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Abstract—Deformable substrates such as sand and mud
present significant challenges for terrestrial robots due to
complex robot-terrain interactions. Inspired by mudskippers,
amphibious animals that naturally adjust their tail morphology
and movement jointly to navigate such environments, we inves-
tigate how tail design and control can jointly enhance flipper-
driven locomotion on granular media. Using a bio-inspired robot
modeled after the mudskipper, we experimentally compared
locomotion performance between idle and actively oscillating
tail configurations and found that tail oscillation increased
forward speed by 17% while reducing body drag by 46%. Shear
force measurements revealed that this improvement arises from
oscillation-induced fluidization of the substrate, which lowers
resistive forces acting on the body. Additionally, tail morphology
strongly influenced the oscillation strategy: designs with larger
horizontal surface areas leveraged the oscillation-induced re-
duction in shear resistance more effectively by limiting insertion
depth. Based on these findings, we present a design principle
to inform tail action selection based on substrate strength and
tail morphology. Our results offer new insights into tail design
and control for improving robot locomotion on deformable
substrates, with implications for agricultural robotics, search
and rescue, and environmental exploration.

Index Terms—Bio-inspired robots, Granular media, Flipper-
driven locomotion, Robot-ground interactions, Field robotics

I. INTRODUCTION

RECENT advancements in legged robotic systems have

enabled high mobility on a variety of terrains in ur-

ban [1]–[3] and outdoor environments [4]–[6]. Despite these

improvements, highly deformable substrates like sand [7]–

[12] and mud [13]–[15] still present considerable challenges

for legged robots. The ability to traverse these complex

terrains can empower robots to aid in critical tasks such as

search and rescue [16], planetary exploration [17]–[21], and

agricultural applications [14].

To address these challenges, researchers have drawn inspi-

ration from morphology and controls of biological locomo-

tors [22]–[24] that excel in these environments to develop
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Fig. 1. Locomotion challenges on deformable substrates and biologically-
inspired solutions. Deformable substrates can cause catastrophic failures for
vehicles (A) and robots (B), including sinkage, slippage, or even getting
completely stuck. A flipper-driven locomotor, the mudskipper [32] (C), can
utilize its tail to effectively move through sand slopes and muddy terrains
(D).

robots with enhanced mobility on complex terrains [9], [22],

[25]–[28], [28]–[30]. These biologically-inspired designs and

principles have led to robots with improved performance

on challenging terrains. For example, by understanding the

mechanisms that sea turtles use to move on soft sand,

researchers have enabled robots with compliant flipper wrists

that generate thrust by solidifying deformable substrates [31].

Similarly, by understanding how snakes traverse steep sand

slopes, researchers have developed snake robots that adjust

their body-sand contact length to climb inclined sand [28].

In this study, we focus specifically on tail-aided locomo-

tion strategies to improve robot performance on deformable

substrates. Tails are known to play diverse roles in biological

and robotic systems [23], [33]–[37], from stabilizing aerial

maneuvers during jumps and perching [23], [35], to negoti-

ating uneven terrains via compliance and tapping [36], [38],

to generating additional momentum for slope climbing [23].

However, their potential to mitigate fundamental challenges

of locomotion on deformable substrates, particularly sinkage

[7], [9] and slippage [39], remains underexplored.

Mudskippers, amphibious fish that traverse sand and

muddy terrains, provide a compelling biological example
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Fig. 2. Experimental setup. (A) A mudskipper-inspired robot as a physical model to systematically test the effect of tail oscillation on locomotion
performance in granular media. The two front flippers rotate synchronously in the sagittal plane at a constant angular speed, ω, while the tail oscillates
horizontally with amplitude α and frequency f . (B) Two tail actions were tested: idle tail and oscillating tail. (C) Various tail morphologies were tested,
with the tail height, l, kept at 40 mm, and the tail support area (i.e., the projected surface area perpendicular to the penetration direction), A, ranging from
2 cm2 to 24 cm2. (D) Experimental apparatus to assess robot locomotion performance on granular media, with four motion capture cameras tracking the
robot’s forward and backward movements and a lateral video camera recording the tail-terrain interaction.

of tail-enhanced mobility on deformable substrates. They

modulate both tail morphology (rolling from a slender profile

to flattening into a broad paddle) and tail kinematics (rapid

oscillatory strokes versus more static postures) depending on

substrate conditions [33]. This dual adaptation suggests that

tail design and control may simultaneously regulate sinkage

and drag.

