Nonetheless, the abstraction level we
proposed, based solely on physics-based interactions on the higher
level and the nature of contacts on the second level, allows one to
bring together solutions such as the crawling gait of the mudskipper
and Archimedean screw-based robots’ locomotion, demonstrating
the classification’s potential for use in biomimetics.

6.2 Discussion

This paper’s main contribution is a review of biology and robotic
literature to identify locomotion principles that can be used in robot
design in yielding environments. The principles are classified at
two different levels, one considering the mechanical principle, the
other considering the locomotion strategies to exploit that principle.
The higher levels of abstraction also allow expanding the ontology
to non-bio-inspired robots. It is worth noting that using abstract
language and non-technical terms to describe a problem is a well-
known systematic problem-solving technique proposed to avoid
tunnel vision and early fixation (Al'tshuller 1999). The abstraction
level used in this review proposes to classify locomotion strategies
regardless of animal or robot morphology. As it is common in
the biomimetics methodology, the resulting classification can, thus,
assist researchers or engineers interested in locomotion on yielding
grounds to easily pass from the problem domain to the solution
domain (Vincent et al., 2006; Verhaegen et al., 2011; Fayemi et al.,
2017). This process widens the range of potential solutions and
prevents early zeroing in on a solution directly mimicked from
nature, which may be suboptimal or impossible to implement. In
the current case, it can assist the designer in defining the problem
and proposing more diverse solutions for the problem of motion
in low-yield environments by understanding general physics-based
principles.

The results described in this paper have some limitations. First
of all, we observed that biology literature strictly addressing the
biomechanics of animals in yielding environments is very scarce,
especially when compared to the papers generally addressing legged
locomotion, flying biomechanics, swimming biomechanics, etc.
Even in the identified papers, the focus of the paper was often
on some other aspects (e.g., the behavior of the animal), and
biomechanics was only very briefly described. Even when the papers
focused on bio-locomotion, they often used biology terminology
and methods rather than those of physics and mechanics, for
example, the locomotion mechanisms were descriptive rather
than mathematically formulated, and physical quantities were not
measured. This lack of mathematical modeling, necessary for
robotics, probably explains the frequent tendency of bio-inspired
robotics research to incorporate bio-locomotion research as a
preamble in the same paper. This represents an additional difficulty
for roboticists trying to develop bio-inspired robots. Recently,
robophysics research has started to address such topics with a more
mechanics-based approach (Aguilar et al., 2016). In some cases,
due to the lack of mathematical modeling in research papers, our
interpretations of the physical principles are partly speculative.
For example, the effect of stress timing and duration on yielding
environments has received little attention in the biology literature.
In such cases, we had to make assumptions on the motions of
some animals based on drawings or verbal descriptions, and these
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assumptions could be proven inaccurate. However, the principles
used for the classification follow the known laws of physics; we,
therefore, believe that even if an animal was misclassified, this does
not question the main contributions of this research: the general,
abstracted locomotion principles, and the catalog of bio-inspired
solutions. This work can still serve as inspiration and a general
theoretical framework for someone who wants to design robots or
understand animal locomotion principles.

The developed ontologies indicated several research gaps and
opportunities for improvement. First of all, some strategies (e.g.,
dynamics-based discrete contacts) are scarcely addressed in the
biology literature, which also limits the research opportunities
in bio-inspired robotics. Principles using the static properties
of yielding substrates are most commonly used by robots, and
among those walking mechanisms, discrete contacts have been
most widely addressed. Although continuous contact motion-based
robots are developed for terrestrial and underwater environments,
they are often tested on a single yielding medium in a laboratory
environment. This offers the possibility of expanding the research
problems using already existing robot platforms or already
developed methods. Finally, because the ontologies’ higher level
of abstraction is physics-based, there is no need to focus on bio-
inspiration. We believe that it offers some guidelines for developing
useful robots and vehicles using state-of-the-art technologies.
Furthermore, recent years have witnessed advances in the modeling
of interactions between the locomotors and yielding materials,
particularly in dry granular materials, through the use of RFT or
geometric mechanics, as discussed earlier. We hope the classification
proposed here will help researchers in the field to explore similarities
between different locomotion strategies and further develop the
theories of locomotion in yielding environments.
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An Insight on Mud Behavior Upon Stepping

Simon Godon

Abstract—In this research we show a characterization of mud
behavior under vertical stepping. We showed that mud stiffness can
vary 45-fold and the energy spent to generate equivalent impulse
can vary 2-fold depending on the mud water content, but also that
stepping faster on mud leads to lower peak forces and higher energy
consumption. Next, we showed that the peak force generated can be
increased by 33% by changing the foot stiffness, but is reduced by
18 % if stepping is repeated on the same spot. We then demonstrated
how force control can be used to achieve identical force profiles on
very different muds. These results will help to design mechanical
parts or control strategies for legged robot locomotion on mud.

Index Terms—TField robot, force control, flowable ground, legged
robot, mud.

1. INTRODUCTION

ET cohesive materials are ubiquitous in nature (forest
W soils, mudflats, marshes, littorals, estuaries, wet fields)
and are challenging to traverse. The ability to traverse these
environments is of particular interest in robotic missions such
as search and rescue in forests, muddy fields, and mudslides;
for agriculture on wet soils (e.g. rice fields); for exploration or
excavation of materials with a minimal environmental impact,
or for monitoring biodiverse environments. Currently, the only
machines at our disposition to access such environments are
large machinery like tractors, ATVs, or tracked vehicles which
are heavy and have continuous contact with the ground. To
reduce the impact on natural environments, and to easier access
to unstructured areas, it is thus necessary to develop tools
that are lightweight and agile to avoid and preserve natural
obstacles. Legged robots are particularly well suited for that
as they are lighter than human-driven vehicles, the legs enable
nondestructive discrete contact points with the environment and
the compaction resistance of soft material piling up in front of
wheels/tracks can be avoided. It was shown that legged robots
combine the most advantages for traversing natural environ-
ments but present shortcomings in soft grounds compared to
tracked robots [1]. Indeed, legged robotics research has mostly
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Fig. 1. (a) Schematics of the experimental setup. (b) Photo of the experimental
setup. (c) The four different feet used. Foot stiffness increases from right to left.

focused on hard flat terrains, and only recently addresses lo-
comotion on rough/uneven terrains (debris, rocky slopes) [1].
Locomotion on soft grounds is seldom an object of robotics
research and focuses primarily on sand or other granular me-
dia [2]. Wet, cohesive materials are rarely studied in the context
of robotics research and even less in legged locomotion. One
possible explanation is the increased locomotion complexity
these environments present: as we demonstrate in this letter,
they are cohesive, resist extrusion of the foot, are plastically
deformable, and their behaviors depend on water content. In this
letter, we aim at reducing the shortcomings legged robots have
on wet flowable grounds, by investigating the behavior of mud
upon stepping using a vertical foot/mud intrusion setup (Fig. 1,
supplementary video). This work aims at providing an insight
into the topic to help the design of robot legs and their control
for efficient and/or effective locomotion on mud.

II. RELATED WORK

Legged locomotion on flowable soils is acomplex and energy-
consuming activity for humans and animals alike. It is even more
for legged robots, which rather recently started to demonstrate
agile locomotion on hard grounds [3], [4]. In general, as we
will demonstrate, neither terramechanics nor legged robotics
have solved the challenge of stepping on a wet, cohesive flow-
able material. Terramechanics [5], which studies the interac-
tion between soil and wheeled/tracked vehicles takes a traction
perspective, and its applicability is limited to wheeled/tracked
vehicles, which only slightly sink into the soil, have continuous

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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contact with the ground, are heavy, and reach high tangential
velocities compared to an animal walking on mud. These use
cases make its principles unsuitable for legged robots which are
lighter, with discontinuous contacts, and move at lower speeds
where traction and slippage play a smaller role than sinkage. Yet,
terramechanics derived some pressure-sinkage models, such as
Bernstein’s [6], Bekker’s [7] or Reece’s [8]. These are useful to
model different materials but require several parameters, mak-
ing them more accurate, but complex and terrain-specific. [9]
reviews the soil models and parametrization methodologies, but
is aimed at wheels/tracks-terrain interaction, and, underlines
the high variability in the models obtained for soil character-
ization. This demonstrates the complexity of deriving a soil
model, and shows the emphasis terramechanics research put on
tracked/wheeled vehicles. The variety and complexity of soil
models are obstacles to their applicability to mobile robots,
which may traverse environments in which each step will be
different.

On the other hand, legged robotics research rarely covers
interactions with wet, cohesive, flowable soils. The review on
locomotion robophysics reviews a wide range of robot models
and experiments aiming at understanding principles of loco-
motion and largely focuses on dry granular media [2]. Legged
robot locomotion on dry sand, for example, was studied [10]
[11], but the derived principles are applicable to dry granular
media, which are cohesionless. Terrain classification studies
also were done on dry materials, where a robot can classify
the type of soil [12]. Some attempts were made to have robots
walk on mud, but they were either made on a shallow layer of
mud, where the solid ground under it is used as support [3],
or based on high-speed strokes of rotating legs. A range of
robots based on this principle was developed, stemming from
the RHex hexapod structure with 1 degree of freedom (DoF)
per leg [10], with end effectors evolved into Whegs [13], re-
configurable legs/flippers [14], [15], Ninjalegs [16], or variable
stiffness legs [17]. Some of these robots demonstrate an ability
to traverse mud, but the locomotion based on rapidly rotating
1 DoF actuators doesn’t allow advanced gait planning or step
placement to pass obstacles or preserve the environment. More
complex and versatile robots with several DoF per leg represent
a great opportunity to overcome more challenging terrains and
to preserve the traversed environment. However, adding several
DoF per leg also increases control complexity, which is even
more challenging in muddy environments.

Most legged robotics research on soft terrains addresses
control of robots, especially gait control using one of two ap-
proaches: control using a soil model, or using a model-free con-
troller. For example, a soil model assuming that force increases
with sinkage following a power law was used on a hexapod
walking robot which corrected its attitude using force informa-
tion [18]. Similarly, active compliance was used on a six-legged
robot where the body orientation was kept fixed and leg sinkage
was controlled [19]. More recently, a genetic algorithm was used
to simulate the gait generation of a quadruped robot on sand us-
ing a non-linear model for intrusion forces in sand [20]. Model-
free controllers, are also mostly based on force control, for exam-
ple, in [21], a simple model-free force controller enabled a robot
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to balance on a variety of grounds. Simulations on a hopping
system suggest that impulse control permits motion on terrains
with unknown properties, including dissipative grounds [22].
Also, [23] demonstrates a model-free reinforcement learning
controller able to maneuver a four-legged robot through unstruc-
tured environments, including a shallow layer of mud, which
allows support on the solid underlayer, contrary to deep mud.
In [24], a hybrid ground learning and active compliance control
was developed to enable a robot to walk on both wood and
sponge, but was not demonstrated on cohesive media. As shown
here, most research on legged locomotion on soft grounds dealt
with stabilization or attitude control applied at the whole-body
level. However, whole-body locomotion encompasses complex
control problems which would benefit from a better understand-
ing of foot/ground interactions. We hence propose to focus on
simplified setups investigating foot/ground interactions.

Contrary to whole-body locomotion research, some studies
investigate a single control or mechanical parameter. [25] ana-
lyzed the cost of transport (CoT) and velocity of two gaits in
a fluidized sand bed and found that retracting the leg out of
the flowable material was the most effective and efficient way
of running. [26] suggests that using a circular, flat-bottomed
foot on sand enables to reach higher force. For these rea-
sons, in our experiment, we will use flat-bottomed, circular
feet.

In the above literature review, little research investigated the
behavior of mud upon stepping. Most research in terramechanics
focuses on wheels or tracks interaction with soil, and legged
robotic research mainly focuses on robot stability on differ-
ent soils. Some of the above approaches demonstrate good
results in terms of stability, however, few showcased locomo-
tion on flowable soils, and none attempted characterization
of wet soil or used agile locomotion strategies. The contri-
bution of this letter is the characterization of the behavior of
mud upon stepping and the investigation of parameters hav-
ing an impact on bearing capacity, but also the demonstra-
tion that a simple force controller, based on qualitative knowl-
edge of mud behavior can be used to traverse different muds.
These results will be useful to develop an understanding of
the mud behavior and bolster the design of mechanical parts
and controllers to develop robots for agriculture, environmen-
tal monitoring, search and rescue, exploration, and resource
extraction.

III. MATERIALS AND METHODS

Mud has properties changing in space and time, due to its in-
finite number of possible compositions (percentage of clay, silt,
sand, gravels, organic matter, water, compaction). Therefore,
a general model for mud is complex to develop and probably
unpractical. Hence our approach staved off deriving an accurate
and general model and instead analyzed the qualitative behaviors
which could be generalizable to different muds. We performed
experiments intruding circular feet into muds: intrusion at con-
stant speed on two different soils, with different feet, at con-
stant speed with different water content, and force-controlled
steps on soils with different water content (Table I). For each
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TABLE 1
OVERVIEW OF THE EXPERIMENTS PERFORMED

Exp. Parameter varied Values of parameter Const. parameters Num of  Goal

# varied experiments

1 Speed of intrusion [10, 20, 30, 40, 50] Water content, foot 10 per condition Investigate whether the speed of intrusion im-
mm/s (total: 50) pacts the maximum achievable force

2 Speed of intrusion [2,3,3.8,4.3,8, 14,20, Water content, foot 10 per condition  Similar to exp.l, with higher water content, to
34, 48] mm/s (total: 90) see whether the speed of intrusion impacts muds

with different water contents differently.

3 Foot material Polyacetal copolymer, — Water content, 10 per condition Investigate whether foot stiffness impacts the
ZED 8,22,32 speed (total: 40) maximum achievable force.

4 Water content [0, 5, 10, 15, 20, 25, 30,  Speed, foot 10 per condition Investigate the evolution of the soil stiffness and

35, 40]1% dry soil mass

5 Repeated stepping 3 steps Speed, foot, water 10
content
6 Water content [0, 20, 30, 35]% dry Foot, force con-

soil mass
periment 6)

troller (only in ex-

(total: 90) retraction force with water content.

Investigate whether mud’s bearing capability is
reduced after stepping, and by how much.
Demonstrate the feasibility of force control on
different muds using the same model-free con-
troller.

18 per condition
(total: 72)

experiment, the measurements of interest are the sinkage and
force.

For these experiments (see Fig. 1), a linear actuator Firgelli
FA-PO-35-12-6" was used to step on mud. Four feet of dif-
ferent stiffness (rigid plastic (polyacetal copolymer) as well as
silicones Zhermack Elite Double- ZED 8, 22, and 32) were
mounted on the actuator (Fig. 1(c)). Each foot is circular with
a diameter ¢ 60 mm (28.3 cm?). The silicone feet were cast
with a rigid mesh in the upper part to allow a rigid connec-
tion between the foot and the actuator. The mud was garden
soil saturated with water. Control was implemented on an Ar-
duino Uno (Arduino AG) and data was recorded using Matlab
Simulink (MathWorks inc). Force was recorded using an ATI
Serial Axia Force/Torque (F/T) sensor. For each experiment,
we recorded the position, vertical force, and calculated power.
Moments and lateral forces were measured and considered
negligible.

When the speed of intrusion was studied (Figs. 4 and 5),
we saturated the soil with water and intruded the foot at dif-
ferent speeds until a set sinkage. Experiments 1 and 2 were
performed on muds with different water contents because the
actuator’s limitations prevented very low speeds on harder soil.
For investigating the effect of feet stiffness on the force/sinkage
relationship, we use a PID velocity controller with position
condition intruding the foot to a predefined depth at a constant
speed, to compare the required force for intrusion at identical
depth.

For investigating the effect of water content on bearing ca-
pacity, the soil was first dried on the ground for 5 days and
then sieved with a 4 mm sieve. 20 kg (20.6 L) of dry soil was
then placed into the tank and slightly compacted by placing a
4 kg weight (with 44 cm? surface area, leading to a 8.9 kPa
pressure). We then shuffled the upper part of the soil to re-
duce the surface compaction. For each experiment, the foot
was penetrated into the soil at a constant speed (10 mm/s).
Between experiments, the soil was mixed, compacted, shuffled,
and evened out. Altogether we performed 10 experiments per
water content, in 9 different conditions (Table I). After each
addition of water, the soil was mixed to have homogeneous
properties. A 90 N threshold was set to protect the experimental
setup.

The 1 DoF experiment did not allow generating lateral forces,
responsible for the forward motion of a legged device. How-
ever, we argue in this letter that on mud, slower locomotion
is preferable. Since slower locomotion generates lower lateral
forces, the limitations of the setup do not play a significant role.
Additionally, in deformable grounds, legs sink and are laterally
supported by a column of mud. This reduces the risk of slippage,
as observed in cows which reduced speed and increased step
length and leg inclination at contact in deep mud [27].

Following the mud characterization, we performed stepping
experiments on the mud by controlling force of the leg, using
the ZED 22 foot because of its higher performances in other
experiments. To simulate the profile of the vertical Ground
Reaction Forces in legged locomotion, the positive half cycle
of a sinusoidal wave was commanded, with a 4 s duration and
30 N amplitude. This controller (see Fig. 2) allows generating
the three phases of the step: landing, support, and lift-off. When
in the force mode, two different PID controllers are used for
the two nearly-linear behaviors of mud; one with a steep slope
for decreasing force, and one with more moderate slope for
increasing force (see Figs. 4, 7, and 8). Then, the gain adaptation
block varies the gains of each force controller depending on the
derivative of force command by a multiplying factor computed
asin (1).

arctan(u — 1)+

0= M

The adaptation of gains enables to complement the shift
of PIDs by making PID 2 less aggressive as the command
flattens, and on the contrary, making PID 3 less aggressive
when the command sharpens toward negatives. This way, despite
the high variability of soil stiffness, we can achieve smooth
force increase, and prevent any excessive reaction when force
command decreases, especially when the slope of force/sinkage
relationship is very steep.

IV. RESULTS AND DISCUSSION

A. Going Slower is More Efficient

Experiments 1 and 2 (see Table I) investigated the effect of
speed of intrusion on forces generated on mud. The impulse of



11042

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022

Velocity
‘command
Command: ’
{Fme profle (‘)H Gait phase selector

Velocity controller
PID 1

Voltage

Position
sensor

2

Force command
u(t)

Gains adaptation
a=f(i

Force controller
PID 2
Force controller
PID 3

Voltage

Voltage

Fig. 2.

Step controller. The gait phase selector decides whether the step is before landing, during support or lift-off of the foot based on a force threshold (1 N),

and outputs a velocity command or a force command. First, a downward velocity command is sent, then, if force is higher than the threshold, the force profile
is commanded, and when force goes below the threshold again, an upward velocity command is sent. The velocity PID controller is following the set velocity
command until the force controller relays (landing phase) or until a position is reached (lift-off phase). When in force command mode, two Heaviside blocks
activate PID 2 or 3 depending on whether the force command is increasing or decreasing. Additionally, each controller’s gains are adapted based on the derivative

of the force command.
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Fig. 3. Ratio impulse/work vs speed. The ratio was computed by dividing the
impulse (Newton-Cotes integration of force overtime, only during the movement
phases) by work (Newton-Cotes integral of force over sinkage).

a step onto the soil is defined as the integral of force overtime.
Work, which represents the energy lost in the deformation of soil
(and is, contrary to solid, elastic deformations, irrecoverable),
is computed as the integral of force over sinkage. If we want to
maximize the vertical momentum while minimizing the energy
lost in soil deformation, we may want to increase the following
ratio:

Impulse [ Fdt
Work dez

@

which has the unit of s/m, or inverse of speed. In equation (2),
z is the distance between the current position and the position
where the first non-zero force was detected (similarly for t).
Let us consider the intrusion phase. As shown in Section II,
there exist a variety of soil models. Despite being accurate, these
models are complex and therefore harder to apply, especially
on a natural ground where the material parameters may vary.
For these reasons, we chose to simplify the model as much as
possible to both increase its generalizability and to simplify its
parameter estimation, at the cost of reduced accuracy. One of
the simplest models is Bernstein’s, i.e., F'(z) = k - 2", where
F(z) is the force as a function of sinkage, k and n are constants
depending on the soil [6]. Observing Figs. 4(a) and (b), 7, 8

and Table II, we can notice that during the intrusion phase, the

relationship between force and sinkage is almost linear. Hence

the model can be simplified to
F(z)=k-z 3)

Since we use a constant speed of intrusion, and force increases
linearly with depth (3), force increases linearly with time:

t kzt  kz?
Impulse = Frqq 5 =~ - = E “4)
where v, = f is the vertical speed, and we have
z  k2?
Work = Fras - 5 = - 5)
which gives
Impulse 1
fmputse L ©6)
Work v,

This relation is also observed in our experiments, as witnessed
in Fig. 3. This result can be understood as follows: being static on
mud requires no energy (no work) and still generates impulse,
driving (6) to infinity. The same impulse can be generated by
several intrusions at the same depth, deforming soil on each
step. To keep a constant altitude, a robot must compromise
between stepping frequency and energy efficiency, at least for
what concerns mud deformation. Note that this applies if we
withdraw the foot as soon as it reaches the maximum force.
On a mobile robot bearing its own weight, the efficiency could
even get better at very low speeds. Indeed, as witnesses Fig. 5,
after the movement has stopped (at peaks), the force suddenly
drops. The slower the leg sinks, the smaller the difference
between the peak force and the steady-state force. If we let
the robot sink under its own weight (case when the speed is
excessively slow), no mechanical power is required, but also, we
don’t have any ‘excess’ peak force, which is otherwise wasted
mechanical work. When pulling the leg out of the mud, some
energy is still required, the other legs are bearing more weight
and sinking deeper.
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Force vs sinkage for different speeds of intrusion (b)
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(a) Force vs sinkage for speeds from 2 mm/s to 48 mm/s. The graph is read clockwise: sinking leads to positive forces (left to right) up to the peak force

and withdrawing leads to negative forces (from right to left). The green area marks the breakage of the suction effect. Each curve is the median of a set of 10 curves.
Interquartile ranges (IQR) were omitted for readability. (b) Similar experiment with lower water content, in steps of 10 mm/s.
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(a) Force vs time for speeds from 2 mm/s to 48 mm/s, corresponding to Fig. 4(a). It consists of intrusion at a constant speed, a pause until the 35th second,

and retraction retraction. Each curve is the median of 10 experiments. IQRs were omitted for readability. (b) Force vs time for speeds from 10 mm/s to 50 mm/s,
corresponding to Fig. 4(b). The experiment consists of intrusion at a constant speed, a pause the 20th second, and retraction. Each curve is the median of a of 10

experiments.

B. Going Slower Increases Forces

Fig. 4 shows the force vs sinkage for different speeds. Experi-
ments in Fig. 4(a) were performed on mud with more water than
those in Fig. 4(b). Both figures show a higher force for the lower
intrusion speed (shear-thinning), and Fig. 4(b) shows that the
mud with a lower water content resists intrusion more, and its
resistance is more dependent on speed. While withdrawing, we
can see that force first drops to zero with little movement because
of the plastic deformation of the mud. Then, withdrawing further
creates a suction under the foot which leads to negative, pulling
forces. When the air gets under the foot, the suction is broken
and force abruptly returns to zero (green areas in Fig. 4). For
the two water contents tested we observe an absolute ratio of 2
both between the maximum intrusion force and suction force.
However, the suction continues across a longer extrusion when
the water content is higher (Fig. 4(a)).

This result complements the previous one: on top of decreas-
ing the energetic cost of locomotion on mud, lower speeds also
lead to higher forces, reducing further the mechanical work spent
on deforming the soil. If the goal of a mud walking robot is effi-
ciency or reduced environment deformation, reducing velocity
appears to be a promising strategy. Nevertheless, legged robots

need to maintain base torque (and power) in their motors to
stand still. Thus, decreasing the robot’s speed increases the time
a robot takes to perform a task and will in turn lead to higher
energy consumption. Further experiments studying the CoT on
a legged platform are needed to find an optimum.

C. Stiffness of the Foot Matters

As can be seen in Fig. 6, the feet with the average stiffness
(ZED 22 and 32 feet) generate higher forces for the same
sinkage. More precisely, the ZED 22 foot reaches 33% higher
force than the ZED 8 (37.6 N vs 28.2 N). However, this advantage
is mitigated by the higher force required when withdrawing the
foot. The feet that create the highest force during sinkage also
require more force when withdrawing from the mud (Fig. 7).

A possible explanation for the force dependence on stiffness
is that, compared to the rigid foot, the ZED 32 and 22 feet
deform more under the application of force, hence avoiding
high-pressure concentrations that cause the failure of the mud.
When the foot is too soft (ZED 8), the deformations are so large
that the projected surface area of the foot decreases significantly
and the pressure is higher, causing failure of the mud. This new
finding adds to previous findings relating to the shape of the
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Fig. 7. Force vs sinkage for the four feet. Each curve is the median of 10
similar experiments.

foot [26] for determining the intrusion force. When a robot is
intended to walk on soft grounds attention should be paid to foot
stiffness. It is known that on hard grounds, low foot/tire stiffness
results in more energy to move. It is consequently advisable
to adjust the foot stiffness depending on the ground the robot
walks on.

D. Higher Water Content Reduces Mud’s Bearing Capacity

The force/sinkage curves for different water contents are
displayed in Fig. 8. The slopes of these curves, assuming a linear
relationship (3) are plotted in Fig. 9, and the coefficients of de-
termination (R2) are presented in Table IT. When water weights
0 to 20% of the soil mass, the soil gradually reduces its bearing
capacity with (median) slopes between 8.1 and 5.9 N/mm, but
with higher water content, the stiffness drops to 0.18 N/mm for
40% water content, 1/45th of the stiffness for 2 L of water. We can
see from Table II that the linear model fits very well for up to 25%
water content (R2 > 0.95). For hi gher water contents, the linear
model derives marginally from the experimental observations

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022

. Force vs sinkage for different water contents
—0L (0%)
—1L (5%)

80 2L (10%)
3L (15%)
601 4L (20%)
5L (25%)

40 6L (30%)

—7L (35%)
20| —8L (40%)

Force [N]

10 20 30 40 50 60 70 80 90 100
Sinkage [mm]

Fig. 8.  Force/sinkage curves for different water contents.
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Fig. 9. Slope of the force/sinkage relationship vs water content. Each box
represents (top to bottom) the upper adjacent, 75th percentile, median, 25th
percentile and lower adjacent of the slopes extracted from Fig. 8. To compute
the slope, we fitted a linear model between the point where 1 N is reached and
the maximum force.

TABLE II
R? FOR THE LINEAR MODEL FITTING OF THE CURVES IN FIG. 8 COMPUTED AS
THE AVERAGE OF THE 10 SIMILAR CURVES

Water(%) 0 5 10 15 20 25 30 35 40
R? 0.993 0.982 0.976 0.95010.956 0.992 0.937 0.908 0.907

but is still a good fit (R? > 0.9). This result suggests that linear
controllers could be used for the landing phase.

The suction force appears after 5 L of water (25% dry soil
mass), reaches its maximum at 6 L (30%), and then decreases as
the mud fluidizes (Fig. 8). This suction could be minimized by an
anisotropic design, i.e., a foot with a different shape for intrusion
and extrusion. On a legged robot, suction from the retraction of
one foot would further increase the load and sinkage of the other
feet. Gaits and feet design preventing the suction force are hence
important to consider.

Finally, Fig. 10 shows that the ratio impulse/work is lower
for completely dry soil, is relatively constant for water contents
from 1 L to 5 L (from 5% to 25% of soil mass), and then sharply
halves. This result shows that moving on dusty soil is less energy
efficient than on slightly wet and cohesive soil, but efficiency
collapses when water content is high.
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Fig. 10. Impulse/work vs water content. Each box represents (top to bottom)
the upper adjacent, 75th percentile, median, 25th percentile and lower adjacent.

The ratio was computed by dividing the impulse (Newton-Cotes integration of

force overtime during the movement phases) by work (Newton-Cotes integral
of force over sinkage).

Force vs time for 3 repeated steps
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Fig. 11.  Repeated steps on the same spot, at the same depth. The second step
reaches a much lower force than the first, and the third reaches a slightly smaller
force than the second. The black curve represents the median and the shaded
area the IQR, for a set of 10 experiments.

E. Repeated Stepping Weakens the Mud

Fig. 11 shows a succession of three subsequent steps at the
same depth. It can be observed that at the second and third steps
the force decreases. More precisely, the median for the third
peak (22.6 N) is 18% lower than for the first peak (27.5 N).
This means that stepping on mud reduces its bearing capacity. It
follows that for a walking robot in a natural muddy environment,
gaits using new foot placement for each consecutive leg are to
favor.

E. An Adaptive PID Controller Can Adapt to Varying Soils

Fig. 12 shows that the proposed stepping controller can follow
the commanded force profile for most mud conditions. The
controller was able to perform a step on every mud without
retuning any gains, despite very different characteristics of the
muds. This suggests that the qualitative model we used to
design this controller is sufficient to control stepping on mud,
despite the high variability in mud behavior with water content.
However when the mud is too soft, the controller’s performance
is decreased (Root Mean Square Error, RMSE = 4.67 N, see
Fig. 12). This shows the limitation of the assumption of a
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Fig. 12. Output of the step controller depending on the water content of the

mud. First the foot is velocity-controlled (PID 1) up to contact, then force-
controlled with PID 2 up to the peak force, then force-controlled with PID 3
until force reaches 1 N, and then is velocity controlled with PID 1. The RMSE
is computed between the median curve and the command.

linear force-sinkage relationship for high water content, where a
faster-reacting controller would be able to follow the command.
These errors could lead to variations in the robot’s attitude which
could be problematic or not depending on the application.

G. Generalizability

The 1 DoF leg setup did not allow lateral forces generation,
but we argue that for efficiency and environmental preservation
purposes, slower locomotion, which reduces lateral forces, is
preferable in muddy environments. Additionally, in deep mud,
the sinked foot is anchored and prevents slippage. Therefore,
we believe that lateral forces are incidental to leg-mud inter-
action and their absence from this study does not impede the
applicability of these results to a leg with more DoF. Also, our
experiments used the same soil in which the water content was
varied. Interestingly, the force/sinkage relationship for intru-
sion is similar to that observed in sand [11], [26], loams, and
muskegs [5] (linear or power function with a power close to one).
However, it seems that the suction force is a particularity of mud.
Mud properties are time and location-dependent and an accurate
model is unpractical for a mobile robot. The qualitative behavior
of mud, however, is important. Similarly, to terramechanics
characterization techniques, e.g., penetrometer, bevameter [5],
the method used here can be used on different muds and the
observations on the dependence of the force on speed, water
content and stiffness of the foot, and the weakening of mud after
re-stepping are likely to be generalizable to a large variety of
mud compositions. The magnitude of the variations however
will likely be different in each mud. For this reason we aimed
at deriving a general qualitative model instead of an accurate,
terrain-specific model. Our observations can be used on legged
robots, and in-situ measurement of ground stiffness or retraction
force are needed to adapt the gait, using the knowledge this letter
provides on the general behavior.
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V. CONCLUSION

This experimental study unveiled results that can inform
future work on robotic legged locomotion on mud:

e The relation between sinkage and bearing force can be ap-
proximated by a linear relationship, whose slope depends
both on the intrusion speed and water content.

e The vertical impulse/work ratio is inversely dependent on
speed, which means that to go faster on mud, more energy
is spent per unit distance.

e Lower intrusion speeds lead to higher force, and this is
more pronounced for mud with lower water content.

® A too stiff or too soft foot doesn’t provide as much support
force as feet with intermediate stiffness.

e At a water content of 25-35%, re-stepping in the same spot
decreases mud’s bearing capacity due to plasticity.

® In mud, vacuum appears below the foot and resists with-
drawing until some air gets under the foot. This phe-
nomenon appears when the water content is high enough,
but lessens when the water content is too high.

Soil stiffness collapses at high water content.

A controller with variable gains can enable stepping on
muds with different properties, with degraded performance
for very fluid mud.

The 1 DoF experiment restricted variables to speed, foot
materials, mud compositions, or controlling force. Future work
using more DoF could vary loading strategies and explore lat-
eral forces. Additionally, experiments on a mobile robot could
focus on gaits compensating for sinkage, measure the CoT,
investigate how gravity may be used to sink passively or hinder
locomotion during withdrawal, when the load is relocated on
the other feet. Future work could also investigate ways to cancel
the suction force possibly with an anisotropic design of the
foot.
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Abstract—Soft wet grounds such as mud, sand, or forest
soils, are difficult to navigate because it is hard to pre-
dict the response of the yielding ground and energy lost
in deformation. In this article, we address the control of
quadruped robots’ static gait in deep mud. We present and
compare six controller versions with increasing complexity
that use a combination of a creeping gait, a foot-substrate
interaction detection, a model-based center of mass posi-
tioning, and a leg speed monitoring, along with their exper-
imental validation in a tank filled with mud, and demonstra-
tions in natural environments. We implement and test the
controllers on a Go1 quadruped robot and also compare
the performance to the commercially available dynamic
gait controller of Go1. While the commercially available
controller was only sporadically able to traverse in 12 cm
deep mud with a 0.35 water/solid matter ratio for a short
time, all proposed controllers successfully traversed the
test ground while using up to 4.42 times less energy. The
results of this article can be used to deploy quadruped
robots on soft wet grounds, so far inaccessible to legged
robots.

Index Terms—Control architecture, experiments, legged
robotics, mud, yielding grounds.

|. INTRODUCTION

EGGED locomotion has evolved as a versatile solution
for traveling on natural, uneven terrains [1]. Although
quadruped robot locomotion research is making quick progress,
demonstrating high agility, stability, and adaptiveness in natural
environments, challenges still persist. Soft, yielding, and flowing
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Fig. 1. The Unitree Go1 robot used in this research. The IMU is
located at the center of the trunk, and each leg has three motors: one
for the hip joint, one for the thigh joint, and one for the tibia joint. See
also Fig. 2.

grounds are particularly challenging for animals and robots
alike [2]. At the same time, these conditions can be found
everywhere in a natural environment, for example, lowlands
and wetlands, snowy landscapes, littoral zones, river basins,
etc. Robots, reliably moving in those environments can assist
humans in many applications, such as search and rescue, agri-
culture, or environmental monitoring [3].

Inrecent years, several attempts have been made to investigate
quadruped locomotion in complex, partially flowable terrains.
For example, Angelini et al. [3] demonstrated the AN'Ymal robot
walking in sandy, rocky, and vegetated grounds. Arm et al.[4]
presented a team of quadruped robots able to walk on sand,
slopes, and rocks. In [5], model-based reinforcement learning
(RL) is used to get a quadruped robot to learn to move on
sand, hard grounds, and soft synthetic grounds. Fahmi et al.[6]
presented a whole body controller capable of estimating ground
compliance, allowing the robot to adapt to grounds of different
compliance. In [7], a terrain classifier is developed and used to
adapt the controller to foam and different hard grounds. Other
works focus on the hardware design of the foot to allow it to
adapt to sandy, rocky, or muddy surfaces [8], [9], [10].

None of the works on control above appear to address mud and
other wet media, probably because it is a particularly complex
environment. First, mud has always variable properties, depend-
ing on the changing water content and particle size. Second,

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/



unlike other soft grounds such as sand or foam, a wet cohesive
yielding ground exerts suction force on the extruding foot. As the
water content of mud varies, so does the suction force, and this
makes modeling and control of foot—ground interaction more
complicated [2], [11]. Finally, if the mud is deep, the resistive
and suction forces enhance the nonlinearities and uncertainties
of foot—ground interaction. Rather than walking on the mud, the
animal walks in the mud: wading.

Some experiments were conducted using simple robot mod-
els to understand different aspects of the interaction between
mud/resistive grounds and robots [11], [12], [13], [14]. A RL
approach was even successfully tested in shallow mud using a
quadruped robot [15]. None of those attempts consider wading
in deep mud.

In this article, we introduce a control architecture for a
quadruped walking in mud and test it using a Unitree Gol
platform (see Fig. 1). Analogous to biological systems [16], our
control architecture relies solely on proprioceptive information,
such as an Inertial Measurement Unit (IMU), encoders, and
motor current.

Contrary to all the other works mentioned above, our con-
troller uses a static gait where the robot is constantly stable.
The rationale behind the use of a static gait is that mud is
highly dissipative, making it hard if not impossible to rely on
momentum. Also, since mud’s properties are highly variable
from one step to the other, they are hard to predict, and an
estimation error could lead to falling, getting stuck, or damaging
the robot. Therefore, we prioritized stability and adopted a static
gait, following the same strategy as quadruped animals moving
in mud [2] (see accompanying video.').

Our controller is different from previously developed static
gait controllers for locomotion on hard surfaces, because it in-
cludes features specifically developed for locomotion on muddy
grounds, such as ground stiffness measurement, leg trajectory
adaptation, suction force estimation, and Center of Mass (COM)
positioning taking into account mud’s estimated properties. Be-
sides, to the best of our knowledge, this is the first successful
attempt to make a quadruped robot walk in deep mud.

Therest of this article is organized as follows: in Section II, the
materials and methods are described with the robot platform and
kinematic model, the control architecture, and the experimental
setup. Our findings are presented in Section III and discussed in
Section IV. Finally, Section V concludes this article.

Il. MATERIALS AND METHODS
A. Robot Platform

The Unitree Gol robotic platform was used in this study
for experimental validation of control strategies (see Fig. 1).
Each leg is equipped with three Quasi Direct Drive (QDD)
actuators, and an IMU is embedded in the main body. Each QDD
actuator provides comprehensive feedback encompassing posi-
tion, velocity, and torque parameters. The robot parameters are
summarized in Table I. The letters between brackets represent
the location of the link in Fig. 2.

The supplementary video is available at https:/youtu.be/TidYdtmdEr4
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TABLE |

SUMMARY OF ROBOT PARAMETERS

Parameter Value

mass 12 kg
trunk length 0.3762 m
trunk width 0.0935 m

shoulder length (OA) 0.08 m
thigh length (AB) 0213 m
tibia length (BC) 0.213 m

Fig. 2.

Kinematic diagram of the quadruped robot Unitree Go1.

B. Robot Kinematics

The kinematic model of the robot is presented in Fig. 2. The
inverse kinematic model calculates the angles of all three joints
of each leg given the desired foot position, as:

Q(t) = IK(P(t))

: z s T _ L
atan2(%) + 7 & <2 acos(\/@)>
I T _ Lssin(6:) ) _
atan?2 (7 e atan?2 <L2+L3&:0s(62) T
L%+L%+L§7127yzfzz
acos (T -7

6]

where P(t) — IK(P(t)) is a function that computes the re-
quired angles Q(t) = [0y(t), 0, (t),0>(t)]" given a desired foot
position P(t) = [x(t),y(t), z(t)]”

Then, to compute the required joint velocity given a Carte-
sian foot velocity, we use the Jacobian J(Q(t)) as in (2)
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TABLE Il
SUMMARY OF CONTROLLER VERSIONS WITH THEIR LEG TRAJECTORY
SPEED, STABILITY CRITERION, AND TRAJECTORY DEFINITIONS

Version Leg speed Stability Leg trajectory
0 1 fixed speed NESM Bézier
v 2 speeds, RMSE threshold NESM Bézier
Vo 2 speeds, Force threshold NESM Bézier
v3 2 speeds, Force threshold Model Bézier
V4 2 speeds, Force threshold Model Polynomial
V5 Proportional to Force Model Polynomial

and (3) with L; = 0.08m for right legs, L; = —0.08m for
left legs, L, = L3 = 0.213m, ¢; = cos(q;(t)), s; = sin(g;(t)),
cij = cos(qi(t) + ¢;(¢)), sij = sin(g; (t) + g;(t)).

Q) = J(Q(t) ' P(t) 2
with
J(Q@)) =
0 —Lacy — Lacyz —Lscip
Co (chl + L3012) + L180 —S0 (Lle -+ L3812) —L3S()812
5o (Laci + Lcia) — Lico  co (Lasy 4 Lasia)  Lacosin
3)

C. Control Architecture

We present six incremental versions of our controller using
a creeping gait (gait in which at least three legs are in contact
with the ground at all times), summarized in Table II, where
each version has leg speed, stability criterion, or leg trajectory
definition modified compared to the previous one:

1) wvo: A creeping gait controller with the Normalized Energy
Stability Margin (NESM) [17], and using Bézier curves
for leg trajectory generation.

2) vy: Builds upon vy by integrating a mud-foot contact
observer based on monitoring the instantaneous Root
Mean Square Error (RMSE) between the commanded
torques and the feedback torques, enabling leg trajectory
speed adaptation depending on contact with mud.

3) v,: Keeps the same elements as v, but the RMSE-based
observer is replaced by a Ground Reaction Force (GRF)-
based observer.

4) v3: Further enhances the controller by using the GRF esti-
mator to generate a mud model for each step, and replaces
the NESM-based COM positioning with a model-based
approach.

5) vy: Replaces the Bézier curves for leg trajectory gener-
ation with a polynomial definition, thus allowing more
precise control on the velocity profile of the foot.

6) wvs: Monitors the speed of the leg to limit the suction force
to the maximum force allowed by the model.

Fig. 3 presents the proposed controller versions. These con-
trollers and their main blocks will be presented in the subsequent
sections. The proposed controller versions are compared to a
baseline controller, the commercially available (co.) controller
of Gol.

In the following, the gait, static model, and impedance control,
common to all the versions of our controller, and the unique
features of each controller version will be presented.

1) Gait: In nature, moving with legs on mud is preferably
done using a tripod gait, where three legs are always on the
ground while the fourth is moving [18], supplementary video.'
This ensures maximum static stability. It also reduces the pres-
sure exerted on any single foot, as the load is always distributed
among at least three feet [2]. The gait we used repeats the leg
sequence Rear-Left (RL), Front-Left (FL), Rear-Right (RR),
and Front-Right (FR). As shown in Fig. 4, this gait alternates
between 8 phases: 4 phases where 3 legs are supporting and one
is swinging, and 4 phases with 4 supporting legs which prepare
for the next phase by shifting the COM of the robot.

2) Static Model and Impedance Control: In static gaits, the
joints of the robot have low speed and acceleration. Thus, the
inertial and centrifugal components of the dynamic model (4)
can be neglected with respect to the components of the gravi-
tational and external forces. This problem simplification leads
to the static model of the system (5), where only the forces and
torques produced by the action of gravity and the reaction forces
appear. In (4), 7 is the vector of torques applied to the joints,
M (q) is the mass matrix, C'(g, ¢) is the Coriolis and centripetal
matrix, g(q) is the vector of gravitational forces, J(q) is the
Jacobian matrix, and Fy, is the vector of external forces applied
to the system.

T=M(@)i+C(q,9)d+9(q) +J (@) Fou
T =9(q) + J(@)" Feu )

The Gol robot is equipped with force sensors on the feet, which
compute force based on the pressure exerted on a deformable
polymer membrane. However, locomotion on a very soft ground
does not deform the membrane as the force is not concentrated
on the sole of the foot. For that reason, the force distribution
problem is solved using the method proposed in [19], [20], which
assumes that the torque at the contact point is practically zero. To
comply with this premise, we consider that the point of contact
between the foot and the environment remains static during the
stance phase [21]. While faster methods exist for solving the
force distribution problem [22], [23], the static gait does not
require such fast computation.

Based on [24], we use the Newton—Euler method to calculate
the components of gravitational and external forces. This method
has been proven to cut the computational cost by half compared
to the classical method that uses the transposed Jacobian matrix.
Thus, the torques required to compensate for the existing forces
are calculated for each joint in (6). This equation calculates the
torque required at a joint to counteract the forces acting on the
system and maintain static stability, based on the amount of force
applied F' € R**1, at a distance » € R3>*!. The unitary vector
Uq € R3*! serves to project the torque on the joint axis. Thus,
for each weight of the link and each reaction force, we find the
joint torque 7..(¢) that makes our system static and stable:

Tc(i) :uq-(r ><F) (6)
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Fig. 3. The different control architectures used in our research. The first version of the control architecture (vg) includes only the blocks with a
white background, while all the other versions of our controller (from v; to vs) use the ground contact detection and trajectory adaptation blocks
(green blocks). v, adds the Ground Reaction Force (GRF) estimator (orange block) and uses it to feed the ground contact detection block, instead
of using the RMSE between the feedback torque 7; and the gravity compensation torque 7.. The last versions of our controller (from v3 to wvs)
replace the blue area with the red area for COM position calculation. In all cases, the main loop runs at 500Hz. The clearance control block is
responsible for maintaining the height of the body at the input clearance h. The attitude and heading control block is responsible for maintaining
the robot attitude and heading, and gives desired rotations as Euler angles «, (3, v to the inverse kinematics block. 7; and ¢ are respectively the
feedback torque and position of all the motors of the robot. z, y, z, &, 7, 2 are the commanded position and velocity of the swinging foot, zcom, ycom
are the coordinates of the next position of the COM of the robot, ¢, ¢ are the position and velocity commands of the motors, F..: is the external
force acting on the swinging foot, Az; are the foot depths in mud, and K; are the estimated mud stiffness under the feet.

3) Controller vy: includes the white blocks in Fig. 3. The
main components will be detailed in the following paragraphs.
a) Stability: As we chose to use a static gait in which

at least three legs are always on the ground, we decided to use
the NESM in vy — v, to assess the robot stability [17]. It is an
energy-efficient and reliable stability criterion as it takes into
account the inclination of the robot, as well as the height of
its COM [25]. The NESM was the only criterion considered
because of its high stability, and was replaced in the vz of our
controller. Intuitively speaking, if the robot is virtually rotated
around an edge of its support polygon, the NESM calculates the
height the COM would have to rise before tipping over to the
other side of the polygon’s edge. To determine the next position
of the COM, we used an iterative method that simulates the
next position of the COM and computes a simulated NESM
with the fictive COM position (blue region in Fig. 3). Based

% Cycle 100!

Fig. 4. Diagram of the gait used by the proposed controllers. Dark and
light areas represent respectively stance and swing phases. RL, FL, RR,
FR refer to Rear Left, Front Left, Rear Right, and Front Right legs.

‘We use a proportional derivative (PD) + Feed-Forward controller
with gravity compensation for the low-level control of each
motor, using the computed torque (6) for the Feed-Forward term:

T:Tc+Kp(qd7q)+Kd(‘jdfq) @)

where 7, 7. € R'>*! are the vector of input joint torques and
gravity compensation torques 7.(i), g4, Ga € R'>*! are the
desired position and velocity vectors, K4, K, € R'2*12 are the
diagonal matrices of derivative and proportional gains.

on the computed fictive NESM, the next simulated COM posi-
tion is shifted toward a region of higher NESM until the chosen
stability margin is reached. The satisfactory Cartesian position
of the COM is then fed into the controller.
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Fig. 5. Bézier curve of each leg (v — v3) and polynomial curve (v4 —
vs). The control points and key points depend on the goal position of the
foot. This shows that the two curves are similar, and in particular that
both achieve a similar touch-down and lift-off angle.

b) Swing leg trajectory: The trajectory of each leg for
vp — v3 is controlled by a cubic Bézier curve generator using the
following four points (see Fig. 5):

BQ:(J/’,?/,Z)
dx dy

B, = (x—T,y—TJ,z-i-h)
dx d

B, = (x+7,y+7y,z+h)

B = (z +dz,y + dy, z + dz)

In these point definitions and Fig. 5, By is the initial location
of the foot in the body frame, and B3 the goal position, h is
the step height, dx, dy, and dz the commanded displacements
along their respective axes. dx is calculated to place the foot half
a step length in front of the contralateral foot. In this research,
we used a step length of 0.2 m which is close to half the body
length and experimentally determined as the upper limit of
the kinematically reachable step length, chosen to reduce the
number of steps the robot had to take, and thereby reduce the
work exerted on mud, dy is calculated to maintain the foot at
half the desired input stance width (half the distance between two
contralateral feet) and dz = 0. The particularity of this curve that
makes it well suited for a muddy environment is the identical
angle to land on and lift the foot off the substrate, reducing the
force required to remove the foot out of the sticky medium: as
demonstrated in previous research [11], freshly disturbed mud is
easier to deform. In addition, given the configuration of the Gol
robot’s legs, where the knee points backward, the path taken by
the foot is along the tibia direction, where there is less mud to
be disturbed.

The commanded foot position, for ¢ € [0; T, where T is the
swing period, is therefore P(t) € R3*!:

x(t) rA T Tc Ip
Pt)=|y@®)| = |ya vy yo wyp|slt) (®
z(t) ZA ZB ZC 2D

with

®
Similarly, the commanded velocity is P(t) € R>*!:
l(t) rp—TpA I —TB ITp— IO
P)=19(t)| = |yp—ya vc—ys yp—yc| Q)
Z(t) ZB—ZA 20 —ZB ZD — ZC
(10)
with
. 3 2 1T
0 =7[0-5" 20-0F @] ap

For the control of the position of the leg trajectory, we feed the
discretized foot positions P(t) (8) into the inverse kinematics
solver and obtain discretized joint angles Q(t) € R3*! (1). For
the velocity command, we use (10) and (2) to compute the
commanded joint velocities in the joint space.

4) Controllerv;: This controller is an enhancement of vy with
additions in green boxes in Fig. 3. The two following paragraphs
describe the two green blocks in Fig. 3.

a) Ground contact detection through torque error:
To enhance the locomotion speed, the swing trajectory speed
can be increased when the leg is out of mud, while still keeping
the same trajectory speed when the leg is inside the substrate. In
vy, we detected contact using the torque error in the swinging
leg. During the swing trajectory, the torques in the swing leg are
still computed using (7), where 7. is computed to compensate
gravity, and the subsets of ¢4 and g4 relating to the swinging
leg are computed according to (1) and (2). When the leg is in
swing phase, the instantaneous RMSE between the gravitational
compensation torque and the feedback torque in the actuators is
monitored, and if the instantaneous RMSE becomes larger than a
threshold, ¢, the leg is considered in contact (12) with the mud
(first green block in Fig. 3). ¢, is experimentally determined
to filter out inaccuracies due to neglecting the acceleration and
Coriolis terms, noise, and added mass of the mud sticking to the
leg. In (12), 7¢,, and 74, € R3*! denote subsets of 7, and Ty
where only the three motors corresponding to the leg are kept.

Contact = (RMSE (Tcleg,Tﬁeg) > ¢r) (12)

b) Trajectory speed adaptation: Using the contact in-
formation from the contact observer, the next green block in the
control diagram (see Fig. 3) adapts the speed of the leg based
on whether the leg is estimated to be inside the mud or in the
air. When the leg is in the air, the trajectory speed is multiplied
by an arbitrary factor of 8 by modifying (9) and (11). This way,
we can increase the speed of the swing leg while it is out of the
substrate, while keeping the slow motion inside the substrate to
prevent too high suction forces.

5) Controller v,: In v,, we kept the improvements made for
controller v, and added a GRF estimator to inform the contact
detection block based on external force on the foot, instead
of basing it on RMSE monitoring. The following paragraphs
describe the GRF estimator (orange block in Fig. 3) and the
modifications made to the contact observer (right green block).



a) GRF estimator: In the version v, of our controller,
we used the simplified linear model of the mud and estimated it
using the static model and the actuators torque feedback:

Frow = (JlegT) Tmud = (JlegT) (Tl:lcg - Tflcg)

From this model, we calculate the vector of the GRF exerted
by the mud on the foot Fy,q € R3*!, using the torque at the
joints due to the action of mud at the joints Tyug € R3*!, defined
as the difference between the commanded torque 7, and the
feedback torque 75, € R**!, and Jie; € R is the subset of
J corresponding to the three joints of the leg. Tyug and Fiug
are also affected by acceleration related terms, but these are
neglected due to the slow movements of the leg. If mud infiltrated
the joints, this can result in increased friction that can alter
the accuracy of the measurements. We mitigated this risk by
cleaning the robot joints in between experiments.

b) Ground contact detection through force feed-
back: Using our GRF calculator, we set a threshold for the
vertical GRF, F, ;¢ and the leg was considered in contact with
the mud if £, ,,,¢ was out of a range between 0 and ¢p:

(13)

Contact = ( (14)

Fz,mud_ ¢7F' >¢F)

Similar to ¢, the threshold ¢ is used to compensate for the
inaccuracies due to neglecting the acceleration related terms in
(13), inaccuracies due to the added mass of mud stuck on legs or
mud entering the joints and causing resistance. Compared to the
previous RMSE-based contact observer, this observer presents
the advantage of using a more tangible criterion, and of relating
the error in each joint to its position relative to the foot through
the use of the Jacobian, resulting in increased detection accuracy.

6) Controller vy: This version of the controller replaced the
blocks in the blue region with the three red blocks in Fig. 3. They
are described in the three next paragraphs.

a) Mud model generator and model parameters:
Based on the contact observer and the GRF calculator, the mud
model generator estimates two parameters for each step: the
depth of insertion Az; and the mud stiffness K;. When the foot is
considered in contact with the mud, the model generator records
the position of the foot and considers its z position as the surface
of the mud. Each subsequent position and GRF (13) are stored
and used to generate a model of the mud online, using a linear
regression to solve the following:

ZK =F, (15)

where Z is a column vector containing all the recorded positions
Az; of the foot since contact was detected, K is a real number
representing the mud stiffness, and F, is a column vector
containing all the recorded vertical components of the GRF since
contact was detected. Once the leg terminates its swinging phase,
the latest depth Az; and mud stiffness K are stored alongside
the depths and stiffnesses of the other legs and are ready to be
used by the model-based COM positioning block.

b) Model-based COM positioning: Contrary to loco-
motion on other soft grounds such as sand, foam, or leafs, loco-
motion on mud presents an additional complication: the suction
force that resists retraction of the foot from the mud. To take this
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Fig. 6. Plot of the estimated suction force as a function of the leg
sinkage Az and the mud stiffness K.

into account, we developed a novel COM positioning criterion
that computes the required position of the COM so that the robot
remains stable by taking into account the suction force on each
leg. In our previous research, we showed that the intrusion force
into mud can be approximated with a hydrostatic-like model
whose stiffness coefficient (described in the previous paragraph)
depends on the water content [11]. The suction force can also
be estimated from the stiffness of the mud and the depth of
insertion. In our previous research, we found that the suction
force represents a fraction of the insertion force, varying linearly
with depth, but depending nonlinearly on the water content. The
mud only provides suction force at intermediate water contents:
below 25%, no suction force happens, and above 40%, mud
becomes fluid, with null stiffness, and stops resisting extrusion as
well. In between, the data from [11] shows that the suction force
has a shape of an upside-down quadratic function, with roots at
0, and K5, which is the stiffness measured at water-to-soil ratio
of 0.25. Therefore, the suction force on one of the robot’s legs
can be estimated with (16), (see also Fig. 6), where K is the
stiffness measured under the foot, Az is the current foot depth,
and v < 0 is a scaling factor depending on the foot form:

Fmax _ {O{K(K KZS)AZ ’LfK <_ K25 (16)

0 otherwise.

Then, when one leg is to be lifted, the controller computes the
critical length .. to place the COM in a stable position (17). l..
is the projection normal to z of the orthogonal distance of the
safe position of the COM to the considered edge of the polygon,
see Fig. 7.

_ Tm + Fala - CuFblb

lc(: -

a7
mg

laylp, Fy, Fp are defined in Fig. 7, 7, is the desired torque
margin, and C,, € [0 : 1] is a coefficient of uncertainty, deter-
mined empirically from previous experiments, to account for
estimation errors in £, due to model simplifications, added mass
on the feet, measurements errors, or mud infiltrating the joints. A
lower C', means reduced impact from F}, on the /.., resulting in
increased safety but higher mechanical cost of transport (MCoT)
and reduced speed. The motion direction of the COM is chosen
to be toward the opposed foot, so that the COM stays within the
support polygon (see Fig. 7, right panel). The resulting motion
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Fig. 7. lllustration of the forces involved in model-based COM position-
ing in a muddy substrate. M, M, are the two feet that define the critical
edge of the considered support polygon. [, is the projection normal to
the z-axis of the orthogonal distance from foot A (the foot to be lifted) to
the edge M, M. I, is the same for the diagonally opposed foot B. F,, and
Fy, are the corresponding forces at these feet. . is the projection normal
to z of the orthogonal distance between the COM and the polygon edge
M, M. l.. is described in (17), and d is the displacement that the COM
will undergo. Left panel: side view. Right panel: top view.

of the COM is along d in Fig. 7, right panel which is computed
so that the COM is at a distance [.. from the line M, M,.

7) Controller vy: The Bézier curve trajectory presents the
advantage of being simple and easy to compute. However, the
Bézier curve has high velocities and accelerations at the ends
of the curve, which is problematic in mud, since it coincides
with the deepest sinkage. To account for the critical speeds at
the ends, the whole trajectory needed to be slower. In v4, we
replaced the Bézier curve by a degree six polynomial curve.
The curve is presented in green in Fig. 5 along with the three
points where constraints are defined. The degree of the curve
was chosen to impose seven constraints, i.e., positions at %,
Py, Py, lift-off and touch-down velocities (and angles) at /) and
P> so that it follows the Bézier curve, and low accelerations at
P, and P;. This modification allowed us to increase the overall
swing speed by precisely controlling the velocities at the ends
of the curves.

8) Controller vs: In the previous version of our controller,
the suction force was estimated, and the COM was positioned
in a position so that even at the peak of the suction force, the
robot would not tumble over if the leg was maintained at a lower
speed. Instead, the speed could be monitored continuously so
it is the highest possible at all times, ensuring both a higher
overall speed, and safety, by not allowing the force to exceed
the suction force estimated by the model. In vs, the speed of the
leg is multiplied by a factor p defined as follows:

Fz,mud

18
Fmax ( )

p=1-

9) Baseline Controller: The commercially available baseline
controller uses a dynamic trotting gait in which the two opposed
diagonal feet are swinging at the same time and alternating
with the other pair of diagonally opposed legs. The stepping
frequency is 4Hz and the distance covered per step (step length)
varies with the desired speed. In our trials, we tested different
speeds and found that independently of the locomotion speed,

Camera

Fig. 8. View of our experimental setup and its main components.

the commercially available baseline controller would fail to
traverse the track by making the robot fall after a short amount
of time. The reported numbers in the results section are based
on the slowest speed available (0.2 m/s), which gave the best
results. The faster speeds resulted in immediate failure, see
Sections III-A and IV, and supplementary video.

D. Experimental Setup

Given the harsh environment that causes high loads on the
motors and the risks of corrosion or damage to electrical circuits
in wet environments, we first created the various controllers and
extensively tested them in the Gazebo simulation environment
using the Robot Operating System (ROS). To ensure that the
simulation-to-reality transfer was successful, we regularly tested
our code on the physical robot on hard ground and, later, on mud.
The simulation environment could not simulate mud, in partic-
ular suction forces, limiting simulation-based development to
hard or elastic surfaces.

Our experimental setup can be observed in Fig. 8. It consists
of a 3 m long and 0.8 m wide track, in which we placed a
12 cm high layer of mud (56% of the robot’s tibia length). To
ensure consistency, the mud was mixed manually before each
experiment using a shovel. The ratio of water to solid matter in
the mud is R,, = 0.35, where R,, is defined in (19), with M,,
the water mass and My, the dry soil mass. R,, was computed
by measuring the soil mass before and after heat drying.

M,
w =
My,

Our experimental platform Gol is not designed to work in
wet and abrasive matter. Therefore, the robot was secured by a
trolley that freely rolls on a rail above the tank, attached to the
robot with steel cables. Also, walking in mud implies exerting
much higher forces and torques at the joints than normal. We
therefore kept the number of trial runs as low as possible and as
high as necessary to reliably assess the controllers’ performance.

A camera was tracking the robot with the help of a marker
placed on the robot’s body. The robot was powered externally

R 19
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Time-lapse of the different controller versions, and the commercially available controller over a 120 s period of time. The commercially

available baseline controller fails after 6 seconds, and the robot falls. All the proposed controller versions managed to traverse the track without
failure. Each subsequent version of the controller enables the robot to traverse the track faster than the previous one.

TABLE IlI
MEDIAN SPEED (BODY LENGTH/MIN) AND MCOT (DIMENSIONLESS) FOR THE
COMMERCIALLY AVAILABLE CONTROLLER AND THE VERSIONS OF OUR
PROPOSED CONTROLLER

Controller Version Speed MCoT
Co. controller 10.840.74 | 9.0240.67
Vg 0.2740.01 2.4240.03
V1 0.64+40.02 | 2.23+0.04
v2 0.67+0.01 | 2.45+0.01
v3 1.09+0.01 | 2.04+0.02
Vg 1.2740.01 2.05+40.01
5 1.724.0.01 2.2740.01

to enable longer runtime and allow quick power cut-off. An
Ethernet cable was also connected to the robot to provide reliable
communication with the PC. The PC-robot communication was
implemented through the User Datagram Protocol (UDP), and
the control is implemented using ROS.

‘We computed the displacement speed using the Kinovea soft-
ware. A marker was painted on the robot to facilitate tracking,
and average speed computation. We also calculate the MCoT,
using (20), where FE is the energy consumed calculated by sum-
ming the mechanical work of all motors over the run, m = 12 kg
is the mass of the robot, g = 9.81 m/s~2 is the gravitational
acceleration on earth, and d is the distance traveled for each
run. Only the positive work is accounted for, and the negative
work is not subtracted because it is not recovered.

MCoT = £

—— (20)

Ill. REAL-TIME EXPERIMENTAL RESULTS
A. Controlled Laboratory Experiments

Fig. 9 shows a time-lapse of the controller versions over 120s,
and the relative speed and the MCoT are reported in Table III.
The second column of Table III represents the robot speed (in

body length/min), and the third describes the dimensionless
MCoT. The numbers displayed are medianigq error-

Each experiment was repeated four times. As the results of the
four runs were very close to each other (max standard deviation
of 5% for speed, and 4% for MCoT for our proposed controller
versions), this number appeared sufficient to demonstrate our
results.

In Table III, the metrics reported for the commercial baseline
controller are based on the slowest speed that the controller
would accept as input, i.e., 0.2 m/s. This speed was the only
means of comparison. Any higher velocity led to immediate
failure: the body moving forward while the legs remain stuck
in the mud. Even with the chosen speed of 0.2 m/s, the robot
fell in after a few seconds in every experiment (see Fig. 9, first
row) and never went further than one body length before failure.
Therefore, the results of the commercially available controller
are based on very short, but consistent, samples.

Fig. 10 shows the motion of the COM at each step for
controllers v, and v3 and well illustrates the difference between
the model-based COM positioning and NESM-based COM po-
sitioning. It can be seen in this figure that while the NESM-based
controller always moves the COM by similar amounts for all
steps, the model-based controller tends to have a more scattered
motion pattern because of the differences in estimated suction
forces at each step. In addition, the extent of movements of
the model-based controller tends to be larger than that of the
NESM-based controller (see discussions).

B. Demonstration Experiments

To demonstrate the robustness of our controller to varying
mud conditions, we performed experiments in the laboratory
setup using two muds of different water ratios, with R,, = 0.30
and 0.38. The controller managed to traverse these mud condi-
tions without any modification. The speed and MCoT in these
conditions can be observed in Table I'V.
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Fig. 10. Comparison of the movements of the COM for NESM-based
COM positioning in v> (green crosses) and Model-based COM position-
ing in v3 (red circles). The graph plots the points for all runs for each
of the two versions. Each point represents the motion of the COM in
reference to the COM before motion.

TABLE IV
MEDIAN SPEED (BODY LENGTH/MIN) AND MCOT (DIMENSIONLESS) FOR w5
IN THREE DIFFERENT MUDS

Mud water content Speed MCoT
0.3 1.64+0.01 | 3.09+0.02
0.35 1.7240.01 2.2740.01
0.38 1.8540.02 2.0340.01
TABLE V

SPEED (BODY LENGTH/MIN) AND MCOT (DIMENSIONLESS) FOR OUR vs
CONTROLLER IN DIVERSE DEMONSTRATION ENVIRONMENTS

Envir t Speed | MCoT
Dry soft sand 2.18 1.06
Moist hard sand 2.17 1.07
Sea 2.14 1.13
Wet sand 2.12 1.15
Grass/vegetation 2.09 1.24
Edge of pond 2.01 1.41
Edge of river: leaf litter and mud 1.91 1.69
Forest with water, branches, leafs 1.86 1.61

To showcase the practical applicability of our controller be-
yond controlled laboratory settings, we conducted trials where
our robot traversed different natural environments, without mak-
ing any modification to our controller (see Fig. 11). Each run
(see Table V) lasted an average duration of 1 min 44 s. In
addition, a demonstration video of the obtained experimental
results and some shots of our tests in the natural environments is
available at: https://youtu.be/TidYdtmdEr4. These experiments
also demonstrate the generalizability of our controller, since no
modification was made after lab experiments. Similar to lab
conditions, the controller still detects the ground stiffness in all
the environments, estimates the suction force, and positions its
body in the right location to prevent falling. This includes also
hard grounds or slightly soft grounds where the suction force is
null or small.

Fig. 11. Demonstration of our controller in different environments. A:
Edge of a river with mud and leaf litter, B: Forest ground with leafs,
branches and water, C: Dry sand, D: Moist sand on the beach, E: Edge
of a pond, F: Wet sand, G: Inside the sea, H: Grass/vegetation.

IV. DISCUSSION

As shown in Table III, our controller consumes up to 4.42
times less energy than the commercially available one over the
same distance. The co. controller’s trotting gait, with high stride
frequency and short stride length, suits elastically deformable
ground where stored energy is partially recoverable and ground
deformation is small. However, in mud, energy is irrecoverable,
and force is required during both intrusion and extrusion phases.
Our controller addresses this by using a creeping gait with large
steps (53% of body length), minimizing time spent exerting force
on mud. In addition, locomotion in mud requires a step height
that minimizes the foot’s time in the mud during the swing phase.
In contrast, the co. controller keeps the legs submerged, increas-
ing work and disrupting foot trajectory. Preliminary experiments
showed that a longer swing duration reduced force on the foot
and improved stability. Our initial controller thus favored a large
swing phase, ensuring stability across all runs, but at the cost of



slower speed (see Table I1I, Fig. 9). To increase the robot’s speed
while maintaining stability during insertion and extrusion, we
added a foot-mud contact observer. This allowed an 8 x increase
in swing speed when the leg was in the air, doubling walking
speed (2.37x). Swing speed during extrusion was limited by
our own defined safety margin. Adding a GRF-based estimator
improved contact detection accuracy but had minimal impact
on speed, as the RMSE-based observer already detected most
out-of-mud phases correctly. While the NESM ensures static
stability, it does not account for force during lift-off. To solve
this, our model-based COM positioning incorporates both leg
configuration and estimated suction forces. The more scattered
COM motions of v3 compared to v (see Fig. 10) indicate varying
stiffness calculations at each step. In addition, the controller
positioned the COM further from the swinging leg in most cases,
thus increasing safety. The added safety allowed for faster leg
extraction from the mud, enabling v3 to reach 1.63x the speed
of v,. Further refinements in swing trajectory definition and
force-based speed monitoring increased speed by 1.17x and
1.35 %, respectively, resulting in an overall 6.37x higher speed
over vg. Tests in different muds and demonstrations in natural
environments demonstrated the robustness and generalizabil-
ity of our controller. Both robustness and generalizability are
enhanced by model-based COM positioning, which adapts to
each leg’s sinkage and mud stiffness, reducing sensitivity to
ground variations and enabling operation in diverse environ-
ments. Force-based leg’s speed monitoring further improves
these qualities. Maintaining high leg speed while preventing
excessive suction force minimizes the risk of tumbling even
on unpredictable terrain. While these controller enhancements
improve adaptability to various substrates, performance remains
constrained by hardware limitations. Thus, another research
direction for improving mobility on deformable ground and
increasing generalizability and robustness is foot design, as
explored in [10].

The MCoT of our controller is over three times lower than
that of the co. controller, indicating higher efficiency in mud.
However, this comparison suffers limitations, as the dynamics-
based trotting gait controller is designed for fast locomotion on
hard surfaces, not resistive terrain. Our controller’s MCoT is
of similar magnitude to previous reports of legged locomotion
in resistive terrains [14], [26], and as expected, is an order
of magnitude higher than that of legged robots moving on
hard grounds [27], [28], [29], [30]. It is consistent with the
common-sense observation that walking in mud is considerably
more difficult. We have not found any studies in biomechanics
that allow for a comparison of our results with the energetic cost
of locomotion in cohesive terrain, and this study may be the first
to quantify it.

V. CONCLUSION

Soft, yielding terrains like sand, mud, and forest ground are
common in nature, making it essential for quadruped robots
to traverse them. However, most commercial robots use a
trotting gait, which is robust and fast but poorly suited for
muddy terrains. In this research, we designed and demonstrated
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a controller that allows quadruped robots to traverse muddy
terrains. Our control architecture encompasses a creeping gait
with a large stride length, force control for gravity compen-
sation, swing speed monitoring, and positioning of the COM
using the estimated suction force on the legs based on the
model we developed. Using our controller, the robot was able
to traverse a muddy field without any failure and did so with
a much lower energetic cost than the commercial trotting gait
controller developed for hard grounds. Although our controller
also successfully enables traversing hard grounds, a quadruped
robot would most benefit from using it as a dedicated gait to
traverse soft deformable terrains, in complement to a trotting
gait for rapidly traversing hard grounds.

The trotting gait is popular in quadruped robotics for its sim-
plicity, stability, and energy efficiency. However, as we demon-
strated, it is ill-suited for yielding, cohesive muddy grounds.
The damping of mud at high speeds, the suction force exerted
at withdrawal, and its anisotropy make the behavior at each
step uncertain. Hence, unequal resistance in diagonal feet can
cause imbalance and lead to the robot toppling over. Also, the
dissipative nature of mud results in energy dissipation during
each step, impeding energy recuperation. This means that to
walk in mud efficiently, the number of steps shall be limited. It
also means that momentum cannot be conserved, limiting the
benefits of dynamic gaits.

Most recent advances in controllers for quadruped robots
involve RL. A RL approach could be beneficial for navigating
mud, a demanding and potentially damaging environment: high
joint efforts raise motor temperatures, moisture can cause corro-
sion or short circuits, and dried mud dust harms mechanical and
electrical systems. However, mud has a complex behavior that is
spatially and temporally variant, and no simulator to our knowl-
edge enables it to be simulated to train a RL controller. Instead,
we opted for a model-based analytical approach to overcome the
absence of a suitable simulator, thus leading to the development
of a model for legged systems navigating muddy terrains. While
Terramechanics traditionally focuses on traction perspectives for
wheeled and tracked systems in natural environments, our model
represents an initial step towards extending this framework to
address the locomotion challenges faced by legged systems.

To the best of our knowledge, this is the first successful attempt
to make a quadruped robot walk (or wade) in deep mud. The
current controller could be further improved by using a more
active posture during leg motion, for example by computing the
required COM position thanks to the model, and once the peak
force is reached, move the COM in anticipation of the next step,
resulting in a faster and more natural gait. In addition, using
force control during the intrusion phase of the swing trajectory
could enhance stability and adapt to sharp variations of the
environment’s stiffness, for example, during transitions between
two environments. Although this approach was attempted by the
authors, a real-time limitation on the firmware side of the robot
platform did not allow for bypassing the low-level PD + FF
controller of the joints. Future work could explore incorporating
our model into more advanced controllers, or even explore the
possibility of advanced model-free controllers for wading in
deep mud.
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Abstract

Locomotion on soft yielding grounds is more complicated and energetically demanding than on
hard ground. Wet soft ground (such as mud or snow) is a particularly difficult substance because it
dissipates energy when stepping and resists extrusion of the foot. Sinkage in mud forces walkers to
make higher steps, thus, to spend more energy. Yet wet yielding terrains are part of the habitat of
numerous even-toed ungulates (large mammals with split hooves). We hypothesized that split
hooves provide an advantage on wet grounds and investigated the behavior of moose legs on a test
rig. We found that split hooves of a moose reduce suction force at extrusion but could not find
conclusive evidence that the hoof reduces sinkage. We then continued by designing artificial feet
equipped with split-hoof-inspired protuberances and testing them under different conditions.
These bio-inspired feet demonstrate an anisotropic behavior enabling reduction of sinkage depth
up to 46.3%, suction force by 47.6%, and energy cost of stepping on mud by up to 70.4%. Finally,
we mounted these artificial feet on a Gol quadruped robot moving in mud and observed 38.7%
reduction of the mechanical cost of transport and 55.0% increase of speed. Those results help us
understand the physics of mud locomotion of animals and design better robots moving on wet
terrains. We did not find any disadvantages of the split-hooves-inspired design on hard ground,
which suggests that redesigning the feet of quadruped robots improves their overall versatility and

efficiency on natural terrains.

1. Introduction

Legged robots present an interesting blend of agil-
ity, versatility, and endurance, making them suit-
able for tasks in natural environments [1-3]. Among
those environments, soft yielding grounds, deform-
ing under the robot’s weight, are particularly challen-
ging to access [4]. Locomotion on yielding grounds
is researched heavily in terramechanics [5]. This
research field, however, which addresses locomotion
on natural yielding grounds from a traction per-
spective, focuses on the shearing forces of wheeled
or tracked vehicles. Compared to locomotion using
wheels or tracks, legged locomotion on yielding
grounds is mainly challenged by leg sinkage, leg extru-
sion force, and stability [4, 6-8].

In the past 20 years, some research started to
address the physics of interactions between moving
robots and deformable grounds, with an emphasis

© 2024 The Author(s). Published by IOP Publishing Ltd

on granular media [9-17]. With the recent advances
in quadruped robotics, works addressing quadruped
locomotion on soft ground started to appear, with
focus on control [18-24], leg or foot design [25-30],
both [31, 32], or ground properties estimation [22,
30].

However, little work has addressed locomotion
on mud or other soft wet grounds (e.g. wet snow).
These grounds are different from dry granular media
because they have a behavior that depends on the rate
of stress and the direction of stress, they deform under
load but do not recover: they are called viscoplastic.
The few works in this domain address the charac-
terization and modeling of mud behavior under ver-
tical loads [6, 7] or robot models to address differ-
ent characteristics of the mud behavior such as the
effects of mud water content on flipper-driven loco-
motion, leg compliance, or rotation speed and shape
of elliptic rotating legs [33—35]. Even fewer addressed
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Figure 1. The moose legs and the four different synthetic feet tested. (A) Moose front leg, (B) Moose hind leg. (C), (D) The
proposed bio-inspired anisotropic foot. (E), (F) The proposed bio-inspired foot with fastened digits. (G), (H) A foot with rigid
extended digits. (I), (J) The commercial Gol foot. Figures (C)—(J) are at the same scale, displayed in (J).

quadruped locomotion in shallow mud [18, 36], and
only our own previous work addressed quadruped
locomotion in deep mud [8].

Yet, muddy fields are ubiquitous. Sea shores, lake
banks and riverbanks, snow, wetland, marshes or wet
forests, are examples of lands that are inaccessible
to legged robots. In our previous research [8], we
demonstrated a quadruped controller for wading in
muddy fields and showed that using a static walking
gait and estimating extrusion forces based on sensor
signals reduced energy consumption and increased
speed.

However, the physics of interaction with soft wet
grounds is complex and controller design is limited
by the hardware of the robot. This work is inspired
by the observation that many large ungulates, living
also in wet terrains have split hooves in the front of
their feet and two back digits a few centimeters above
the ground at the back of their feet (even-toed ungu-
lates). There does not seem to be biology research
investigating ungulate locomotion on wet ground
besides a work studying cow step length and speed
in excrata [37]. Some robot research suggest that the
split hooves provide stability and added traction in
accidented terrains [26, 38]. However, we hypothes-
ize that they also enable to improve locomotion per-
formance on yielding terrains, such as mud or sand
because their anisotropic motion makes them expand
at intrusion into the ground and contract at extru-
sion. This should lead to reduced sinkage and suc-
tion force when pulling out the leg, both leading to
reduced energy consumption of walking. Total energy
spent is an indicator of the cost of traversing, and
thereby the endurance.

Therefore, our hypothesis that split hooves
improve motion on yielding terrains can be decom-
posed into three hypotheses: (I) split hooves enable
to reduce sinkage in muddy terrains, (II) split hooves
enable to reduce suction force in muddy terrains,
(III) split hooves enable to save energy for moving in
muddy terrains.

To answer our research questions, we first
conducted rig experiments using moose feet
(figures 1(A) and (B)), an even-toed ungulate liv-
ing in wet areas and snow, and then designed a syn-
thetic foot (figures 1(C) and (D)) inspired by the
split hooves’ characteristics, which we compared to
three reduced versions of the foot (figures 1(E)—(])).
Finally, we mounted our bio-inspired feet on a Gol
quadruped robot traversing a muddy track.

2. Materials and methods

2.1. Preliminary rig experiments with moose feet
The moose legs were obtained from a local hunt-
ing association, the legs were dissected and held in
cold but above freezing temperature for 48 h while
the experimental rig was prepared. The experiments
lasted approximately 5 h. We performed two types
of experiments for each leg: digits free and digits
fastened. To fasten the digits, we used zip ties and steel
wire to bind the digits together. The amount of water
in the mud was dictated by the setup: the mud had to
be soft enough to enable all four toes to be submerged,
but also hard enough so the maximum force could be
reached within the range of motion of our actuator,
i.e. 30 cm. We could therefore test only one water con-
tent, i.e. R,, = 0.34. The ratio of water to solid matter
in the mud R,, was computed according to the follow-
ing formula, where M,, is the mass of water, and M
the mass of dry soil:

M,
Ry My
The experimental setup can be observed in
figure 2(A). On the top of a rigid frame, is mounted
a 30 cm range linear actuator (Moteck LD3-24-40-
E6-300), to which the feet were attached. The linear
actuator provides position feedback at 150 Hz. On the
bottom part of the rigid frame, a Force/Torque sensor
(ATT Axia80-M20) records force at a rate of 150 Hz.
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Figure 2. The two experimental setups used in this research. (A): Linear test rig. It consists of a frame on which are mounted a
linear actuator on the upper part, and a force sensor on the lower part. On the linear actuator are mounted the different feet to
test. On top of the force sensor is positioned a bucket of soil. The low-level control of the motor is performed on a
microcontroller, and the power comes from an external power supply. High-level commands and recording of force and position
are done from an external computer using ROS. (B) A track filled with mud on which a Gol quadruped robot walks. The robot is
secured by a trolley freely following the robot and attached to it with steel cables. The track containsa3 m x 0.8 m x 0.12m
volume of mud. High-level control of the robot and data recording is done through an external computer using ROS. Power
comes from an external battery connected to a power supply to enable longer runtime and to insert an emergency stop in the
power circuit. A camera records the scene to measure the robot’s position.

For each experiment, a 300 N target force was
given, and the rig went down until the target force was
reached, at a controlled constant speed of 5.5 mm s1
(which was the maximum speed reachable by the
actuator).

The low-level control of the motor was imple-
mented using a microcontroller, and high-level com-
mands and data recording were implemented using
the robot operating system (ROS). The power was
provided to the motor by an external power supply
unit.

The tests were conducted for the two different
digit configurations described above, for two different
legs, and repeated ten times, resulting in 2 x 2 x 10
experiments.

For processing the data, we filtered both the pos-
ition and force curves, and offset them so the con-
tact range would start when the recorded force was
above a 1 N threshold. We then computed the work
W using the following equation, where z; is the depth
from the mud surface, F; is force, and ny is the final
timestep:

ny
W= ZF" (20 — 2n—1) -
n=1

Further, we calculated the components of the total
work: the positive downward work of pushing the
foot down until the target force was reached, the neg-
ative work representing the recoverable elastic energy
when the foot is lifted, and the positive upward work,
representing the energy spent to withdraw the leg
from the substrate.

2.2. Design of bio-inspired feet and rig experiments
Taking inspiration from the ungulates’ digits, we
designed a silicone (Elite double 22 from Zhermack)
foot consisting of the same shape as the original Gol
ball foot (see figures 1(I) and (J)) and added deform-
able digits on its periphery (figures 1(C) and (D)).
The material was chosen because of its ease of use
and because of the promising results obtained using
this material in our previous research [6]. The shape
of the digits results from mimicking the conic struc-
ture of the digits. The width of the digits, and thereby
the radial stiffness was determined in an iterative pro-
cess involving finite element method (FEM) analysis
and rapid prototyping followed by manual testing of
the feet in mud with varying properties while making
sure that they provide significant resistance to sink-
age. Figure 3 shows the FEM model of the final version
of the foot when subjected to a 60 N upward force, to
simulate the intrusion phase of the foot into mud (A),
and when subjected to a 30 N downward force (half
of the maximum sinking force [6]), to simulate the
extrusion phase of the foot (B). The FEM was conduc-
ted in “Solidworks using a hyperelastic model, with
the data from the tensile tests performed in [39] for
the material properties. The model was constrained
with a fixed support on the top surface, where the leg
is fixed. For the intrusion phase, force was defined as
a uniform pressure on all down-facing surfaces. For
the extrusion phase, force was split evenly between a
negative pressure on the down-facing surfaces, rep-
resenting suction force, and a positive pressure on the
up-facing surfaces, representing the weight of mud
on top of the foot. The proposed final design of the




10P Publishing

Bioinspir. Biomim. 19 (2024) 066009

S Godon et al

URES (mrm)
31.008
l 28798
. 25598

_ 23

| 19199
-_ 15.999
L 12799

L 959
6400

3.200

0.000

B URES (mm)

11659
[ 10493
. 9327

. 8161

Figure 3. Finite element method of the proposed foot. (A): Resultant displacement (mm) of the foot when subject to a vertical
upward force of 60 N, simulating the intrusion phase of the foot into mud. The red parts show the maximum displacement

(32 mm), and the blue part the minimum (0 mm). The simulation shows that when subjected to a 60 N upward force, the digits
fully extend passively. The light blue lines represent the shape of the undeformed foot. (B) Resultant displacement (mm) of the
foot when subjected to a 30 N downward force, simulating the extrusion phase of the foot. The red parts show the maximum
displacement (11.7 mm) and the blue regions show the minimum displacement (0 mm). The simulation shows that when
subjected to a 30 N downward force, the foot digits retract passively. The light blue lines represent the shape of the undeformed

foot.

foot enables it to passively, fully extend, and retract
its digits to increase sinkage resistance and reduce suc-
tion force, respectively. A fabric mesh was cast inside
the lower part of the foot to resist tearing, and a
rigid kernel was placed at the center of the mold to
provide a strong anchor point for the screw during
the assembly with the leg.

The experimental setup for synthetic legs and
moose legs was the same, see figure 2(A). For
artificial feet experiments, the force and position
were recorded in the same way as in the animal’s
feet experiments. However, thanks to the smal-
ler dimensions of our bio-inspired feet, we could
test different water contents of the mud without
being limited by the dimensions of the experimental
setup.

The water contents tested are 0.21, 0.25 and 0.27,
which are three values selected in the region where
the behavior of mud varies significantly depending
on the water content. Below 0.2, the behavior of mud
remains relatively constant, while after 0.27, the mud
has a very low stiffness and would not support the
load within the range of the target force [6]. The
target force for the artificial feet was selected so it
would be later comparable with the experiments with
the Gol robot. We experimentally established that

with the controller used for the Gol experiments, the
maximum force on a single foot was 60 N, or half
of the robot’s weight. Therefore, for the rig experi-
ments on the four different feet, we set a target force
command of 60 N.

The experiments were conducted with specimens
on figures 1(C)—(]). with each specimen, the experi-
ment was performed 10 times under each mud con-
sistency (this accounts for 4 x 10 x 3 experiments
altogether). Data processing was identical to what was
described for the moose feet experiments.

2.3. Experiments on a quadruped robot
The robot experiments with GO1 were conducted
with a controller developed and tested in our previous
research [8]. The controller was specially developed
for walking in deep mud, and it was established in [8]
that the commercially available foot of GO1 does not
allow walking in deep mud (the robot gets stuck and
falls).

The controller developed in [8] is based on
a tripod static gait, which places the body in a
stable position based on the estimated ground prop-
erties, measured and modeled during the intru-
sion phase of the leg. In this controller design,
the inputs—leg sequence, step length and height,
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swing duration, clearance, and stance width—are
kept constant throughout the experiment. The con-
troller is designed to minimize excessive suction
forces by slowing leg movement while it is in mud
and shifting the robot’s center of mass further from
the leg when high suction forces are anticipated, thus
preventing the robot from toppling. These two fea-
tures, combined with the bio-inspired artificial feet’s
reduced sinkage, account for the differences in speed
and mechanical cost of transport (MCoT) observed
in the results section. The controller remains the same
across all three sets of experiments, with varying res-
ults arising from differences in sinkage depth and suc-
tion force between the two sets of feet or ground stiff-
ness. For more details on the controller, we refer inter-
ested readers to [8].

The setup of the robot experiment is shown in
figure 2(B). The robot was walking on a 12 cm deep
muddy track and secured by a freely rolling trol-
ley suspended above the robot (for safety and for
the convenience of using an external power source).
High-level commands and data recording were per-
formed using ROS software on an external computer
for simplicity. The experiments were also video recor-
ded to track the distance covered by the robot. The
videos were post-processed using the “Kinovea soft-
ware. The MCoT of the robot was computed during
post-processing by summing up the mechanical out-
put of all motors for the entire experiments. The con-
tribution of each motor was calculated with the fol-
lowing formula:

W; = Z 7i (n)w; (n)

where n represents the timestep, 717 the last timestep of
the experiment, 7; the estimated torque of the motor
i,and w; the estimated rotational velocity of the motor
i. w; and 7; are directly available from motor feed-
back. Only the positive work is computed, the neg-
ative work is not subtracted from the result because
negative work is not practically recovered.

The MCoT was then computed using the follow-
ing formula:

MCoT = i
mgd

Where E is the total mechanical energy spent,
computed by summing the individual works from
all motors Wj, m = 12 kg is the mass of the robot,
g = 9.81 m s~? is gravitational acceleration, and d
is the distance covered by the robot, measured from
video recording using the “Kinovea software.

The soil had a water content of 0.25 which is the
same water content as for the rig experiment. That
allowed us to later establish that the energy saving for
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the robot and isolated foot experiments were consist-
ent with each other.
Three different experiments were performed:

e Using the original Gol robot feet in mud, which
served as a baseline

e Using the original Gol feet on hard ground, to
compute the MCoT in the absence of mud and
therefore compare the contribution of our feet to
the mud-related part of the MCoT.

e Using our bio-inspired anisotropic feet

3. Results

3.1. Moose leg experimental results

The first experiments were performed on moose
legs, one front leg (figure 1(A)), and one hind leg
(figure 1(B)) in two conditions: the digits fastened to
the foot and the digits allowed to move freely. The res-
ults of the experiments performed on moose feet can
be observed in figure 4. Figure 4(A) shows the four
phases of work for each condition and for each leg.
Figure 4(B) shows the depth reached during the intru-
sion phase for the four test conditions. Figure 4(C)
presents the maximum suction force reached while
pulling the leg out of the mud after the step for
a hind leg and a front leg. The results are consist-
ent for both the hind and front legs of the moose
with respectively 8.4% (p-value < 0.01) and 4.3% (p-
value < 0.01) increase in suction force when the digits
are fastened. However, the sinkage is not statistically
(for the hind leg) or in absolute value different for
both legs (26.9 cm vs 26.8 cm for the front leg, p-
value < 0.01, and 25.8 cm vs 25.9 cm for the hind leg,
p-value > 0.8). The work spent in mud deformation
is also similar for both front and hind legs (18.03 J vs
17.86 ] for the front leg, p-value > 0.7, and 13.93 J vs
14.14 ] for the hind leg, p-value > 0.4).

3.2. Proposed bio-inspired anisotropic foot

The proposed anisotropic foot design can be observed
in figures 1(C) and (D). To make experiments com-
parable, it is designed based on the original foot of the
Gol robot (figures 1(I) and (J)) and similar to other
commonly available quadruped commercial robots.
Our proposed design is achieved by adding pass-
ive appendices expected to serve the functionality of
ungulate toes (figures 1(A) and (B)). The passive silic-
one appendices expand and retract as force is applied
during intrusion and extrusion. The manufacturing is
simple, and it resists tearing thanks to an embedded
fabric mesh. A rigid fastener is used to fasten the foot
to the robot with screws. Additionally, we proposed
two variations for comparative experiments: a bio-
inspired foot with fastened digits (figures 1(E) and
(F)) and rigid extended digits (figures 1(G) and (H)).
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Figure 4. Experimental results for the moose feet experiments. This figure illustrates the three metrics tested for both the front
and hind legs, with fastened or free digits. It demonstrates the similar behavior of the front and hind legs for all the parameters
tested and indicates a difference between fastened and free digits in the suction force. (A) Work during the different stages of the
step (B) Maximum depth reached during intrusion of the leg (C) Maximum suction force during pullout of the leg. Each of the
bars represents the median of a series of 10 samples, and the error bars represent their standard error.
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3.3. 1D test results in soft ground

Figure 5 presents the results obtained in the rig exper-
iments using the synthetic feet with three different
water contents. Figure 5(A) shows that compared
to the original Gol foot, the proposed foot enables
lowering the energy spent for ground deformation,
by 19.1% (p-value < 0.01), 70.4% (p-value < 0.01),
and 40.3% (p-value < 0.01) respectively for the low,
medium and high water contents. The rigid exten-
ded foot demonstrates an even higher energy sav-
ing of 82.4% (p-value < 0.01) on the medium water
content condition, mainly gained from the intrusion
phase, because the foot sinks less (figure 5(B)) due
to its already fully extended digits, while it takes a
few millimeters for the bio-inspired foot to expand
them. Sinkage depth is also reduced in low, medium
and higher water content conditions, with a 18.4%
(p-value < 0.01), 46.3% (p-value < 0.01) and 37.4%
(p-value < 0.01) sinkage depth reduction, respect-
ively. In the very wet condition, the anisotropic design
of the bio-inspired foot demonstrates its ability to

reduce the suction force (figure 5(C)). It reduces it
by 82.1% (p-value < 0.03), 47.6% (p-value < 0.01)
and 21.0% (p-value < 0.01) compared to the original
Gol foot in the least, medium and wettest conditions,
respectively. The rigid extended foot here demon-
strates that simply increasing the foot surface, without
anisotropic feature is impeding locomotion, with an
increase of 71.1% (p-value < 0.01) in the suction force
in the wettest condition compared to the bio-inspired
anisotropic foot.

Figure 6 shows typical curves observed in the wet-
test condition. This condition was chosen because it is
the one that best demonstrates the contributions of all
the features present in the different feet. Figure 6(A)
shows the force vs depth curves for the four differ-
ent tested feet. The graph reads in the clockwise dir-
ection, i.e. the force and sinkage both increase up
to the target force, then the depth starts to decrease
(foot withdrawing). The withdrawing causes the force
to decrease (elasticity) and then to quickly become
negative due to the suction force, until the suction
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Figure 5. Experimental results of the linear rig tests performed using the four synthetic feet on muds with three different water
contents. This graph illustrates how each foot’s behavior varies with the water content, and for each water content, the three
metrics we compare per foot. (A) Work during an entire step, including the positive work exerted when pushing down, the
positive work from withdrawing the foot from the mud, and the negative work from elastic energy stored in the foot. Each graph
summarizes results from a different water content. (B) The maximum depth reached by all the synthetic feet given the input force
command. (C) The maximum suction force during the withdrawal phase of the step, after the target force was reached. Each of
the bars represents the median of a series of 10 samples, and the error bars represent their standard error.
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is released, and the force returns to zero. The area
covered by the loop represents the work exerted by
the foot on the mud. Figure 6(B) shows the force vs
time curve. This curve allows to compare the speed
at which the different feet reach the target force or
release the suction.

Figure 7 shows timeshots of the robot traversing
the track using the original Gol feet, the bio-inspired
anisotropic feet, and as a comparison, on hard ground
using the original Gol feet.

Figure 8 shows the performances of the quad-
ruped robot on the track in the three test conditions.
On the left (figure 8(A)), the MCoT is depicted. The
MCoT using the original Gol feet is 2.42, which is

slightly higher than the 2.12 measured in our pre-
vious research [8], where the experiments were per-
formed with R,, = 0.35, i.e. a thinner and less sticky
mud. Compared to using the original Gol feet, the
bio-inspired feet lead to a 38.7% (p-value < 0.01)
energy saving. If we deduct the base cost of transport
from this, i.e. the cost of transport on hard ground
(0.736), we end up with a contribution of mud to the
MCoT of 1.680 with the original Gol feet, and 0.749
with the bio-inspired feet. Therefore, for the compon-
ent of MCoT which is due to mud, the bio-inspired
feet help to save 55.6% of the energy which is coher-
ent with the 40.2%-70.3% observed in the 1D rig
experiments. Figure 8(B) shows that the speed of the
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Figure 6. Example curves for the force vs depth relationship (A) and force vs time relationship (B). The examples here are taken
from the wettest of the three conditions tested, which is the one best demonstrating all the contributions of the different features
of the feet. The curves demonstrate how the three feet have the same effect on mud at the beginning, how some feet reach the
force target faster and shallower, and the differences in suction force and their timing, for all the different feet.
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Figure 7. Illustration of the experiments performed with the quadruped Gol. Timeshots of the quadruped walking in the mud
using the original Gol feet or the bio-inspired anisotropic feet and walking on hard ground for comparison. The timeshots
demonstrate the different progression speeds of the robot in all three conditions tested. The robot was segmented using

robot also is increased using the bio-inspired feet. The
speed using the original Gol feet is 0.83 body length
per minute (bl/min), which is similar to our previous
research [8], where it was at 0.85 bl min~!. Compared
to using the original Gol feet, the bio-inspired feet
enable the robot to progress 55.0% (p-value < 0.01)
faster. Figure 8(C) illustrates the footprints left by the
quadruped robot after traversing the track, with the
original Gol feet on mud (left), with the bio-inspired
anisotropic feet on mud (center), and on hard ground
(right).

4, Discussion

Our hypotheses were that split hooves inspired by
ungulates have an advantage on wet terrains because
they (I) reduce sinkage, (II) reduce suction force, and
thereby altogether (IIT) save energy of locomotion.
The summary of the hypotheses results is presented
in table 1.

The experiments with the moose feet firmly con-
firmed the second hypothesis (increase of the suction
force at extrusion by 8.4% (p-value < 0.01) and 4.3%
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The robot was segmented using segment-anything.com. The results reported here represent the median and standard error of a

2.001

~
@

1.50

1.25

1.00

Speed (body length per minute)
o o
[T
o

Mud, original Gol feet Mud, bio-inspired feet Hard ground

Table 1. Summary of the hypotheses and conclusions from experiments.

Reduced sinkage Reduced suction Saved energy

(Hypothesis I) (Hypothesis II) (Hypothesis I1I)
Moose feet Inconclusive Confirmed Inconclusive
Synthetic feet Confirmed Confirmed Confirmed
Robot N/A N/A Confirmed

(p-value < 0.01) with fastened digits). It also confirms
that the effect of suction force is passive as it exists
also with the dead animal’s feet. Both rear and front
feet have the suction force reduction effect. Due to the
limitations of the experimental setup, the results were
however confirmed only for the water content of 0.34,
we therefore cannot confirm that the effect exists or is
significant for various mixtures of mud.

The results for the reduced sinkage and energy
saving for a moose leg were inconclusive (neither con-
firmed nor rejected). It could be because the expec-
ted effect does not exist, the effect is not passive and
cannot be observed with a dead animal or the effect
could not be measured because of the restrictions of
the experimental setup. The maximum force applied
during the experiments was 300 N while the animal
weighed about 400 kg, so 1333 N per leg on a tripod

gait. The effect may become apparent at larger forces.
It is also possible that reduced sinkage is not totally
passive because the animal may actively expand the
digits during intrusion (our further experiments with
synthetic feet indirectly confirm this explanation as
the digits of synthetic feet extend passively). Also,
our rig allowed only 1D motion whereas the animal
might change the orientation of the feet while step-
ping. Finally, it is possible that sinkage reduction does
not play a significant role in ungulate locomotion, or
the mechanics are more complicated than what we
can observe with passive animal experiments.

For the synthetic ungulate foot inspired design,
all three hypotheses were confirmed: the design
allowed reducing sinkage, reducing suction force and
reducing the overall energy consumption. The rig
experiments with synthetic feet were performed on
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three types of muds with varying water content and
the effects were observable in all cases. On mud
with low water content, which hardly deforms, the
bio-inspired anisotropic foot behaved similarly to
the original Gol foot. Even though percentage-wise
the improvements seem huge (reduction of 19.1%,
18.4%, and 82.1% of the energetic cost, sinkage depth,
and maximum suction force respectively), the energy,
suction force, and work in the almost hard ground
are low in absolute values, so the new design of the
foot has only marginal benefits with respect to the
conventional robot foot design. The real advantage of
the ungulate-inspired design becomes apparent with
a wet ground where the results were very significant,
by all the three metrics we measured (40.3—-70.4% of
energy saved, 37.4%-46.3% sinkage depth reduction,
and 21.0%-47.6% of suction force reduction).

Comparative experiments with variations of the
synthetic feet can be used to explain the effects of the
design. The rigid extended foot performed even bet-
ter in the medium water content condition because of
its constantly larger surface area, but its static shape
does not allow an easy suction force release. Mud on
the upper surface of the extended digits also weighs it
down. The foot with the fastened digits has the same
advantage of reduced suction as the anisotropic foot
and the rigid foot in the wettest condition but it sinks
deeper. All these behaviors can be visualized on the
force vs time and force vs sinkage curves presented
in figure 5. There, the original Gol foot and the foot
with fastened digits behave in an equivalent way, as
expected. The bio-inspired anisotropic foot and the
rigid extended foot, on the other hand, behave also in
asimilar way to each other during the intrusion phase,
but the benefit of the digits’ retraction can be well
observed when the suction force is quickly released
by the bio-inspired anisotropic foot. On the contrary,
the rigid foot is impeded by a resistive suction force
up to the mud surface, in the same way as the original
Gol foot.

These results complement our previous research
[6], where we demonstrated that simply adjusting
foot stiffness could increase the force generated by
33% in mud. Our earlier work also highlighted the
necessity for an anisotropic design to mitigate suction
forces, a challenge we addressed with our bio-inspired
anisotropic foot design.

While there appear to be no other studies spe-
cifically focused on foot design for locomotion in
deep mud, we can draw parallels from research on
dry granular materials. For instance [27], found that
segmented foot designs reduced sinkage depth by 5%
of the leg length in dry sand and pebbles. Similarly
[29], also observed that bird-inspired biomechan-
ical feet diminished sinkage in loose sand [25] and
[31] reported that larger foot surface areas decreased
sinkage depth in various granular materials, noting
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that in cases of deep sinkage, strong foothold pre-
vents slippage. [30] further indicated that compared
to spherical feet, cylindrical feet sink approximately
44% less in dry sand under a static load of 50 N.

Overall, these findings suggest that using larger
feet, altering the shape of the feet, or using deform-
able feet with segments, or made from soft materi-
als, can reduce sinkage in different flowable materi-
als. However, a larger foot, while beneficial in redu-
cing pressure and sinkage, may not be ideal for wet,
cohesive materials like mud due to the suction forces
that hinder foot liftoff, as demonstrated in [6], and
in the current paper. This highlights the necessity of
using a deformable foot for locomotion in mud, as
was demonstrated in this research.

Finally, the experiments performed on the Gol
quadruped robot confirmed our hypothesis of energy
reduction. During locomotion, the MCoT is not only
due to the base cost of locomotion, which we meas-
ured by performing tests on hard ground, but is also
due to the resistive behavior of mud. By comparing
the MCoT of the robot through the mud track using
both the original Gol feet, and the bio-inspired aniso-
tropic feet, we established that the latter enabled sav-
ing more than half of the energy lost in mud. The
reduced sinkage and suction force not only make
locomotion easier but also faster, with a signific-
ant increase of the locomotion speed of the quad-
ruped using the bio-inspired anisotropic feet, with the
same controller. The differences observed in the vari-
ous settings are only due to the sinkage of the feet
and the reduced suction force, which in turn impact
the time and energy the robot spends inserting and
extruding its feet from the mud and ensuring the
robot’s stability; the robot speed is not controlled,
but instead the increased speed and reduced MCoT
emerge from easier locomotion enabled by the feet
design.

Overall, our research shows that the bio-inspired
anisotropic foot presents several advantages for loco-
motion on mud. Its passively expanding and retract-
ing digits enable to reduce sinkage, suction force and
energetic cost of moving in mud. Also, we cannot
think of any use case when these feet would impede
locomotion. On hard ground, the passive digits would
not touch the ground so they would not disturb
foot placement, and at the same time they contrib-
ute to energy reduction when the robot is on soft
ground. We believe that the advantage exists also on
dry yielding grounds such as dry sand or dry snow:
reduced sinkage would be reasonable to expect in
all yielding grounds whereas the suction force might
occur only in case of wet mixtures. Our work also
did not address controller design: all robot experi-
ments were performed with a controller for a static
gait developed in our previous paper [8]. It is possible
that an improved controller design would enhance
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the effects of wet ground locomotion further or the
robot could use different controllers for different sub-
stances (e.g. changing water content).

It is also worth noting that besides energy saving
the novel foot design also increases the fault-tolerance
of the robot (and possibly the survival of an animal).
Since it sinks in less and needs less force to get the foot
loose, it is less likely to stay stuck.

Finally, it is speculated that split hooves also add
stability on uneven terrains so it might play the same
effect on robots and could complement the research
on the design of more stable feet [ 13, 27, 32] for soft or
uneven grounds. Future work thus can address ungu-
late locomotion and robot locomotion in versatile
yielding and uneven terrains to understand the com-
plicated interaction between mechanical feet design
in multiphase environments.
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