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Grand challenges for burrowing
soft robots

Caitlin L. Le**!, Osman Dogan Yirmibesoglu', Sean Even?*,
Trevor Buckner?, Yasemin Ozkan-Aydin? and
Rebecca Kramer-Bottiglio'*

!Department of Mechanical Engineering and Materials Science, Yale University, New Haven, CT,
United States, Department of Electrical Engineering, University of Notre Dame, Notre Dame, IN,
United States

Robotic burrowing holds promise for applications in agriculture, resource
extraction, and infrastructure development, but current approaches are
ineffective, inefficient, or cause significant environmental disruption. In contrast,
natural burrowers penetrate substrates with minimal disturbance, providing
biomechanical principles that could inspire more efficient and sustainable
mechanisms. A notable feature of many natural burrowers is their reliance on
soft body compositions, raising the question of whether softness contributes
to their burrowing success. This review explores the role of soft materials in
biological burrowing and their implications for robotic design. We examine the
mechanisms that soft-bodied organisms and soft robots employ for submerging
and subterranean locomotion, focusing on how softness enhances efficiency
and adaptability in granular media. We analyze the gaps between the capabilities
of natural burrowers and soft robotic burrowers, identify grand challenges, and
propose opportunities to enhance robotic burrowing performance. By bridging
biological principles with engineering innovation, this review aims to inform the
development of next-generation burrowing robots capable of operating with
the efficiency and efficacy seen in nature.

KEYWORDS
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1 Introduction

Humans have long sought subterranean access for purposes such as agriculture,
resource extraction, and infrastructure development (for example, tunnels for transit,
underground electrical grids, or laying pipework). However, traditional human methods,
including digging and media excavation, often result in substantial environmental
disruption. In contrast, many natural burrowers are able to penetrate substrates without
significantly altering the surrounding environment. This observation suggests that there
are biomechanical principles to be gleaned from natural burrowers that could inform
the development of more efficient, less invasive burrowing technologies (Che and
Dorgan, 2010a; Dorgan, 2015).

A key feature of many natural burrowers is their partial or complete reliance on soft
body compositions. This raises the question: Does the softness of their bodies contribute
to their burrowing success? This review seeks to explore that question by examining
the role of soft materials in biological burrowing and the lessons they offer for robotic
design. Specifically, we review the literature on soft robots that mimic biological burrowing
strategies, aiming to understand both the mechanisms of burrowing and the role of soft
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Submerging

Subterranean
Locomotion

FIGURE 1
General flow of burrowing steps, which is composed of submerging

(above-ground to below-ground) and subterranean locomotion
(within-ground).

materials in robotic submerging and subterranean locomotion.
A video format of this review with compiled videos and images
of biological and robotic burrowing strategies can be viewed
in Supplementary Video SI. This review complements other
recent reviews on bioinspired planetary regolith-burrowing
robots (Lopez-Arreguin and Montenegro, 2020; Wei et al., 2021),
soft-bodied burrowing processes (Dorgan and Daltorio, 2023),
mathematical modeling of burrowers (Hosoi and Goldman, 2015),
and broader bioinspired approaches in geotechnical engineering
(Martinez et al., 2021; Zhang W. et al., 2024).

1.1 Scope of this review

This review analyzes burrowing capabilities in soft-bodied
organisms and soft robots, seeking to identify gaps in efficacy and
propose opportunities to close the gaps. We limit our discussions to
burrowers that are classified as soft through material properties or
mechanical compliance. We also acknowledge excavating organisms
(Jarvis and Sale, 1971; Suter et al., 2011) and rigid bioinspired
robots (Kobayashi et al., 2011; Russell, 2011a; Lee et al., 2020;
Treers et al., 2022; Zhang T. et al., 2024; Bagheri et al., 2024),
incorporating them where their mechanisms overlap with those of
soft-bodied burrowers. Our discussions on burrowing mechanisms
are organized into two burrowing phases, illustrated in Figure I:
submerging, when going from above-ground to below-ground, and
subterranean locomotion, when moving within the ground.

1.2 Variables that affect burrowing

Burrowing feasibility relies heavily on the physical properties of
both the medium and the burrower. These properties dictate which
mechanisms will be more or less effective, shaping the burrower’s
ability to penetrate and navigate through specific media.

1.2.1 Burrow media properties

Several factors affect the physical properties of burrow media,
including grain size (diameter and shape of grains), moisture
content (amount of water in the media), and cohesiveness (adhesion
between grains) (Terzaghi et al, 1996). The factors combine in
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various ways to influence the behavior of the aggregate media.
For burrowing, key aggregate properties include media failure and
resistive forces.

The mechanical failure of burrow media is largely dependent
on cohesiveness. Granular, cohesionless media tends to fail through
radial collapse, or “landslide collapse,” where media begins to slide
at a critical angle (Terzaghi et al., 1996; Lambe and Whitman,
1969). Radial collapse increases the forces required for burrowing,
though Mohr’s circle analysis can help predict collapse (Isava and
Winter 2016). In contrast, cohesive media can fail through fracture
propagation, a process animals exploit to extend their burrows
(Dorgan, 2015; Dorgan et al., 2005). Burrows in cohesive media
tend to retain their shape, thus reducing resistive forces during
burrowing. Some invertebrates, like earthworms and polychaetes,
secrete mucus to media, temporarily increasing its cohesiveness for
more efficient burrowing (Bottinelli et al., 2010; Pettibone, 1963).

In addition to the physical properties of burrow media and
failure modes, resistive forces are largely affected by gravity since
lithostatic pressure (the pressure the media exerts on a submerged
body) increases linearly with depth (Terzaghi et al., 1996). This
pressure gradient causes increasing drag during vertical burrowing
(Robertson and Campanella, 1983) and lift during horizontal
burrowing (Ding et al., 2011; Guillard et al., 2014).

1.2.2 Burrower properties

For burrowing organisms, the leading tip shape affects the forces
required for burrowing. Pointed tips, like shovel- or wedge-shaped
heads, require lower forces than blunt faces (Maladen et al., 2011b).
The sandfish skink, a type of lizard, features a shovel-shaped head
for moving beneath sand, effectively reducing drag and lift forces
(Maladen et al., 2009; Maladen et al., 2011b). In worms, wedge-
shaped heads facilitate the expansion of cracks (Dorgan et al., 2005),
aiding in locomotion within their environments.

Subterranean forces scale with body size. Larger bodies
experience larger drag forces (Albert et al, 1999; Geng and
Behringer, 2005; Wang et al., 2024) and, consequently, rely on
specific burrowing mechanisms to counteract the bulk properties
of their environments. For small burrowers, whose dimensions are
comparable to or smaller than sediment grains, interactions with
individual grains become more pronounced.

The surface properties of burrowers also influence resistive
forces. Smooth skin reduces friction, as observed in sandfish
skinks (Baumgartner et al., 2007). Some skin textures, like
(Wu et al, 2020; Rieser et al, 2021)
and setae on earthworms (Edwards and Bohlen, 1996), are

scales on snakes

anisotropic—producing high friction in one direction and low
friction in another. This characteristic helps prevent unwanted
backward movement.

The softness of burrowers bodies impacts the choice of
burrowing mechanisms employed. For example, soft-bodied
invertebrates rely on muscle contractions to change their body
shape, like peristalsis in worms (Edwards and Bohlen, 1996). Snakes,
which have both rigid and soft body parts, use their flexible body
and ribs to scrape sand from around and beneath them (Young
and Morain, 2003). Fully soft bodies, as well as combinations of
soft and rigid body parts, enable successful burrowing at various
depths, shown in Figure 2. We therefore infer that softness plays a
critical role in shaping the burrowing strategies of organisms.
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FIGURE 2
Burrowers with fully soft bodies and bodies made of both soft and

rigid components reach similar depths. Worms can reach 1,000 mm
(Cadman and Nelson-Smith, 1993), octopuses can reach 110 mm
(Montana et al., 2015), bivalves can reach 750 mm (Holland and Dean,
1977), and sandfish skinks can reach 40 mm (Catena and

Hembree, 2014).

Soft biological burrowers

This section reviews flexible, soft-bodied organisms that burrow
in granular substrates like dry sand and cohesive soil. Burrowing
mechanisms are categorized by their roles in submerging and
subterranean locomotion, with additional discussion on drag-
modifying strategies. Some mechanisms, such as crack propagation
and fluidization, support both submerging and subterranean
movement. [llustrations and summaries of each mechanism appear
in Figure 3; Tables 1, 2 outline burrower performance metrics.

2.1 Biological mechanisms for submerging

2.1.1 Probing

Many soft-bodied animals use probing-based excavation as a
mechanism to submerge and create an entry point or to penetrate
existing cracks on the surface of subterranean environments. During
probing, animals start at the surface of the substrate, with most of
their body resting on it. The probing part—usually a pointed head
or foot—extends towards the substrate and moves back and forth,
manipulating the substrate to create an entry point large enough for
the rest of the body to enter. The efficacy of this probing maneuver
depends on the size, shape, and flexibility of the animals body,
the type of burrow medium, and is also limited by the organism’s
maximum muscle contraction rate. It is also important to note that
the body must provide sufficient anchoring force for the insertion
of a probe.

Probing-based submergence is common in animals with small
body-diameter-to-length ratios that inhabit soft substrates. One
example is the earthworm, which uses its prostomium, the anterior
tip of the body, to create an entry point and a tunnel into the soil
(Edwards and Bohlen, 1996). Similarly, shovel-nosed snakes probe
their heads into a substrate to guide the rest of their bodies into a
burrow (Sharpe etal., 2015). For bivalves, which are aquatic mollusks
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with hinged shells, the muscular foot extends from the head to create
an entrance into sandy sea beds (Trueman, 1967). In these bivalves,
the foot is a muscular outgrowth of the ventral body wall, which is
used to propel the bivalve into the substrate. The foot first inserts
into the granular environment and extends out from the shell. The
subsequent anchoring and contraction of the foot pull the bivalve’s
body forward, sliding it into the substrate.

2.1.2 Mouth excavation

Through mouth excavation, an animal creates a burrow by
ingesting the burrow media in front of it and expelling the digested
material, or casts, behind it. Earthworms (Meysman et al., 2006)
and lugworms (Volkenborn et al., 2010) commonly use mouth
excavation for burrowing. This method is naturally slow, as it
relies on an organisms metabolic rate for digestion. Digestion can
also alter the cohesiveness of the soil. For example, earthworms
produce cohesive casts by adding water and intestinal mucus to the
ingested soil, which helps them form a compact, stable path through
the medium (Bottinelli et al., 2010).

2.1.3 Rocking

Occurring in bivalves, this burrowing mechanism begins after
the foot—a soft muscle that extends from the shell—penetrates
the substrate. Contraction of body muscles causes extension of
retractor muscles and changes the organism’s internal body pressure,
producing a rocking motion of the shell (Trueman, 1966). During
this rocking motion, rotation occurs about a fixed point between
the body and the substrate surface. The body oscillates about this
point, loosening the sediment at the burrow entrance, which reduces
resistance and increases movement efficiency. Many bivalves also
have complex sculptures on their shell surfaces, such as ridges,
which are thought to aid the rocking motion by providing additional
anchoring (Trueman, 1966; Stanley, 1969).

2.1.4 Crack propagation

Crack propagation is an effective locomotion method that
worms employ to enter and move through various soils with
minimal resistance and energy expenditure (Dorgan et al., 2005;
Dorgan et al., 2007). To propagate cracks forward, worms evert their
pharynx to apply excessive loading on the granular medium and
create a fracture. The forces required for crack propagation, as well
as the effectiveness of crack locomotion, depend on many factors,
including the medium properties [softer soils are easier to move
through than harder soils (Ruiz et al., 2015)], crack depth [shallower
cracks offer less resistance than deeper cracks (Terzaghi et al., 1996)],
and tip size [a smaller tip requires less energy to propagate cracks
than a larger tip (Li et al., 2013)].

2.2 Biological mechanisms for
subterranean locomotion

2.2.1 Two-anchor locomotion

Some animal burrowers, such as worms and clams, form anchors
to apply forward forces without resurfacing or moving backward
(Trueman, 1975; Dorgan, 2015). In the burrowing process, these
animals alternate advancing the anterior (front) and posterior
(back) parts of their body, with penetration and terminal anchoring
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FIGURE 3

Burrowing mechanisms used by biological organisms. Information for burrowing organism examples are from the following sources: Sharpe et al.
(2015), Trueman (1975), Trueman (1966), Trueman (1967), Hodge et al. (2009), Merz and Woodin (2006).

Tip Extension

formed sequentially as they burrow downward (Trueman, 1967). For
example, razor clams radially expand the posterior end of their body,
or their shell, to create a penetration anchor that prevents backward
movement, allowing them to extend and generate downward thrust
at the anterior tip of their body, or their foot. Then, the anterior
tip radially expands to create the terminal anchor, facilitating the
retraction of the posterior part of the body to advance forward.
To create these bulbous anchors, body fluid is transferred between
the anterior and posterior ends (Trueman, 1967). Other organisms
that exhibit the two-anchor locomotion behavior may also burrow
with similarly-shaped parts, like their head or proboscis, a tubular
appendage that extends from the mouth (Dorgan, 2015).

2.2.2 Peristalsis

In peristalsis, waves of muscle contractions move forward
(anterograde) or backward (retrograde) along a body. Like two-
anchor locomotion, penetration and terminal anchors propagate
throughout the body to generate continuous and directed motion.
Polyphysia, a burrower with a continuous hydrostatic skeleton,
features circular and longitudinal muscles arranged along the
organism’s body; contraction of one type of muscle forces

Frontiers in Robotics and Al

incompressible coelomic, or body, fluid to displace along the length
of the body, creating propagations that propel the organism forward
(Elder, 1973). In septate soft-bodied animals, like earthworms, the
volume of individual body segments is constant and the segments
extend only when their diameter is reduced (Edwards and Bohlen,
1996). The alternating pattern of peristalsis involves the contraction
of the circular muscles to extend the segment, followed by the
contraction of the longitudinal muscles to shorten and increase the
diameter of the segment which anchors the body to the medium,
resulting in forward movement. Depending on the type of body
cavity, continuous or segmented, the anchoring points travel along
the body in the posterior or anterior direction of the animal
(Trueman, 1975; Seymour, 1971).

2.2.3 Undulation

Burrowing by undulation is used by several organisms that
feature flexible, elongated bodies (Maladen et al., 2009; Dorgan et al.,
2013; Gray and Lissmann, 1964; Gidmark et al., 2011; Ozkan-
Aydin et al, 2021a; Herrel et al., 2011). With rapid undulation
of their bodies, organisms like lizards (Maladen et al., 2009;
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TABLE 1 Burrowing worms. Width and length are body measurements perpendicular and parallel to the movement direction, respectively. Mean
burrowing speed and maximum burrowing depth are reported in millimeters (mm) and body lengths (bl).

Organism

Approximate

width (W),
length (L)

Mean
burrowing
speed

Maximum
burrowing
depth

Burrow media

Submerging
mechanism

Subterranean
locomotion
mechanism

Annelid worms
(Armandia brevis)
(Dorgan et al., 2013;
Woodin, 1974)

W=1mm
L=20mm

5 mm/s
0.25 bl/s

30 mm
1.5bl

‘Wet sand, mud

Probing

Undulation

Cirratulid
polychaetes (e.g.,
Cirriformia moorei,
Cirriformia grandis)
(Che and Dorgan,
2010a; Che and
Dorgan, 2010b;
Blake, 1996)

W =1-6 mm
L =20-85mm

0.02 mm/s
0.0004 bl/s

200 mm
3 bl

Wet sand, mud

Probing

Peristalsis, crack
propagation

Earthworms (e.g.,
Lumbricus terrestris,
Nicodrilus giardi)
(Trueman, 1975;
Edwards and
Bohlen, 1996; James,
2022; Bastardie et al.,
2005; Arrazola-
Vasquez et al., 2022;
Ruiz et al., 2017)

W =2-10 mm
L =50-200 mm

0.1-0.5 mm/s
0.002 bl/s

600 mm
5bl

Soil

Crack propagation,
mouth excavation,
probing

Crack propagation,
mouth excavation,
peristalsis,
undulation

Glyceride
polychaetes (Blood
worms) (e.g.,
Hemipodus simplex,
Glycera
dibranchiata)
(Murphy and
Dorgan, 2011;
Rizzo et al., 2007;
Brown, 2015)

W =2-4mm
L =10-1,000 mm

0.06 mm/s
0.0001 bl/s

300 mm
0.6 bl

Wet sand, mud

Probing

Peristalsis, crack
propagation

King ragworms
(Alitta virens)
(Dorgan et al., 2005;
Pettibone, 1963;
Dorgan et al., 2007;
Dorgan et al., 2006;
Hartman, 1969)

W =45mm
L =500-900 mm

8.7 mm/s
0.01 bl/s

450 mm
0.6 bl

Wet sand, mud

Crack propagation

Two-anchor
locomotion

Lugworms
(Arenicola marina,
Arenicola defodiens)
(Volkenborn et al.,
2010; Marina, 1966;
Riisgard and Banta,
1998; Cadman and
Nelson-Smith, 1993)

W =10 mm
L =200-400 mm

1,000 mm
3bl

Wet sand

Probing, mouth
excavation

Peristalsis, mouth
excavation

Opheliid
polychaetes (e.g.,
Thoracophelia
mucronata)
(Dorgan, 2018;
Fox et al., 1948;
Eikenberry, 1966)

W =0.5-2 mm
L =30-50 mm

0.7 mm/s
0.02 bl/s

300 mm
8 bl

Wet sand

Probing

Peristalsis
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TABLE 1 (Continued) Burrowing worms. Width and length are body measurements perpendicular and parallel to the movement direction, respectively.
Mean burrowing speed and maximum burrowing depth are reported in millimeters (mm) and body lengths (bl).

Mean
burrowing
speed

Organism

Approximate
width (W),
length (L)

Maximum
burrowing
depth

Subterranean
locomotion
mechanism

Burrow media Submerging

mechanism

Roundworms W =0.08 mm 0.02 mm/s
(Caenorhabditis L=1mm 0.02 bl/s (in agar)
elegans)

(Lesanpezeshki et al.,

2019; Beron et al.,
2015; Palikaras and
Tavernarakis, 2013)

Soil — Undulation

Sharpe et al.,, 2015), snakes (Sharpe et al., 2015), worms (Ozkan-
Aydin et al, 2021a), and fish (Atkinson et al., 1987), can push
against and relocate environmental media around their bodies
to generate propulsion. Burrowing with undulation is possible
in cohesionless and cohesive media, like dry sand or muddy
ground (Maladen et al,, 2009; Dorgan et al., 2013; Atkinson and
Pullin, 1996). Animals typically match their undulation amplitude,
wavelength, and frequency to the intended granular material
(Rieser et al., 2024; Pierce et al., 2024).

To shallowly cover their bodies with granular media, flatfish
(McKee et al, 2016) and sand vipers (Young and Morain,
2003) also use body undulations to flick sand over themselves.
Flatfish undulate their bodies at a high frequency to quickly kick
up sand, while Saharan sand vipers undulate sections of their
bodies to cover themselves slowly, starting with covering their
posterior end and moving to their head. These organisms use
undulations for submerging purposes, rather than for subterranean
locomotion purposes.

2.2.4 Tip extension

In plant roots, tip growth occurs through cell division and
expansion at the apex. Cells in the meristem divide to form new
cells, which elongate behind the meristem to lengthen the root
(Hodge et al., 2009). These new cells, initially small, elongate rapidly
while mature cells remain stationary. This focused growth minimizes
soil penetration resistance, as only the small, growing tip interacts
with the soil (Hodge et al., 2009). Additionally, some roots grow
in a helical manner, or circumnutation behavior, which helps roots
increase penetration distance in soil (Fisher, 1964; Taylor et al.,
2021). This inherent “gait” allows roots to continually grow in
different directions to avoid becoming stuck when encountering
obstacles, and is also thought to reduce the penetration resistance
in granular media (Del Dottore et al., 2016).

2.3 Auxiliary mechanisms for drag
manipulation

Depending on their size and burrowing depth, organisms
have specialized adaptations to reduce drag while burrowing
and increase drag while anchoring. We previously discussed
the effects of body shape on intrusion forces and drag, such
as a pointed probe for insertion into granular media and
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expanding body segments for anchoring. In addition to body
shape, organisms have other mechanisms and features to alter the
drag on their bodies, including fluidization, skin-texturing, and
material discharge.

2.3.1 Fluidization

By ejecting water into surrounding granular media, organisms
can reduce the forces needed to burrow vertically. Many bivalves
(Trueman et al., 1966) and Pacific sandfish (MacDonald, 2015),
found in wet granular environments, extract water from their
surroundings and eject it in the direction of intended burrowing.
Local fluidization suspends granular particles in fluid, allowing the
body to quickly advance downward before the particles settle and
reconsolidate (Winter et al., 2013). In the two-anchor locomotion
process of bivalves, fluidization occurs when the foot extends further
and when the shell is pulled down. To lower frictional forces around
the foot, water is ejected only around the foot, rather than the
shell that needs to anchor. Similarly, when pulling the shell down,
water ejection is around the mantle, located in the posterior end,
to fluidize only around the posterior body part that needs to move,
rather than the foot that needs to anchor (Trueman et al., 1966).
Octopuses also eject water into the seafloor, using fluidization
as the primary method to submerge themselves (Montana et al.,
2015). Sandfish lizards undulate their bodies with large
amplitudes, creating a localized fluid-like zone around their bodies
(Maladen et al., 2009).

2.3.2 Skin-texturing features

Many undulating and oscillating animals have smaller features
on their skin that vary frictional forces depending on the
direction of motion. On snake skin, scales have texture (Wu et al.,
2020; Rieser et al, 2021) and can be controlled to increase
friction with the environment (Marvi et al., 2016). Scales have
microscopic steps that have directionality, resulting in a higher-
friction skin when measuring from tail-to-head compared to
from head-to-tail (Wu et al, 2020). This anisotropic friction
is beneficial for gripping the environment when undulating
forward, but is not direction-dependent when sidewinding
(Rieser et al,, 2021). Snakes also actuate their scales, opening
and extending them from their skin, doubling the friction forces
(Marvi et al., 2016). Like the microscopic features on snake
scales, chaetae on polychaetes (Merz and Woodin, 2006) and
setae on earthworms (Edwards and Bohlen, 1996) also provide
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TABLE 2 Soft burrowing organisms. Width and length are body measurements perpendicular and parallel from movement direction, respectively.
Length unit of body lengths (bl) is used in mean burrowing speed and maximum burrowing depth.

Organism

Approximate
width (W),
length (L)

Mean
burrowing

Maximum
burrowing

Burrow media

Submerging
mechanism

Subterranean
locomotion
mechanism

Bivalve molluscs
(e.g., Mya arenaria,
Cardium edule)
(Trueman, 1966;
Checa and Cadée,
1997; Nel et al.,
2001; Zwarts and
Wanink, 1989)

W =50 mm
L=80mm

0.01 mm/s
0.0001 bl/s

180 mm
2bl

Wet sand

Probing, rocking

Two-anchor
locomotion,
fluidization

Razor clams
(bivalves) (e.g., Ensis
arcuatus, Ensis
directus) (Trueman,
1967; Winter et al.,
2012; Jung et al.,
2011; Holland and
Dean, 1977)

W =20 mm
L =100-300 mm

10 mm/s
0.05 bl/s

700 mm
3.5bl

Wet sand

Probing, rocking

Two-anchor
locomotion,
fluidization

Burrowing eels (e.g.,
Anguilla japonica,
Anguilla anguilla)
(Aoyama et al., 2005;
Steendam et al.,
2020)

W =300 mm
L =500-800 mm

300 mm
0.5bl

Wet sand

Probing

Undulation

Plant roots
(Hodge et al., 2009;
Gilman, 1990)

W =0-50 mm
L=-

10-30 mm/day

30,000 mm

Soil, sand

Tip extension

Tip extension

Sand diving wrasses
(e.g., Halichoeres
bivittatus, Cymolutes
torquatus)
(Tatom-Naecker and
Westneat, 2018)

W =20 mm
L=90mm

30 mm/s
0.3 bl/s

50 mm
0.6 bl

Wet sand

Probing

Undulation

Sand lances (e.g.,
Ammodytes
personatus,
Ammodytes
hexapterus)
(Gidmark et al.,
2011; Bizzarro et al.,
2016)

W =5-10 mm
L =50-150 mm

100 mm/s
1bl/s

150 mm
1.5bl

Wet sand

Probing

Undulation

Sandfish skinks
(lizard) (Scincus
scincus, Chalcides
ocellatus)

(Maladen et al.,
2009; Arnold, 1995;
Catena and
Hembree, 2014;
Carranza et al.,
2008)

W =10 mm
L =100-135 mm

100 mm/s
0.9 bl/s

40 mm
0.3 bl

Dry sand

Probing

Undulation

Shovel-nosed snakes
(e.g., Chionactis
occipitalis)

(Sharpe et al., 2015;
Cowles, 1941;
Klauber, 1951)

W =10 mm
L =300-400 mm

50 mm/s
0.1 bl/s

600 mm
2 bl

Dry sand

Probing

Undulation
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TABLE 2 (Continued) Soft burrowing organisms. Width and length are body measurements perpendicular and parallel from movement direction,
respectively. Length unit of body lengths (bl) is used in mean burrowing speed and maximum burrowing depth.

Organism Approximate Mean Maximum Burrow media  Submerging Subterranean
width (W), burrowing burrowing mechanism locomotion
length (L) speed depth mechanism
Snakeblennies (e.g., W =15mm 0.01 mm/s 72 mm Wet sand Probing Undulation
Lumpenus L =200 mm 0.00005 bl/s 0.36 bl

lampretaeformis)
(Atkinson et al.,

1987)

Southern sand =- 10 mm/s 110 mm Wet sand Fluidization Fluidization
octopuses (Octopus L =500 mm 0.02 bl/s 0.2bl

kaurna)

(Montana et al.,
2015)

anisotropic friction. Both of these rigid, bristle-like structures 3.1 SOft robot mechanisms for submerging
prevent backward movement during locomotion, providing

higher friction for anchoring. Most soft robots require assistance from an external
hand, machine, or mount to achieve successful submersion.
2.3.3 Material discharge Here, we highlight the various submerging mechanisms

Friction reduction between plant roots and soil is achieved = employed by soft robots in the literature, which naturally
by sloughing, or shedding, cells at the root cap (Bengough and  overlap with the biological mechanisms described in
Mckenzie, 1997) and secretion of mucilage, a gelatinous substance ~ Section 2.1.

(Guinel and McCully, 1986). When growing, new cells added at root

tips may become attached to the root or detached. Detached cells  3.1.1 Manual placement, mounting, and external

act as a reduced-friction liner between the root and soil (Bengough  drivers

and Mckenzie, 1997). In addition to cell sloughing, root caps secrete A substantial number of soft burrowing robots have no

mucilage to lubricate between root caps and soil. The friction  submersion mechanism, instead being placed in situ by reporting

reduction by mucilage is heavily determined by the hydration of the  authors (Ortiz et al, 2019; Tao et al, 2020; Chopra et al,

mucilage, and it is thought that the role of mucilage as a lubricant is 2023; Maladen et al, 201la; Eken et al, 2023; Tang et al,

relatively minor (Guinel and McCully, 1986). 2024; Du et al, 2022; Omori et al., 2009; Das et al., 2020;
Niiyama et al, 2022; Drotman et al, 2022). Similarly, some
robots are deployed off of mounts, rods, or launchers held above

3 SOft robotic burrowers granular media beds (Naclerio et al., 2021; Sadeghi et al., 2017;
Sadeghi et al., 2013; Isaka et al.,, 2019; Han et al., 2024), showing

Biological burrowing systems exhibit a remarkable diversity of ~ that their submerging methods are feasible but lack control of their
strategies and adaptations, providing a valuable source of inspiration ~ submersion direction.
for designing advanced burrowing technologies. By exploring the If a robot cannot generate sufficient propulsive force to
unique mechanisms these organisms use to navigate and interact ~ submerge itself, an external machine can be used to drive it
with their environments, we gain critical insights to inform the  into the granular medium. In such cases, the robots design
development of efficient, adaptable, and resilient robotic burrowing ~ focuses on steering, reducing drag, or loosening soil, while the
systems. Like biological examples, burrowing robots range from  external system supplies the submersion force. This approach is
being composed of entirely soft materials, combinations of soft and ~ ideal for shallow burrowing, testing friction mitigation methods,
rigid materials, and mechanisms that afford flexible behavior. Here, ~ or performing auxiliary functions. Submersion can be achieved
we present the established mechanisms that have been successfully ~ using a robotic arm to push the robot (Naclerio et al., 2021)
demonstrated in robotic prototypes, mirroring the order of the — or a tether to pull it downward (Germann et al, 2011), often
mechanisms demonstrated by the biological examples presented ~ with force gauges or other sensors to assess effectiveness. Similar
in Section 2 where possible. Some robotic burrowing mechanisms  techniques are employed in endoscopic medical devices, which
listed are not found in biology, like rotating mechanisms, while ~ navigate small tunnels without disturbing walls (Fagogenis et al.,
others have not yet been achieved by robots, like crack propagation. ~ 2019), making this method useful when depth is secondary and a
We also include examples of mechanisms that could be leveraged for ~ tethered connection is acceptable.
burrowing or subterranean locomotion, although not implemented
on a burrowing robot. Burrowing mechanism illustrations are ~ 3.1.2 Probing
shown in Figure 4, and a summary table of soft burrowing robots In practice, probing has been achieved with the assistance of
is given in Table 3. a mount or launching mechanism that holds the robot above a
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SUBMERGING MECHANISMS
Manual Placement, Mounting, and External Drivers

Body Shape

FIGURE 4

Burrowing mechanisms used by soft robots. Example robot drawings are based from the following: Das et al. (2020), Sadeghi et al. (2013), Eken et al.
(2023), Niiyama et al. (2022), Maladen et al. (2011a), Isaka et al. (2019), Tang et al. (2024), Chopra et al. (2023), Naclerio et al. (2021).

surface. Two notable probing robots are rigid burrowers designed
with specialized geometries to clear a path for the body to follow
(Sadeghi et al., 2017; Winter et al., 2014). A root-inspired robot
employs a parabolic head (Sadeghi et al.,, 2017), while a razor-
clam-inspired robot features a hemispherical foot (Winter et al.,
2014). Probing mechanisms are actuated through various methods,
including tip growth via 3D printing (Sadeghi etal., 2017), extension
with a piston (Winter et al., 2014), and hammering (Olaf et al.,
2019). Notably, there is a lack of soft probing robots, likely due to
the challenges of controlling soft continuum bodies, as observed
in earthworms and bivalves (discussed in Section 2.1.1), and a
primary focus on testing subterranean locomotion methods.

Frontiers in Robotics and Al

3.2 Soft robot mechanisms for
subterranean locomotion

Once a burrowing soft robot is below the surface, the next step
is to exhibit some form of subterranean locomotion. Very few soft
robots are capable of driving through a granular medium, so we
also include related demonstrations, including locomotion through
enclosed tunnels.

3.2.1 Two-anchor locomotion

Taking inspiration from live clams and their ability to self-
anchor, the two-anchor mechanism has been studied extensively

frontiersin.org


https://doi.org/10.3389/frobt.2025.1525186
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

10.3389/frobt.2025.1525186

Le et al.

(a8ed Surmo(oy a1y} uo panunuo))

(600T

sppuuny 9¢€ ("313A) /19 90°0 wuw 00 =T “Ie )2 1owr()) 30qox

suLIomyIeg SIS[RISLId] Juawraoe[d [enuey JIIp ‘saqm) OIAI0Y onseld wur 000 T s/wur /] wuwr 09 = M Surpmerd onpelsuag

(zzoe

UONOWOd0] MQar ('z110Y) /19 S00°0 wuw 0 = T [ 32 UeUjOI(]) J0qOI

SULIOM J[ISLIg I0UDUR-OM], Juawade[d enuey pues £1q onse[d wuw (O s/ww 70 ww 0 = M paxdsur-wrom-apsug

(610T

uonowodo] Q%0 (z130Y) $/19.8000°0 wuw 77 =T “[e 12 Z110) 10901

SUWLIOM J)SLIg I07OUB-0OM], Juswuade[d enuey syaf[od auafddordAjoq QUODII§ wur 08 s/ww 91°0 W 67 = M paxdsur-urrom-astg

(€207 “Te 32 vadoyD)

S{up[s 1950 (2110Y) $/19.900°0 w967 = Towuiims pagepuadde

YSypues ‘s3[1In} eds Sururuimg Juawaoe[d enuey pueg onse[d wur /g1 s/wuw 9' | W [ = M -ordonjostuy

19.800°0 (z11oy) 9pA>/1q €0 ww 08 =T (81107 “e 32 Uape[EIN)

SYUD|s ysypues uonempun Juswaoe[d enuey speaq Jnse[q SI0)JOWOAIIS PANUIT wur § apho/wu i1 w6 = M 10qo1 SuruIwIMS-pues

$I0J0WOAIdS 19¢0 (11194) $/19 S00°0 wu 0p9 =T (€20€ “Te 32 uaag)

s1ad1A pues ueIeyes uonempun uonempun sinuead Sunpeq payuT| Onserq wur 01 s/wur ¢ ww 66 = (] joqoi paridsur-axyeus

(¥eoT

“Te 10 Sue] ) j0qo1

spIezi| UOT}OBIJUOI-UOISUI)IXD 19¥%0 ("z110Y) /19 ¥000°0 ww 9Tz =1 Suimormq-rejuozrioy

Spaas ‘swiepd 10zZey cwisTueyPIW Sunejoy Juowaoeld renuepy speaq sse[s A1 QUODIIS wuw 08 s/wwr 80’0 W 8T = M Suneioy
UOTJRABIXD

‘wisrueydIW [Eal:150Y -=7 (#z0T

$3001 Jue[d Sunejor ‘vorsua)xo dry, JUNON pues QUODIIS 0) pasodxo) ww ( ('z110y) ww 10°0 ww )07 = M “[e 19 uel) 10g100yg

qr (1194) $/19 €0°0 ww 0 =T (€102 “Te 32 1y3apes)

$3001 Jue[d uotsua)xa diy, JUNON speaq sse[H JLIQe] A[NXI, wuw O s/ww | ww 07 = M j0qo1 pairdsur-j00y

aueyam4jod Q10 (13194) $/19. 10°0 ww Oz¢ =T (€207 “Te 12 uNy)

$1001 Jue[d uorsua)xa diy, Juowaoe[d renuey Speaq sse[H snserdourtoyy, wuw (O S/WW 76°¢ wuw 9] = M 10401 JUIA PaIayIaun

(pa110Ad

uonezrpmy Aqng) ww 000z =1 (1202 “Te 32 oLI2EN)

1001 Jue[J uorsuaixa diy, JUNOIA pues £1q uordu dojsdry wur 05§ (‘z1I0Y]) s/urur 008% wur 09 = M J0qoI dUTA

("z110Y) $/19 %000 ww o[ =T (220t “Te 32 nqQ)

eLI)ORY wisTuepaur Sunejoy justuade[d enuey aqn) © UI speaq 12Jep QUODI[IS Onse[d — s/ww 9°() ww 07 = M joqor efpadery

uonedidsuiolg

‘yadap buimoding wnwixew pue paads buimoling wnwixew ul pasn si (1q) syiabua) Apoq jo yun yibua "Ajoansadsal ‘Ayinelb jo uondalip ayy oy 19)jeled Jo sendipuadiad buiaq ‘UoIIDBIIP ('1DA) |EDINIBA 1O ("ZLIOY)
1eyuoziioy ayj ui si paads buimouing "AjaAndadsal ‘uoida.Ip JUsSWSAOW dY3 O3 19)jeded pue Jejndipuadiad syuswainsesw Apoq aJe Yybus) pue Yipip “uoheaidsulolq Aq paziuebio syoqod buimoding 3os ¢ 319v.L

wisiueyosaw
UoOWO0D0]
uesue.ia1qns

wisiueydsw
Bbuibiswqnsg

elpaw moling

JeLarey

yidap
Buimoaing
winwixep

paads
Buimoding
winwixep

(1) yabusy
‘(M) UIPIM

frontiersin.org

10

Frontiers in Robotics and Al


https://doi.org/10.3389/frobt.2025.1525186
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

Le et al.

Bioinspiration

Subterranean
locomotion
mechanism

Submerging

mechanism

Burrow media

©
=
(]
&
©
=

Maximum
burrowing
depth

Maximum
burrowing
speed

Width (W),

TABLE 3 (Continued) Soft burrowing robots organized by bioinspiration. Width and length are body measurements perpendicular and parallel to the movement direction, respectively. Burrowing speed is in the
horizontal (horiz.) or vertical (vert.) direction, being perpendicular or parallel to the direction of gravity, respectively. Length unit of body lengths (bl) is used in maximum burrowing speed and maximum
length (L)

burrowing depth.

Frontiers in Robotics and Al

@ o @
£ g £
P - B
E : E
£ 5 =
S S S
— — =
< < <
= = 25
g
o0 .=
gE
2 2 £ 5
7] 2} °
= = = o
g ] 5
2 % k2
2 4 z &
) 3] < 4
A ~ 2 g
L
a9
g
= -
=] =
L L
3 g
=
2 2 ]
= = =]
a. a. §
—_
3 =
El El
] =
- -
k=1
1) =]
fso] 1z
< S
E = g
o 3 g
F=] &3 =
@ L
2 2
=)
L
g = o}
= 2 2
o I ]
L 5 B
b 2 5
s = £
© 8 =
& st g
1) E} =}
S & =
—
v
EE | g3 £z
£ g ~
n 2 = S I
a o v oS Q°
< N ~
f=) -
v T 2 9 » =
E2 | ES R
EZ | Ex E 2
© = F ) =
5 B Q ® 2
? SIS S =
T3 S8 2
S) = <
(=]
EE| §E ga
E & E & =
n o o R
o lTeY — o non
[ ([ n e
I I I
. z o z
Sl e |2
T T = it
£a &2 5
223 &g g
s ° S g <
=it k= B
T3 7 5 R
£ g g = =
g < a2 = =
I} S Z
z = z < o
= z ~ s~
< 3 S 89 Z 9
55 52 I:Z
a2 a2 s

11

10.3389/frobt.2025.1525186

(see Section 2.2.1) and implemented in several robotic adaptations.
A worm-inspired robot pneumatically expands and contracts the
front and back of its body, similar to a razor clam (Ortiz et al., 2019).
Another soft robot has passively-actuated anisotropic structures
located on the front and back sections of the robot (Drotman et al.,
2022). By lengthening and shortening the robots body, two-anchor
locomotion is achieved with the setae-inspired structures. The two-
anchor strategy has also been used in other non-burrowing worm-
inspired robots, commonly pneumatically actuated, for locomotion
in pipes or preexisting tubular burrows, using suction cups
(Zhang et al., 2021), skin-textured and high-friction expanding
anchors (Jiang and Pei, 2021; Liu et al., 2019; Zarrouk et al., 2012),
and plain expanding anchors (Connolly et al., 2015; Calderon et al.,
2016; Liu et al., 2022; Zhang et al., 2019).

Other razor-clam-inspired robots use methods resembling two-
anchor locomotion. To return to the surface, one soft robot uses a
pneumatically-actuated silicone tube wrapped with strain-limiting
threads to elongate and shorten its body, relying on the pressure
gradient of the granular environment to lift the robot upwards
(Tao et al,, 2020; Tao et al., 2019). A rigid razor-clam-inspired robot
features only a single terminal anchor actuated by a pneumatic
piston, which quickly actuates to take advantage of the fluidized
granular environment (Winter et al., 2014).

3.2.2 Peristalsis

Peristalsis, inspired by earthworms, is another approach to
subterranean locomotion. Soft robots typically consist of two
or more radially and axially expanding pneumatic components
connected in series, enabling them to grip tunnel walls (Das et al.,
20205 Isaka et al., 2019). Alternatively, motors (Omori et al., 2009)
or shape memory alloy actuators (Niiyama et al., 2022) can be
used to expand and contract segmented chambers. By activating
these actuators in a wave-like pattern, the robots propel themselves
forward, pulling their trailing ends behind.

3.2.3 Undulation

Like peristalsis, undulating robots are created in segments to
move in a wave-like manner, either with rigid links (Maladen et al.,
2011a) or flexible chambers (Qi et al., 2020; Ozkan-Aydin et al.,
2021b). A sandfish-skink-inspired robot undulates with seven rigid
segments actuated by motors, with a wedge-shaped head to prevent
resurfacing during horizontal locomotion (Maladen et al., 2011c).
Pneumatic segments comprise tube-traveling worm-inspired robots
that can bend and turn within tube networks (Qi et al., 2020; Ozkan-
Aydin et al., 2021b). Although these robots are not demonstrated
to burrow, the undulation mechanisms have the potential to be
successful in creating underground tunnels.

Undulation is another method for submerging, focusing on
lifting and moving soil to create pockets for movement, rather
than forcing the robot into the soil. This approach was studied
in a robotic flatfish model, where higher undulation frequencies
enhanced burrowing ability (McKee et al., 2016). The undulating
silicone model generated turbulence, displacing loose sand to clear
space around the body. Similarly, a snake-inspired robot mimics
the burrowing behavior of Saharan sand vipers, undulating to move
granular media and sink into it (Even et al., 2023). While sand vipers
use undulation to cover their bodies, the robotic version burrows
deeper into the environment.
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3.2.4 Tip extension

Tip extension, inspired by plant root growth, is a strategy closely
related to head probing. In this case, rather than forcing an intruder
into the soil, the intruder tip grows into the soil while the remainder
of the robot is fixed. Since the bulk of the robot remains stationary,
the vast majority of drag forces are eliminated.

“Vine robots,” a popular class of tip extension robots, involve
everting an internal sleeve of material into the burrow media
(Hawkes et al., 2017; Naclerio et al., 2021; Sadeghi et al., 2013;
Coad et al., 2019). This is typically achieved by inflating an inverted
plastic sheath from a stationary base holding the power sources and
spool of material. The burrow path can be passively controlled by
pre-forming the sleeve or actively controlled with tendons pulling
at the tip (Naclerio et al, 2021; Coad et al, 2019). Vine robots
can also feature burrowing tools, such as rotating cutterheads to
clear the burrow ahead (Han et al., 2024). Traditionally, these
robots are limited to a predefined distance based on the spool
length, though an untethered version has shown promise for
burrowing independently, using motorized rollers to evert a toroidal
plastic body (Eken et al., 2023).

In another example, a robot grows by 3D printing its body
along the way. A small 3D-printing head rides on the robot’s tip
and continuously extrudes a shell behind it, as long as filament is
fed through the robot body (Sadeghi et al., 2017; Del Dottore et al.,
2024). To control the direction of the robot, the printing head can be
tilted, depositing material unevenly and turning the front tip of the
robot. Similar to vine robots, the travel distance of printing robots is
limited to the amount of filament they have access to.

Also inspired from plant roots, circumnutation has been utilized
and studied in robotic systems, lowering required penetration
energy in granular media (Del Dottore et al., 2016; Del Dottore et al.,
2017) and increasing locomotion success of worm-inspired robots
in obstacle-filled environments (Ozkan-Aydin et al., 2019; Even and
Ozkan-Aydin, 2023).

3.2.5 Swimming

Swimming robots scoop and pull granular media behind
them, similar to swimming breaststroke in water (Russell, 2011b;
Chopra et al, 2021; Li et al, 2021). Robots typically use
asymmetrically flexible appendages, such that they are rigid during
the power portion of the stroke, propelling the robot forward,
and can easily be brought forward through the soil with lower
drag during the recovery portion of the stroke. In practice, these
anisotropic appendages have been constructed using a single paddle
(Russell, 2011b), a chain of rigid links (Chopra et al., 2021), or a
combination of segments attached to a continuous sheet (Li et al.,
2021), all designed to straighten and propel the robot forward while
passively bending during the recovery stroke.

3.2.6 Rotating mechanisms

Moving beyond bioinspiration, robots can take advantage of
infinitely-rotating joints, which do not exist in biological organisms.
One robot uses a soft, pneumatically driven tube that extends and
contracts with a rotating cone at its tip (Tang et al., 2024). Some
robots feature links of auger segments, which allow the robot body
to bend while retaining its drilling capability (Nagai et al., 2017;
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Fujiwara et al., 2018). Aside from drilling mechanisms, bacteria-
inspired robots have been shown to continuously rotate flagella-like
limbs to locomote through water beads (Du et al., 2022).

3.2.7 Mouth excavation

Like biological burrowers, some robotic burrowers also excavate
media out of their burrows. One vine robot scrapes sand with dual
rotating cutterheads, sprays water into the sand, then suctions the
material out of the tunnel (Han et al., 2024). This vine robot has many
components located on an off-board base, including the pump used
for vacuuming. Another excavating example is an earthworm-inspired
robot with a soft, pneumatic outer skin around a rigid internal auger,
which takes in burrow media through the front and expels it from the
rear when burrowing downward in underwater soil (Isaka etal., 2019).
Three segments of outer chambers take turns expanding and moving
forward, mimicking peristaltic motion to move the robot down while
drilling. As the drilled soil can simply be relocated behind the robot,
there is a reduced need to push and compact the soil against the
tunnel walls to open a gap.

3.3 Auxiliary mechanisms for drag
manipulation

Burrowing robots can be designed with mechanisms or features to
manipulate frictional forces between the robot and granular media. In
some cases, increased friction is useful for anchoring the main robot
body, while reduced friction cuts down on drag. Below, we discuss
drag manipulation approaches utilized in recent robotics literature.

3.3.1 Fluidization

As with burrowing organisms, fluidization involves suspending
solid particles in a fluid to form a fluid-like material that reduces
drag forces against the surface of the robot during burrowing. One
approach to achieving fluidization is by injecting fluid into granular
media, as demonstrated by a vine-inspired robot that jets air into
dry sand (Naclerio et al., 2021). This study also showed that higher
fluidization rates correlate with reduced drag. However, jetting fluid
may not be feasible for all robots, as it requires large pumps or
fluid reservoirs. In contrast, a razor-clam-inspired robot anchors
itself into the environment by expanding its body and then rapidly
contracts to create a surrounding volume of fluidized media, thereby
lowering the forces required for burrowing (Winter et al., 2014).
Additionally, mechanical vibrations have been shown to reduce
penetration forces in granular media, though they have not yet been
implemented in robotic platforms (Darbois Texier et al., 2017).

3.3.2 Skin-texturing features

As discussed in Section 2.3.2, the small hair-like structures
on animal skin create surfaces with varying friction, which are
advantageous for both anchoring in granular media and facilitating
sliding for locomotion. A root-inspired vine robot has small spikes
of thermal glue on its textile skin to help the everting body grip
the environment (Sadeghi et al., 2013). An earthworm-inspired
pneumatic robot has sheaths of kirigami skins on both ends of its
body, which actuate when the ends inflate for anchoring and retract
when the ends deflate for locomotion (Liu et al.,, 2019). Another
worm-inspired pneumatic robot has passive setae-inspired features
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that are anisotropic depending on movement direction, acting as
anchors for two-anchor locomotion (Drotman et al., 2022). The setae
sit against the robot body when moving forward in a low-drag state,
but when the robot is pushed back, the setae open up to prevent
backward movement. Rigid aluminum plates are also used as setae-
inspired features on an earthworm-inspired robot (Isaka et al., 2019).
Similarly, another earthworm-inspired robot has static bristle-like
features that have a wedge shape to allow easier movement in
the forward direction and higher drag in the backward direction
(Niiyama et al., 2022). On a larger scale, origami appendages on
a reciprocating burrowing robot also provide anisotropic forces
during subterranean locomotion (Kim et al., 2023).

3.3.3 Body shape

The geometry of the head, fins, or other appendages on a
burrowing robot plays a significant role in its ability to move
through soil or other granular materials. By designing these features
with specific shapes, friction can be minimized, enhancing the
robot’s burrowing performance in both vertical and horizontal
locomotion. For vertical penetration, less blunt intrusion tips reduce
the forces required for burrowing (Zaidi and Miiller, 2017; Ye
and Zhang, 2023). For horizontal locomotion, wedge-shaped heads
(Naclerio et al., 2021; Maladen et al.,, 2011c) reduce drag and lift
forces (Ding et al., 2011). As robots move forward in the horizontal
plane, an angled head assists in pushing the robot downward to avoid
resurfacing. Angled control surfaces have also been added to wedge-
shaped heads to increase surface area and counteract net lift forces
acting on the robot (Chopra et al., 2023; Drotman et al., 2022).

4 Grand challenges

It is evident that robots do not match the burrowing
Unlike their biological
counterparts, robots often fail to employ effective submerging

performance of natural organisms.

methods and face other limitations, as illustrated in Figure 5. Due
to their larger size and heavier components, robots experience
significantly greater forces during burrowing and locomotion. This
increased scale and mass amplify resistance from surrounding
substrates, requiring more force to penetrate, displace, or move
through dense media. Consequently, robots exhibit lower gait
efficiency, typically quantified by the Cost of Transport (CoT)
metric: CoT = P/mgv, where P is power consumed, m is the robot’s
mass, g is gravitational acceleration, and v is the robot’s velocity.
In this section, we highlight and examine the grand challenges in
developing efficient, soft burrowing robots, as illustrated in Figure 6.

4.1 Effective submerging mechanisms

We must address the challenge of developing autonomous
submerging mechanisms for soft robots to eliminate the
need for manual placement or external intervention, as
discussed in Section 3.1.1. While manual placement or launching
mounts may be sufficient for some applications, those requiring
above-surface locomotion or full autonomy must address the

submersion problem.
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Many soft burrowing robots, inspired by organisms that
use probing to submerge, feature conical or tip-like geometries
optimized for penetration (see Section 3.3.3). However, these robots
often lack the ability to orient themselves from a horizontal above-
ground position to an angled or vertical position necessary for
ground penetration. For vine robots, directional control methods
used underground—such as preformed paths or tendon-driven
guidance—can also be applied to direct the robot downward into
the substrate (Naclerio et al., 2021; Coad et al., 2019). Similarly,
soft worm- and bivalve-inspired robots can utilize multi-chamber
pneumatic structures, commonly employed in undulating robots,
to articulate and aim their soft bodies (see Section 3.2.3). Robots
with rigid bodies, which are unable to penetrate the ground directly
(Chopra et al., 2021), could incorporate deployable launching arms
designed specifically for submersion tasks. For instance, a linkage
arm that deploys from beneath the robot to angle it downward could
function similarly to the deployable landing legs used on reusable
rocket boosters (SpaceX, 2021).

Additionally, soft robotic systems can draw inspiration from
biological submersion methods, as illustrated in Figure 5. One
promising approach, crack propagation, has been theoretically
explored but not yet implemented on physical robots (Lathrop and
Paley, 2021). The primary challenge lies in creating soft, crack-
expanding mechanisms that are small enough to enter soil cracks or
identifying crackslarge enough to accommodate existing mechanisms.
For soft worm-inspired robots, the disparity between their size and
the tiny micro-cracks present in soil poses significant barriers to
effective submersion (Das et al., 2023; Liu J. et al., 2023). Developing
small, robust soft penetration mechanisms would mark a significant
advancement in self-submerging soft burrowing robotics, bridging the
size mismatch between robots and natural soil cracks.

4.2 Drag manipulation strategies

Burrowing robots must manage the balance between high
drag for anchoring and low drag for efficient forward movement
in granular media. While robots have successfully employed
bioinspired friction manipulation techniques (see Section 3.3.2),
there is still room for improvement to enhance burrowing efficiency.
The following sections explore various methods for friction
manipulation to address this challenge.

4.2.1 High-friction and anchoring mechanisms
Robust anchoring mechanisms are essential for soft robots
to prevent backward motion during submerging and locomotion
gaits in granular media. For untethered systems or those without
access to environmental fluids, robots can utilize enclosed body
fluids to grow body sections for anchoring, similar to the
mechanism used by razor clams (Trueman, 1967). Traditional
pumps can facilitate fluid relocation, but an alternative approach
involves fully soft microfluidic systems that use chemical reactions
to control flow (Wehner et al, 2016). For soft ballooning
anchors, reinforcement is crucial to prevent rupturing under
high pressures, a risk that increases at greater depths due to
the need for higher internal pressure to maintain performance
(Shepherd et al., 2013). Additionally, puncture resistance is vital
in granular media containing sharp edges or when interacting
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FIGURE 6
Summary of the discussed grand challenges soft burrowing robots

face in granular media. In this illustration, the robots are in an
environment with cohesionless granular media, but the represented
challenges apply for cohesive media as well.

with rigid robot components. Soft anchoring mechanisms must
be designed to resist punctures and tears while maintaining
sufficient stiffness to withstand high external pressures at depth
2014). Materials with these
properties are key, and incorporating strain-limiting threads can

without failure (Martinez et al,
provide structural support to soft anchors.

Anisotropic skin features used by robots often take the form
of large appendages or scales rather than fine skin textures. Their
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size necessitates significant movement and deformation to fully
splay out and anchor, leading to larger backward displacements
and reduced net-forward progress. Moreover, large gaps between
these features and the robot body can become filled with granular
media, diminishing their anisotropic effectiveness. A promising
alternative is the use of smaller skin features, similar in scale to
fingerprints or gecko spatulae (Autumn and Peattie, 2002), which
require less actuation for effective anisotropic behavior. However,
these features must be larger than the voids in the granular media to
ensure effective anchoring. High-friction materials can also enhance
anchoring but may hinder movement during the gait cycle if used
on parts that require mobility. Shape-changing surfaces present
another innovative solution, enabling spiked features to splay out
as the surface curves (Sun et al., 2020; Wang and Chortos, 2024).
Such surfaces are particularly effective for anchoring, as inflating a
body segment with splayed spikes can significantly reduce backward
movement and improve overall performance.

4.2.2 Drag reduction and fluidization
mechanisms

Mitigating drag forces is a critical challenge for improving the
efficiency and reducing the energy consumption of soft burrowing
robots in granular media. Fluidization through jetting fluid is a proven
technique for reducing drag (see Section 3.3.1), butit typically requires
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a tether to external pumps and reservoirs. Developing a tetherless
design poses significant challenges, including the need for compact,
high-powered pumps and a mechanism to extract and store fluid from
the environment for jetting purposes.

An alternative to fluid jetting is vibration, which necessitates a
rigid interface between the robot and its environment since a soft
body naturally dampens vibrations. Implementing vibration in a soft
burrowing robot would require a method for dynamically adjusting
the robot’s stiffness, such as pneumatically actuated variable stiffness
systems (Baines et al., 2023; Fitzgerald et al., 2020). Additionally,
robots can exploit environmental conditions and their own natural
movements to induce a fluid-like state in the soil, similar to the
locomotion strategies of sandfish lizards (Maladen et al., 2009).
Exploring fluidization methods that do not rely on fluid jetting could
reduce tethering requirements and lower power demands, paving
the way for smaller and more efficient burrowing robots.

Finally, the environmental impact of fluidization techniques
must be carefully considered, particularly in fragile ecosystems.
Sustainable and eco-friendly fluidization methods are essential
to minimize ecological disruption and ensure compatibility with
diverse environments.

4.3 Burrowing gait optimization

Burrowing robots, like biological systems, must adaptively
optimize their gaits to the depth and material properties of the
substrates they encounter. Such adaptability is exemplified by razor
clams, which increase the period of their two-anchor locomotion
at greater depths to achieve deeper penetration (Trueman, 1967),
and by plant roots, which use circumnutation behavior to navigate
obstacles and reduce burrowing energy expenditure. Key features
of burrowing gaits, such as period, frequency, and characteristic
motions, must dynamically adjust to the soil conditions.

Simulations using resistive force theory and the discrete
element method offer drag force approximations that inform
planned burrowing gaits based on granular media properties (Hosoi
and Goldman, 2015). However, the underground environment
is inherently unpredictable, with conditions constantly shifting.
This unpredictability highlights the potential of data-driven
techniques to outperform predefined gaits. Recent advances in
machine learning demonstrate the ability to dynamically optimize
burrowing strategies in complex, variable environments. For
instance, a study on a snake-like burrowing robot employed
a novel deep-learning architecture to refine self-burrowing
strategies, outperforming traditional methods and successfully
navigating granular media (Even et al., 2023). These findings
underscore the promise of data-driven approaches in enabling
robots to autonomously adapt their gaits to environmental
changes, thereby enhancing their subterranean performance
in real time.

4.4 Sensor development and integration

Burrowing robots must integrate real-time sensing to

navigate the challenges of dynamic underground environments,
characterized by variable soil properties and limited visibility. In the
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absence of visual cues, inertial measurement units (IMUs) can track
position, orientation, and motion relative to gravity, though they
often struggle with noise-induced position errors. Tactile sensors
are also critical for detecting soil compaction changes or obstacles,
such as rocks or roots, by measuring environmental forces on
the robot’s limbs, enabling adjustments to avoid becoming stuck
(Yuan et al,, 2017). Additionally, soil moisture measurement is key
for predicting soil behavior. A recent study employed resistivity,
humidity, and optical reflectance sensors to monitor moisture
levels, informing real-time adjustments to burrowing strategies and
improving efficiency and resilience (Del Dottore et al., 2023).

While advancements in soft, flexible, and stretchable sensors
show promise, most available sensors remain rigid, potentially
limiting flexibility in soft robot designs (LiuE. et al, 2023).
Recent progress in hybrid and stretchable circuits offers solutions
for integrating sensors into soft robots (Valentine et al., 2017;
Liu et al,, 2021; Woodman et al., 2024). However, sensors also
increase power demands, presenting an additional challenge for
energy-constrained systems.

4.5 Untethering soft burrowing robots

A significant challenge for burrowing robots, and robots in
general, is transitioning from tethered systems to fully autonomous
operation while maintaining reliable power and performance in
underground environments. Tethers offer advantages in high-
stakes scenarios, such as search-and-rescue missions, where they
provide a dependable power source and enable remote control
(Murphy, 2004). However, for applications like environmental or
habitat monitoring, tethers can be disruptive, potentially damaging
ecosystems or scaring away animals. Additionally, tethers introduce
drawbacks such as increased drag and load as the robot penetrates
deeper into granular media (Ambaye et al., 2024; Su et al,
2022), risks of entanglement, and reduced maneuverability.
These hinder the of tethered soft
burrowing robots to effectively navigate complex underground

limitations ability
environments.

The development of tetherless, autonomous soft burrowing
robots is essential to overcoming these constraints. One approach
involves integrating onboard power and locomotion systems, such
as pneumatic mechanisms. However, existing pumping technologies
face a tradeoff between size and power output. Similarly, for
battery-powered solutions, there is a tradeoff between battery size,
operational duration, and drag. Larger batteries extend operational
time but also increase the robots load and drag, complicating
movement through dense media.

Energy harvesting technologies are also being explored to
enhance operational efficiency and reduce reliance on stored
energy. Piezoelectric systems, for example, generate electricity
from mechanical pressure (Lu et al, 2023), which could be
leveraged as burrowing robots encounter increasing pressure
with depth (Terzaghi et al., 1996). Thermoelectric generators,
which convert temperature gradients into electricity (Yang et al.,
2021), could similarly harness environmental energy in areas
with temperature variation. These innovations hold promise for
enabling robots to supplement their energy needs directly from
their surroundings.
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4.6 Other considerations

Roboticists face numerous challenges, including advancements
in batteries, actuators, soft materials, and sensor fusion (Du et al.,
2022). For burrowing robots, two additional challenges stand out:
granular media failure and subterranean visualization.

Preventing granular media collapse is essential for smoother and
more efficient burrowing. One unexplored approach is adding liquid
to the environment to create cohesive media that can be compacted,
mimicking the strategy used by earthworms. Another method is
bracing the burrow walls, as demonstrated by vine robots that grow
via tip extension (Coad et al., 2019). Exploring alternative bracing
strategies beyond tip growth could further enhance stability and
efficiency.

Subterranean visualization of a robot is critical for understanding
and predicting burrowing robot behavior. Conventional techniques,
such as ground-penetrating radar (Wickramanayake et al., 2022), x-
ray imaging (Maladen et al., 2011), and acoustic tracking (Zhang et al.,
2022), have provided valuable insights into the interactions between
robots and granular materials. For instance, one study employed
magnetic field strength as a proxy for depth in a snake-inspired robot,
offering a practical and efficient solution (Even etal.,2023). While these
methods are highly effective in controlled laboratory settings, they
face significant challenges, including high costs, complex integration
with robotic systems, and substantial power demands. Additionally,
the size and weight of the required equipment often make them
impractical for real-world applications, where portability and ease
of deployment are important.

5 Conclusion

This review highlights the diverse mechanisms employed
by biological organisms to effectively submerge and navigate
within granular media. From small insects to larger burrowers,
animals demonstrate efficient strategies across various scales and
environments, offering valuable inspiration for robotic burrowing.
Current bioinspired robotic systems have made strides in mimicking
these biological movements but often lag in efficiency, largely due
to the challenges of miniaturizing robots with the necessary power
and dexterity. Specifically, limitations in submersion techniques
and difficulties in maintaining effective locomotion within dense
substrates restrict the practicality of soft robotic burrowers.

To address these gaps, we recommend standardized metrics for
evaluating burrowing robots, such as maximum burrowing speed
and energy costs (e.g., CoT), as well as measurements specific to
vertical and horizontal locomotion depths. Drawing on the partial or
complete reliance on soft body compositions in natural burrowers,
we hypothesize that softness plays a critical role in enabling
more efficient and effective burrowing. For instance, soft-bodied
burrowers may be better equipped to navigate complex or shifting
substrates. However, validating this hypothesis requires a direct
comparison between rigid and soft robots. Developing standardized
evaluation metrics will be essential to assess the performance of soft
versus rigid robotic burrowers under comparable conditions and to
quantify the true benefits of softness in burrowing efficiency.

Closing the gap between natural and robotic burrowers will
support the development of efficient, minimally invasive robots for
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environmental and extraterrestrial exploration. We hope this review
encourages advancements that bring soft burrowing robotics closer
to the adaptability and efficiency displayed by natural burrowers.
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