Inspired by this behavior, we investigate how tail morphol-

ogy and motion can jointly influence robotic locomotion on

deformable substrates. Using a robot with interchangeable

tails of varying support areas and controllable oscillatory

motions, we perform systematic experiments on granular

media. Our results show that both increased tail area and tail

oscillation motion significantly enhance locomotion speed.

To understand this enhancement, we conducted force mea-

surements of substrate penetration and shear resistance under

different tail configurations. Our results reveal how tail mor-

phology and motion coupling modulates substrate reaction

forces, and leads to principles of tail and control that improve

robot mobility on deformable substrates.

II. MATERIALS AND METHODS

A. Robot design and kinematics

To investigate the effects of tail morphology and movement

on locomotion performance, we developed a flipper-driven

robot (14 × 9 × 4 cm, 135g) modeled after the mudskipper

(Periophthalmus barbarus) [40]. Mudskippers use their two

pectoral fins simultaneously in a crutching motion to propel

themselves forward on land while also flexing its tail against

deformable substrates to generate additional thrust. Their

effective locomotion and tail use have inspired the devel-

opment of flipper-based robots with significantly improved

capabilities on granular slopes [23]. In this study, we utilize

the mudskipper-inspired robot as a robophysics [41] model

to investigate the potential benefits of tail morphology and

oscillation for locomotion on granular media.

To emulate the mudskipper’s pectoral fins, two flipper arms

(60 mm × 40 mm) were 3D-printed from PLA and attached

to the front end of the robot body (Fig. 2A, B). The flippers

rotate synchronously at a constant angular speed ω, actuated

using two Dynamixel XL-330 servo motors. For all trials in

this study, we used a constant frequency of 60 RPM.

A tail is attached to the rear end of the robot and actuated

using an additional Dynamixel XL-330 servo motor, enabling
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two distinct tail motion modes (Fig. 2B): (1) an idle tail,

where the tail remains stationary at α = 0◦ throughout the

trial, and (2) an oscillating tail, where the tail oscillates

horizontally with amplitude α = 60◦ and frequency f = 5

Hz. Both flipper and tail motors are controlled by a micro-

controller (Arduino Uno) mounted on the robot body.

To investigate the effect of tail morphology on locomotion

performance, we designed interchangeable tails with varying

horizontal support areas (Fig. 2C). All tail designs maintain

a consistent vertical height l = 40 mm, while the horizontal

support area, A, ranges from 2 cm2 to 24 cm2 (corresponding

to weights between 8-11g). This design allows systematic

investigation of how tail support area affects substrate inter-

action and locomotion performance.

B. Locomotion experiments

Locomotion experiments were conducted in a 115 cm × 54

cm × 12 cm trackway (Fig. 2D). The substrate consisted of

6 mm spherical plastic particles (Matrix Tactical Systems) as

a model granular medium. The 6 mm particles were chosen

as they behave rheologically similarly to natural sand and

soil [42], [43], while the simpler geometry facilitated sys-

tematic control and preparation of the substrate for laboratory

experiments.

To investigate how the tail affects flipper-driven locomo-

tion performance on granular media, we performed two sets

of locomotion experiments with systematically varied tail

morphologies and motions. The first experiment investigated

the effect of tail oscillation, comparing oscillating tail per-

formance against idle tail as a control. Additionally, inspired

by the mudskipper’s tail-morphing behavior of rotating and

flattening its tail on soft terrain, we investigated the effect

of tail support area by comparing robot speed between a

“vertical” tail (with smaller supporting area) and a “flat” tail

(with larger supporting area). For both experiments, three

trials were performed for each configuration. After each trial,

the terrain surface was reset manually using a scraper.

To capture robot locomotion performance and robot-

substrate interactions, four Optitrack Prime 13W motion

capture cameras were installed above the trackway to monitor

the robot’s position in the world frame (x - fore-aft; y -

lateral; z - vertical) at 120 frames per second. An additional

side-view camera was used to observe the robot’s height and

flipper interactions with the granular medium.

III. RESULTS AND DISCUSSION

A. Effect of tail morphology and motion on robot speed

The robot’s average forward speed, vx, showed a clear

difference between idle and oscillating tail configurations

(Fig. 3). With an oscillating tail, the robot achieved a speed

of 6.9 ± 0.23 cm/s, representing a 17% improvement over

the idle tail condition (5.9 ± 0.18 cm/s).

Interestingly, tail oscillation did not universally improve

robot performance. Speed measurements across different tail

sizes, A, reveal that larger tails (8-24 cm2) benefited most

from oscillation, with gains of η = 6% − 20% compared to

idle-tail oscillating-tail
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Fig. 3. Comparison of average forward speed (vx) of the robot between
idle and oscillating tails. Results are shown for tail size A =16 cm2.
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Fig. 4. Percent improvement in averaged forward speed (η = (vo−vi)/vi)
with an oscillating tail compared to the idle tail, for different tail support
surface areas, A.

idle tails (Fig. 4). In contrast, smaller tail base areas (A <

8 cm2) showed diminishing benefits, with the smallest tail

(A = 2 cm2) even reducing speed under oscillation.

These results demonstrate that the effectiveness of tail os-

cillation depends critically on tail morphology. This coupling

introduces a co-design challenge where both tail shape and

movement must be jointly optimized to enhance mobility.

To uncover the physical mechanism underlying this coupling

and to inform systematic design guidelines, we next analyze

the substrate reaction forces through direct measurements and

modeling.

B. Shear force analysis reveals that tail oscillation enhances

robot speed via sand fluidization

To investigate the mechanism behind the speed improve-

ment from tail oscillation, we measured the horizontal force

exerted on the robot’s body under both idle and oscillating

tail configurations.

To isolate the shear component of resistance relevant to

forward locomotion, the robot was mounted on an actuated

horizontal linear stage (Fig. 5A), and dragged horizontally

through the granular medium at a constant speed of 2 cm/s

and an insertion depth of 1 cm. A force sensor (DYMH-

103) was installed between the robot and the linear stage

to measure shear resistive forces exerted on the body (i.e.,

body drag). Unlike free-running trials, this setup constrained

pitch and roll, enabling direct comparison between idle and

oscillating tails. To further minimize force perturbations

from tail-induced wiggling, the tail (A = 16 cm2) was
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mounted separately at the same distance behind the body

as in locomotion experiments.

Two tail modes were tested: (1) idle, and (2) oscillating at

f = 5 Hz with amplitude α = 60◦. Each mode was repeated

three times. Results showed that after the initial pull of the

linear actuator, the robot body consistently experienced lower

resistive forces with an oscillating tail compared to an idle

tail (Fig. 5B). As shown in Fig. 5C, tail oscillation reduced

the average shear resistive force on the robot body by 46%

relative to the idle condition. This drag reduction provides a

mechanistic explanation for the increase in locomotion speed

observed in free-running experiments: with lower resistance

opposing forward motion, the robot can traverse the granular

medium more efficiently.
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Fig. 5. Shear force experiments. (A) Schematic of the force data collection
setup. The robot body is dragged horizontally through the granular media
over a total distance of 18 cm with a constant velocity of 2 cm/s, at a fixed
insertion depth of 1 cm. The shear resistance force exerted on the robot body,
fx, was measured using a force sensor. (B) Shear resistance force measured
from both the oscillating and idle tail conditions, plotted against the shear
distance, s. (C) Comparison of the averaged shear force, f̄x, between the
idle tail and oscillating tail. f̄x was computed as the averaged shear resistive
force, fx, between s = 2.5 cm and s = 17.5 cm.

This finding aligns with prior studies in granular physics,

which show that mechanical vibrations can fluidize granular

media and reduce resistive forces. For example, controlled

vibrations were found to reduce shear stress in dry sand [44],

[45], and head wiggling decreases drag by up to 45% during

burrowing motion through wet sand [46].

C. Large tail size enhances tail oscillation strategy by re-

ducing sinkage

To understand why oscillation improved performance only

with large tail sizes, we examined side-view videos (Fig. 6A-

D) and tracked robot pose (Fig. 6E-H) for trials with small

(A = 2 cm2) and large (A = 16 cm2) tails.

With the small tail (A = 2 cm2), oscillation induced

noticeably greater body pitch (Fig. 6B, E) compared to idle

tail (Fig. 6A, E). In contrast, with the larger tail (A = 16

cm2), the robot’s pitch angle remained nearly identical be-

tween the two tail configurations (Fig. 6G). Tracking data

further revealed that this increased pitch stemmed from

greater insertion depth of the robot’s rear section. For the

small tail (A = 2 cm2), the rear section sank deeper into the

granular media under tail oscillation (Fig. 6F), whereas with

the larger tail (A = 16 cm2) the insertion depth remained

similar between idle and oscillating tails (Fig. 6H).

These observations suggest a tradeoff between two op-

posing effects of oscillation: (i) fluidization of the substrate

reduces shear strength and drag, but (ii) the softened substrate

also lowers normal support, increasing sinkage. Since resis-

tive force in granular media scales with both the projected

area and insertion depth of the intruder [47], the net effect

depends on tail size. For smaller tails, the increased shear

force on the body due to the increased sinkage outweighs

the reduced shear force from the fluidized sand, diminishing

or even reversing performance gains. In contrast, a larger

tail base provides sufficient vertical support to limit sinkage,

allowing oscillation-driven fluidization to dominate and en-

hance locomotion.

D. Co-design principle: jointly adapting tail morphology and

motion to improve mobility in sand

To test the hypothesized tradeoff and guide the opti-

mization of tail size and oscillation motion, we developed

a physics-based model to quantify the trade-offs between

terrain fluidization-induced drag reduction and sinkage. The

model provides two key capabilities: (1) predicting sinkage

as a function of tail size, to capture the observed effect of

morphology, and (2) predicting body drag under idle and

oscillating conditions, to identify optimal combinations of

tail morphology and motion.

a) Modeling sinkage to capture tail morphology effect:

The model assumes that the penetration resistive force, fz ,

balances the weight of the robot’s rear section, 1

2
mg (dashed

red line in Fig. 7B). This balance yields an estimation of

penetration depth, d, for substrates with a given normal

strength.

To experimentally measure substrate strength, we per-

formed vertical penetration tests (Fig. 7A). Using a linear

actuator (Heechoo), each tail was vertically lowered into the

same granular medium used in locomotion trials to a depth of

4 cm at 2 cm/s. The low speed was chosen because granular

resistive forces are largely rate-independent below impact

speeds of 20–30 cm/s [47]. A force sensor (DYMH-103) was

used to measure the penetration resistive forces exerted on

the tail. To evaluate how different tail sizes affect sinkage

depth, six different base areas were tested, with five trials

per condition.
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ranging from 2 cm2 to 24 cm2. Color represents tail size. The red dashed line
represents the applied penetration force during locomotion, approximated
as half of the robot’s weight. The intersections between the applied load
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markers represent idle and oscillating tails, respectively.

For all trials, the penetration force, fz , increased linearly

with the insertion depth, d (Fig. 7B). This is consistent with

previous granular physics literature [47], [48]. The slope of

force per depth, kz , referred to as the penetration resistance,

captures the normal strength of the deformable terrain in

granular physics [9], [49]. Using the measured values of kz ,

the model estimates the sinkage for each tail size.

The model-predicted sinkage captured the trend observed

from the locomotion trails (Fig. 8A), and explained the

size-dependent effectiveness of the oscillation strategy. As

discussed in Sec. III-B, tail oscillation locally fluidizes the

granular medium, reducing penetration resistance. Notably,

the amount of reduction was comparable for small (A =

2 cm2) and large (A = 16 cm2) tail sizes (Fig. 7C).

Consequently, smaller tails experienced disproportionately

greater sinkage under oscillation (Fig. 8A), diminishing the

locomotion benefits observed in experiments.

b) Modeling body drag to co-optimizing tail morphol-

ogy and action: Using the modeled sinkage, we further

computed the body shear resistance force for oscillating

and idle tails (Fig. 8B, fo

s
and f i

s
, respectively). The shear

resistance force on a segment at insertion depth d scales with

the segment’s projected area and its depth [50]. Thus, the total

shear resistance on a tail can be computed by integrating the

segmental forces [43]. For each tail size, the net change in

body resistive forces arises from two competing effects: the

reduced substrate strength due to localized fluidization, and

the increased insertion depth.

The model prediction shows a monotonic decrease of

oscillation-induced body drag as tail size increases. For small
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tails (A < 8 cm2), the increased insertion depth dominates,

causing oscillation to increase net body resistance (Fig. 8B,

green region). In this case, an idle tail is more beneficial

as it minimizes sinkage. In contrast, for sufficiently large

tails (A > 8 cm2), oscillation reduces body resistance while

maintaining a nearly constant insertion depth (Fig. 8B, orange

region), making the oscillation strategy more advantageous.

Together, these results establish a co-design principle:

effective tail use on deformable terrain requires simultaneous

consideration of morphology and motion. Large, flat tails

provide the penetration support needed to counteract local

fluidization, while oscillation reduces shear resistance and

jointly enables enhanced forward speed. This principle may

also shed light on animal strategies — for instance, why

mudskippers rotate their tails to engage the flattened side

when moving on deformable substrates.

IV. CONCLUSION

This study demonstrates that tail movement and mor-

phology jointly influence robot locomotion performance in

deformable granular substrates. When the tail support area

is sufficient (A ≥ 8 cm2), oscillation locally fluidizes the

medium, reducing body drag by 46% and enabling a 17%

speed increase. In contrast, smaller tails (A < 8 cm2)

increase sinkage and reduce speed, highlighting the need to

optimize tail shape and motion together.

Our key contribution is the establishment of a tail co-

design principle for bio-inspired locomotion on deformable

substrates: oscillation fluidizes the substrate but also pro-

motes sinkage, and only adequate tail size allows the benefits

of oscillation to outweigh the drawbacks. This finding re-

frames tail design as an integrated system problem, showing

how morphology and motion must be optimized in tandem

to enhance locomotion performance.

Our results lay the foundation for future research to explore

additional strategies to improve mobility in challenging de-

formable media, such as tail oscillation frequency modulation

or tail shape modification for more efficient drag reduction

across different deformable terrains. These principles are

crucial for enabling next-generation bio-inspired robots with

the ability to traverse natural, complex terrains such as

sand and mud, and to assist in applications such as disaster

recovery, planetary exploration, and agricultural operations.
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lakis, A.-a. Agha-mohammadi, and G. Nikolakopoulos, “Multimodality
robotic systems: Integrated combined legged-aerial mobility for sub-
terranean search-and-rescue,” Robotics and Autonomous Systems, vol.
154, p. 104134, 2022.

[17] P. Arm, G. Waibel, J. Preisig, T. Tuna, R. Zhou, V. Bickel, G. Ligeza,
T. Miki, F. Kehl, H. Kolvenbach et al., “Scientific exploration of
challenging planetary analog environments with a team of legged
robots,” Science robotics, vol. 8, no. 80, p. eade9548, 2023.

[18] S. Liu, C. G. Wilson, Z. I. Lee, and F. Qian, “Modelling experts’
sampling strategy to balance multiple objectives during scientific
explorations,” in Proceedings of the 2024 ACM/IEEE International

Conference on Human-Robot Interaction, 2024, pp. 452–461.

[19] E. Fulcher, J. Caporale, Y. Zhang, J. Bush, R. Ewing, K. Fisher,
D. Jerolmack, S. Liu, M. Nachan, F. Rivera-Hernandez et al., “Making
Every Step an Experiment: Proprioceptive Sensing During Locomotion
for Enhanced Mobility and Data Collection in Planetary-Analogue
Explorations,” LPI Contributions, vol. 3040, p. 1806, 2024.

[20] S. Liu, C. G. Wilson, B. Krishnamachari, and F. Qian, “Understanding
human dynamic sampling objectives to enable robot-assisted scientific
decision making,” ACM Transactions on Human-Robot Interaction,
vol. 13, no. 1, pp. 1–17, 2024.

[21] M. Jiang, S. Liu, and F. Qian, “Safe active navigation and exploration
for planetary environments using proprioceptive measurements,” arXiv

preprint arXiv:2510.19101, 2025.

[22] S. S. Sharpe, S. A. Koehler, R. M. Kuckuk, M. Serrano, P. A. Vela,
J. Mendelson III, and D. I. Goldman, “Locomotor benefits of being
a slender and slick sand swimmer,” Journal of Experimental Biology,
vol. 218, no. 3, pp. 440–450, 2015.

[23] B. McInroe, H. C. Astley, C. Gong, S. M. Kawano, P. E. Schiebel,
J. M. Rieser, H. Choset, R. W. Blob, and D. I. Goldman, “Tail use
improves performance on soft substrates in models of early vertebrate
land locomotors,” Science, vol. 353, no. 6295, pp. 154–158, 2016.

[24] S. S. Sharpe, Y. Ding, and D. I. Goldman, “Environmental interaction
influences muscle activation strategy during sand-swimming in the
sandfish lizard scincus scincus,” Journal of Experimental Biology, vol.
216, no. 2, pp. 260–274, 2013.

[25] R. D. Maladen, Y. Ding, P. B. Umbanhowar, A. Kamor, and D. I. Gold-
man, “Mechanical models of sandfish locomotion reveal principles of
high performance subsurface sand-swimming,” Journal of The Royal

Society Interface, vol. 8, no. 62, pp. 1332–1345, 2011.

[26] Y. Ding, S. S. Sharpe, A. Masse, and D. I. Goldman, “Mechanics
of undulatory swimming in a frictional fluid,” PLoS computational

biology, vol. 8, no. 12, p. e1002810, 2012.

[27] R. D. Maladen, Y. Ding, P. B. Umbanhowar, and D. I. Goldman,
“Undulatory swimming in sand: experimental and simulation studies
of a robotic sandfish,” The International Journal of Robotics

Research, vol. 30, no. 7, pp. 793–805, 2011. [Online]. Available:
https://doi.org/10.1177/0278364911402406

[28] H. Marvi, C. Gong, N. Gravish, H. Astley, M. Travers, R. L. Hat-
ton, J. R. Mendelson, H. Choset, D. L. Hu, and D. I. Goldman,
“Sidewinding with minimal slip: Snake and robot ascent of sandy
slopes,” Science, vol. 346, no. 6206, pp. 224–229, 2014.

[29] H. C. Astley, C. Gong, J. Dai, M. Travers, M. M. Serrano, P. A.
Vela, H. Choset, J. R. Mendelson III, D. L. Hu, and D. I. Goldman,
“Modulation of orthogonal body waves enables high maneuverability
in sidewinding locomotion,” Proceedings of the National Academy of

Sciences, vol. 112, no. 19, pp. 6200–6205, 2015.

[30] L. A. Miller, D. I. Goldman, T. L. Hedrick, E. D. Tytell, Z. J. Wang,
J. Yen, and S. Alben, “Using computational and mechanical models
to study animal locomotion,” 2012.

[31] N. Mazouchova, P. B. Umbanhowar, and D. I. Goldman, “Flipper-
driven terrestrial locomotion of a sea turtle-inspired robot,” Bioinspi-

ration &amp; biomimetics, vol. 8, no. 2, p. 026007, 2013.

[32] metrotrekker, “Mudskipper from the mangrove boardwalk,
hong kong wetland park, hong kong, china,” 2015.
[Online]. Available: https://www.metrotrekker.com/photos/china/
hong-kong/wetland-park-hong-kong-china-014

[33] E. R. Naylor and S. M. Kawano, “Mudskippers modulate their locomo-
tor kinematics when moving on deformable and inclined substrates,”

Integrative and Comparative Biology, vol. 62, no. 5, pp. 1335–1356,
2022.

[34] A. Jusufi, D. I. Goldman, S. Revzen, and R. J. Full, “Active tails
enhance arboreal acrobatics in geckos,” Proceedings of the National

Academy of Sciences, vol. 105, no. 11, pp. 4215–4219, 2008.
[35] T. Libby, T. Y. Moore, E. Chang-Siu, D. Li, D. J. Cohen, A. Jusufi, and

R. J. Full, “Tail-assisted pitch control in lizards, robots and dinosaurs,”
Nature, vol. 481, no. 7380, pp. 181–184, 2012.

[36] J. Buckley, N. Chikere, and Y. Ozkan-Aydin, “The effect of tail
stiffness on a sprawling quadruped locomotion,” Frontiers in Robotics

and AI, vol. 10, p. 1198749, 2023.
[37] D. Li, S. Huang, Y. Tang, H. Marvi, J. Tao, and D. M. Aukes,

“Compliant fins for locomotion in granular media,” IEEE Robotics

and Automation Letters, vol. 6, no. 3, pp. 5984–5991, 2021.
[38] D. Soto, K. Diaz, and D. I. Goldman, “Enhancing legged robot

navigation of rough terrain via tail tapping,” in Robotics for Sustainable

Future: CLAWAR 2021 24. Springer, 2022, pp. 213–225.
[39] R. D. Maladen, Y. Ding, P. B. Umbanhowar, and D. I. Goldman,

“Undulatory swimming in sand: experimental and simulation studies
of a robotic sandfish,” The International Journal of Robotics Research,
vol. 30, no. 7, pp. 793–805, 2011.

[40] S. M. Kawano and R. W. Blob, “Propulsive forces of mudskipper fins
and salamander limbs during terrestrial locomotion: implications for
the invasion of land,” Integrative and comparative biology, vol. 53,
no. 2, pp. 283–294, 2013.

[41] J. Aguilar and D. I. Goldman, “Robophysical study of jumping
dynamics on granular media,” Nature Physics, vol. 12, no. 3, pp. 278–
283, 2016.

[42] R. D. Maladen, Y. Ding, C. Li, and D. I. Goldman, “Undulatory
swimming in sand: Subsurface locomotion of the sandfish lizard,”
Science, vol. 325, no. 5938, pp. 314–318, 2009. [Online]. Available:
https://www.science.org/doi/abs/10.1126/science.1172490

[43] C. Li, T. Zhang, and D. I. Goldman, “A terradynamics of legged
locomotion on granular media,” science, vol. 339, no. 6126, pp. 1408–
1412, 2013.

[44] T. Xie, P. Guo, and D. Stolle, “Experimental investigation of vibration-
induced shear resistance reduction in sheared granular soils,” Canadian

Geotechnical Journal, vol. 60, no. 1, pp. 44–59, 2022.
[45] H. Jiang, S. Zhou, L. Fu, Y. Shan, N. Dai, and P. Guo, “Vibro-

induced weakening of interface friction between granular materials and
textured surfaces: An experimental study with a modified direct shear
apparatus,” Soil Dynamics and Earthquake Engineering, vol. 158, p.
107289, 2022.

[46] S. S. Sharpe, R. Kuckuk, and D. I. Goldman, “Controlled preparation
of wet granular media reveals limits to lizard burial ability,” Physical

biology, vol. 12, no. 4, p. 046009, 2015.
[47] R. Albert, M. Pfeifer, A.-L. Barabási, and P. Schiffer, “Slow drag in a

granular medium,” Physical review letters, vol. 82, no. 1, p. 205, 1999.
[48] H. Katsuragi and D. J. Durian, “Unified force law for granular impact

cratering,” Nature physics, vol. 3, no. 6, pp. 420–423, 2007.
[49] R. M. Nedderman et al., Statics and kinematics of granular materials.

Cambridge University Press Cambridge, 1992, vol. 352.
[50] I. Albert, P. Tegzes, R. Albert, J. Sample, A.-L. Barabási, T. Vicsek,

B. Kahng, and P. