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Abstract— Vertical digging into and out of granular media
is a challenging task for autonomous systems. Granular media
present considerable resistance to vertical penetration due to
the high friction forces and large pressure at depths. In this
paper, we present a soft robot that is capable of digging into
and out of granular media to depths over 10× its body length.
Our robot incorporates a vibration motor to locally fluidize the
granular media for burrowing, and a soft pneumatic actuator to
adjust the volume and hence the density of the robot, allowing
it to transition from digging down to digging up. To analyze the
performance of the robot, we measure its weight and density,
track its location using a motion capture system, and investigate
the effect of local fluidization. When the robot is buried and
inflated with vibration turned off, it can increase its passive
anchoring force by 5.22× (up to 35 N) relative to when the
robot is deflated with vibration on. By contrast, by inflating
the soft pneumatic bladder and providing vibration the robot
is able to actively unburrow.
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I. INTRODUCTION

Digging in resistive media such as granular materials and
mud has presented a significant challenge to the field of
robotics in recent decades. Achieving depths of even 10 cm
proves difficult for most robots [1], [2]. Considering the ratio
of digging depth to body height, some state-of-the-art robotic
or digging devices are capable of digging up to 1000 mm or
a ratio of depth to body height of up to 3× [3].

The Scallop Theorem, which states that reciprocal move-
ment in resistive media like sand does not produce net
displacement [4], has prompted researchers to develop robots
that break this symmetry for effective locomotion [5], which
can be done by adjusting the robot’s shape during a burrow-
ing cycle. For example, Li et al [6] developed an origami-
inspired fin with single-sided joint limit using one-shot 3D
printing. In a full sweeping cycle, asymmetric deformation
occurs generating forward motion. Similarly, Chopra et al
[7] utilized joint limits on flexible appendages to bias the
drag force on the arm towards forward locomotion. Although
a majority of these robots focus on horizontal locomotion,
such as swimming and crawling, the underlying principles
can be applied to vertical motion. Besides these passive, pre-
programmed shape deformations, Tao et al [8] introduced a
razor calm inspired self-unburrowing robot that can actively
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tune its shape during digging/unburrowing cycle. Asymmet-
ric geometry for digging, such as screw or auger inspired
digging devices have also been demonstrated [9], [10].

Local fluidization of granular material [11] offers another
approach to burrowing by reducing drag and resistance
within the surrounding media. Researchers have developed
various robots employing this principle for vertical digging,
forward everting, and other locomotion strategies [12]. A
common method for achieving local fluidization involves
ejecting fluid (water or air) into the granular media (GM).
Naclerio et al [13], [14] integrated air ejection device at the
tip of an underground growing vine robot which significantly
reduces the drag in underground locomotion. Similarly, water
jetting in granular media can also reduce the resistance for
vertical intrusion [15].

Another less explored approach in robotics research in-
volves using vibration for local fluidization [16], [17]. While
vibration has shown promise for surface granular media
tank fluidization [18], surface locomotion [19], and reducing
penetration resistance [20], its application in minimizing
drag and friction for robotics digging/unburrowing remains
relatively unexplored.

Recent research has demonstrated that Archimedes’ prin-
ciple can be extended to describe the penetration of solid ob-
jects into granular media [21]. Archimedes’ principle states
that an object submerged in a fluid experiences an upward
buoyant force equal to the weight of the fluid displaced.
A related phenomenon, known as granular convection or
the Brazil nut effect, describes how larger particles within
a vibrated or shaken granular bed tend to rise to the
surface. This upward movement is a result of fluidization,
where the granular material behaves like a fluid. However,
Shinbrot suggested that, with a larger intruder in globally
air-fluidized granular media, a “Reverse Brazil Nut Effect”
occurs, meaning that the object sink to the bottom instead of
floating under ideal condition [22]. While robot vibration has
been used to generate locomotion on the surface of granular
material [19], to the best of our knowledge, a physical robotic
prototype utilizing this principle for vertical locomotion in
granular media has not yet been developed. These concepts
lead to a promising avenue: by fluidizing granular media and
controlling the density and/or shape of a robotic device as
illustrated in Fig. 1(a), can we achieve digging with modulate
between high and low density profiles for burrowing and
unburrowing with the same robot?

To develop a self-propelling robot capable of burrowing
and unburrowing using vibratory fluidization, we sought to
use local vibration and volume change as complementary



Fig. 1: (a) illustrates concept for burrowing, anchoring and unburrowing leveraging vibration-based fluidization and volume change. We
indicate the vibration by color, where blue means the vibration is off and red stands for vibration engaged. (a2): During the burial process,
the robot vibrates, which fluidizes the surrounding sand and allows the robot to sink into the sand. (a3): The robot then anchors (increases
the force required to remove it from the sand) by inflating its body and displacing the sand locally (indicated by the transparent green
circle and black lines). (a4): Finally, the inflated robot unburrows by locally fluidizing the sand with vibration, since the average density
of the robot at this point is less than that of sand, the robot “floats” to the surface when the sand is fluidized. (b) details the robot’s design,
including manufacturing and assembly processes. (c) compares the robot prototype in deflated and inflated states, with height relative to
a 25.4 mm diameter quarter dollar coin (1 inch).

control inputs. Controlling the density or volume of a body,
whether a biological organism or a robotic vessel, in fluids
like water can be achieved through mechanisms such as inter-
nal bladders such as swim bladder in fishes or by adjusting
the overall body volume. This robot utilizes vibration for
local fluidization to achieve both digging and unburrowing
in granular media.

Inspired by these principles, we introduce a robotic proto-
type with adjustable volume/density using a soft pneumatic
pouch actuator. This prototype utilizes vibration-induced
local fluidization to enable downward digging, effectively
reducing drag forces within the granular media. The robot
is equipped with soft pneumatic actuators for volume ad-
justment, facilitating unburrowing. The remainder of this
paper is organized as follows: Sec. II formalizes the design
inspiration, introduces the robot design, and details its phys-
ical implementation. We also present the experimental setup
for measuring various parameters of the prototype robot,
including: volume/density, and locomotion distance/speed. In
Sec. III, we conduct locomotion experiments to measure the
distance traversed during digging and unburrowing cycles,
demonstrating that volume tuning must be combined with
local fluidization for effective unburrowing. Finally, Sec. IV
concludes the paper and outlines future work.

II. MATERIALS AND METHODS

A. Locomotion strategy inspiration

Our locomotion strategy is formulated around the assump-
tion that the robot will remain stationary within granular

media (GM) until it is locally fluidized by either vibration or
body expansion, which can enable either digging or unbur-
rowing respectively as illustrated in Fig. 1(a). With vibration,
the robot locally fluidizes the granular media, creating a low-
density zone where ρR > ρGM , allowing sinking. Inflating
the robot, indicated by the green circle around the robot,
increases its volume and decreases its density so that ρ

′
R <

ρGM . With fluidization, the robot in this low-density state
unburrows due to buoyancy.

B. Robot design

We designed a simple, minimally viable prototype robot
capable of fluidization and changing its volume. A vibration
motor 1 served as the vibration source and was attached to a
custom 3D-printed case. Four fins, as shown in Fig. 1(b)
equally spaced around the robot body, were incorporated
to prevent spinning by providing anchoring points within
the granular media and extend the vibration’s influence to a
larger volume, facilitating local fluidization . The motor wires
were routed through the center of the case to an external
power supply.

To enable density tuning, pneumatic pouch bladders with
side air inlets were mounted to the fins using fasteners. Each
bladder was fabricated by heat-sealing two Thermoplastic
polyurethane (TPU) films with a non-sticky Mylar layer
sandwiched between them, creating seams along the sides,
as illustrated in Fig. 1(b). Fig. 1(c) compares the assembled
robot prototype in its deflated and inflated states to a 25.4
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mm (1 inch) coin and table I provides the final dimensions
of the robot design.

Parameter Value Unit
Height 30 mm
Width 30 mm
Weight 26.8 g
Power 3 W

Pneumatic actuator number 2-4
Deflated state density 1.576 g/cm3

Granular media density 1.568 g/cm3

TABLE I: Robot dimension and parameter

C. Density measurement

We selected glass beads2 (average diameter: 0.25 mm) as
the granular media in our current setup, with a measured
density of 1.568 g/cm3 and prepared in a loosely packed
state [23]. We then measured the density of the robot by
placing the robot in water and measuring the change in water
level, we obtained an average density of 1.576 g/cm3 for the
deflated robot (based on 3 measurements). With any inflation
for the soft pouch actuator, the robot density will decreased
under the sand density. We did not measure the density of
the inflated robot since the expansion pressure can lead to
complex deformations and the actual volume of the deployed
pouch is not controlled.

D. Robot control and digging height measurement experi-
mental setup

The vibration motor in the robot was controlled using a
DC power supply, while the tubing from the bladders is
connected and routed to a digital pressure regulator. During
the burrowing process, the robot is positioned vertically
in the center of the media container, and then digging is
initiated.

Fig. 2 presents the granular media container used in
our experiments. To ensure repeatability, we employed an
air fluidization bed to prepare the dry sand. Before each
experiment, an air blower fluidized the sand through a porous
plate at the bottom of the container, initializing the sand to
a consistent packing ratio. In these experiments, the total
height of the sand was 300 mm. A custom T-slot system
mounted to the bed facilitated the attachment of pulleys,
through which a tendon (soft fishing line) was routed. The
robot was attached to one end of the pulley, while a reflective
marker was attached to the other end, as shown in Fig. 2(a).
Another marker was installed at the centroid of the right
pulley. By calculating the distance between the two markers,
we determined the distance traveled by the robot.

We utilized a motion capture (MoCap) system3 to track
height changes. The MoCap cameras were mounted on the
ceiling of our lab space and are therefore not shown in Fig.
2.

2BALLOTINI Blast Media: Glass Beads, 50 to 70 Mesh
3NaturalPoint OptiTrack with 4x Prime 13 w cameras

Fig. 2: Digging height/depth measurement experimental setup. (a)
presents the test setup with (b) highlights the depth of the sand.
In (c) and (d), we show the tether for unburrowing and digging
experiments. Raw cables (wires, fishing line and tubing) are braided
together, where tubing is only applied in unburrowing experiments.

III. DIGGING/UNBURROWING EXPERIMENTS

A. Dry sand digging experiments

For digging into the sand, we anticipated that a stream-
lined, dense shape would be the most effective. However, to
later increase the density of the robot, we required additional
volume tuning components such as the TPU pouch actuator.
To analyze the impact of this add-on mechanism on digging
performance, we first measured the sinking/digging speed
of the robot in two configurations: 1) with the vibration
shell, pouches, and tubing, and 2) with the vibration shell
only. Using the setup described in Fig. 2(a), we recorded
the height change of the tracking marker as a measure of
digging distance. The results, presented in Fig. 3, where 0
mm corresponds to the ground plane and negative depths
correspond to downward digging. With the vibration shell
only the robot was able to dig to the bottom (-300 mm) in
an average of 160 s, equivalent to 0.0625 body length per
second (Fig. 3, blue dot dashed line).

The addition of TPU pouches to the robot significantly im-
pacted its digging performance. With TPU pouches attached
to the robot, shown as the solid green line, the digging speed
and height was significantly reduced, requiring 1440 seconds
to travel up to 260 mm at an average digging speed of 0.0056
body-heights-per-second. During the experiments, we placed
the robot so that its top was aligned with the ground plane.
As a result, the total digging distance was the height of the
robot plus the total distance traveled. We thus calculated the
digging depth to be 290 mm and speed of 0.0067 body-
heights-per-second.

We attribute the reduction in the digging speed of the robot
with TPU pouches to the high friction generated between
the TPU material and the small-diameter granular media.
The soft, elastic pouch in the deflated state could have



also behaved like a damper, reducing the vibration power
transmitted from the motor to the granular media. To expedite
the experimental process and allow for focused investigation
of digging and unburrowing behaviors independently, we
investigated digging and unburrowing separately, as detailed
in the following sections.

Fig. 3: Results of experiments measuring the digging rates of the
robot with and without bladder actuator. In this figure, 0 mm
corresponds to the ground plane (i.e., the surface of the sand). The
solid lines represent the average depth versus time, while the shaded
regions represents the 1 STD error bar. We compare the digging
height with and without volume control components. The dashed
horizontal lines represent the final depth of the two experiments,
while the black vertical dotted lines indicate where the robot stop
digging.

B. Dry sand unburrowing experiments

To characterize the unburrowing performance we first
measured the tether-induced friction to determine the ap-
propriate counterweight for these experiments. The robot is
tethered to several sources during burial (i.e., wires, tubing,
and tendons for power and actuation, seen in Fig. 2(c)) and
we wanted to consider how these may affect the unburrowing
capabilities.

Initially, we fluidized the granular media by blowing air
through the bottom of the sand box. During fluidization, the
resistance and friction from the granular media was mini-
mized. We then attached the tether to a metal rod, ensuring
the tendon remained straight, and stopped the fluidization.
This allowed the granular media to solidify and settle,
creating a frictional environment similar to that experienced
during unburrowing. The metal rod was then removed, and a
pulling test was conducted using a force gauge to record the
maximum tension, representing the tether-induced resistance.

The average maximum force measured at 300 mm depth
that the tethers resist during unburrowing was measured
as 0.72 N. To compensate for the additional resistance
encountered during unburrowing, we added a 70 g weight to
the tip of the tendon. This counterweight sought to counter-
act the resisting force due to the friction and resistance

Fig. 4: Tendon friction measurement. We first attached the tendon
with cable in (a) then inserted the rod to the sand while fluidizing
in step (b). After inserting, we removed the metal rod as shown in
(c) then pulled the tendon to record the max friction.

between the tether and granular media and better approxi-
mate unburrowing performance the robot would experience
in a real-world untethered scenario. It is worth noting that
the measured resistance decreased as the tendon was pulled
out of the sand, as less of the tendon was in contact
with the sand, reducing friction. However, we opted to use
the maximum measured force for counterweight. As the
pressure, stress, and granular friction decreased as the robot
approached the surface, providing this initial compensation
confirmed the robot’s ability to unburrow at this depth. The
counterweight is only added for the unburrowing experiments
which required tubing for pouch inflation, unlike the digging
experiments.

During the unburrowing experiments, we manually po-
sitioned the robot at the bottom of the container while
fluidizing the granular media. Similar to the counterweight
selection experiments, we stopped the airflow once the robot
reached the bottom to fix its position. This ensured con-
sistent experimental conditions for reliable measurements.
Subsequently, we inflated the robot and initiated vibration-
assisted unburrowing. A typical experiment is depicted in
Fig. 5. We tracked the marker location to determine the
unburrowing depth, as shown in Fig. 6. A total of three
unburrowing experiments were conducted, with an average
unburrowing time of 2053 s for 300 mm (10 times the
body height), corresponding to an average speed of 0.0049



Fig. 5: Unburrowing experiments. We attached counter weight to
the end of the tendon to compensate the resistance as well as keep
the tendon straight to allow accurate measurement of the position of
the robot. Since the robot was unburrowing upwards, the tracking
marker was then moving towards the ground.

Fig. 6: Recorded height during unburrowing experiments measured
using MoCap system. A total of three trials was performed, with
the horizontal red line indicating the target depth. After 300 mm,
the robot was out of the granular media, pulled by the tendon and
counterweight, resulting in high moving speed.

body-heights-per-second. We observed deviation of the un-
burrowing performance, which we attribute to variation in
the position of the robot at the start of the experiments. We
suspect that the complex interaction between the soft pouch
and the surrounding granular media generated arbitrary initial
shape. Thus the initial conditions varied slightly resulting in
differences in the rates of unburrowing.

C. Effect of vibration during unburrowing cycle

To further investigate the role of vibration in the unburrow-
ing process, we conducted an experiment illustrated in Fig. 7.
Initially, we placed an inflated robot with the counterweight
attached in the granular media, but without activating the
vibration motor. Despite the robot’s density being lower than
that of the surrounding media due to inflation, it remained
stationary, as shown by the solid blue line in the green

regions of Fig. 7. This highlights that volume change alone
is insufficient for unburrowing.

At the 600-second mark, we activated the vibration motor.
The robot immediately began to rise (red areas in Fig. 7),
demonstrating the role of vibration-induced local fluidization
in facilitating upward movement. After 600 seconds of
unburrowing, we deactivated the vibration motor, and the
robot again became stationary. This process was repeated,
and the tracked height is shown for a total of 3000 seconds.
We did not analyze the effect of vibration in the digging
cycle, as without vibration and local fluidization, the robot is
unable to penetrate the granular media and burrowing ceases.

Fig. 7: Unburrowing height change with and without vibration (red
vs. green). We started the robot at the bottom of the sand tank with
the pouch inflated, indicated as the green area. The unburrowing
height of the robot is indicated by the blue line. In the red region,
both inflating and vibration were applied.

D. Anchoring and force measurement

We measured the anchoring force, described by the re-
moval force of the robotics anchors when buried inside the
granular media by recording the maximum force required for
pulling out. Similar to the tether-induced force measurement
in Sec. III-B, we first started the fluidization to minimize
the intrusion resistance and place the robot at the bottom.
We then used a force gauge4 to pull the robot until a peak
tension was recorded and the robot start moving.

We measured the anchoring force in four configurations: 1)
unactuated robot, 2) deflated robot with vibration, 3) inflated
robot without vibration and 4) inflated robot with vibration,
corresponding to each state in the digging and unburrowing
state (Fig. 8). In the deflated state, the robot was able to
provide an anchoring force of up to 23.4 N while with
vibration, the force reduced to 6.7 N. The anchoring force
increased significantly to 35.0 N with the pouches inflated.
In this case we attribute the increase to the high friction
between the TPU soft pouches to granular media as well as
increased contact area and compression. With the vibration
and local fluidization while inflated, the drag reduced again
to 32.3 N.

4Mark-10 Series 3



Fig. 8: Average anchoring force with standard deviation in different
mode

IV. CONCLUSION AND FUTURE WORK

In this paper, we presented a self-burrowing/unburrowing
robot capable of traversing more than 10 times its body
height in granular media using local fluidization and den-
sity tuning. We detailed the design inspiration, mechanism
design, robotic realization, and experimental setup. We mea-
sured key performance metrics, including digging and unbur-
rowing distances, the impact of TPU pouches, and the effect
of vibration. Our results demonstrate the robot’s ability to
burrow and unburrow over 300 mm vertically by utilizing
local fluidization and density tuning, requiring only a single
volume change to switch between digging and unburrowing.

We observed that the soft TPU pouches significantly
impacted digging speed due to friction, which potentially
affected the unburrowing process as well. Consequently, a
primary focus for future work could be reducing this friction.
This includes optimizing the geometry of the pouch, explor-
ing alternative materials with lower drag, and implementing
a volume adjustment mechanism with shape optimized for
reduced drag in granular media. Currently, we use glass
beads of average diameters with air blowing for initialization
to simulate loosely packed sand with a volume fraction of
approximately 0.58, as commonly observed in nature [24].
Wider material selection is also crucial for locomotion in
vario us granular media as well as increasing locomotion
versatility, such as wet underwater sand, fine sand, and
irregular sand, which is one of the major thrust of the future
works.

Although the current robot design was tethered, requiring
cables for power and air supply, we believe it has realistic
potential for untethered operation. This is because the power
consumption of the vibration motor is low (3.4 W). A lithium
battery, such as a 3.7V CR123A battery with a typical
capacity of 1.5Ah, could power the robot for approximately
97.94 minutes. This duration is sufficient for a complete
digging/unburrowing cycle.

Furthermore, in the current design, air was utilized only
for a single volume change, and an external pneumatic
supply is currently employed. Future work could explore
alternative air supply methods, including chemical reactions
(e.g., combustion) [25], [26], phase-change materials (e.g.,

low boiling point fluids) [27], [28], or contained air sources
such as CO2 canisters [29], potentially enabling untethered
operation.

Additional future work includes investigating the scal-
ability of this design, determining the maximum achiev-
able locomotion height, and assessing payload capacity at
each scale. It would be interesting to analyze the effects
of vibration power, fin dimensions, and equivalent density
on digging and unburrowing performance. Such analyses
would be crucial for selecting appropriate battery sizes for
untethered operation. Following the evaluation of scalability,
payload, and locomotion limits, a modular version of this
anchoring soft robot with connectors will enable the creation
of a digging robot swarm for increased system-level payload
capacity.
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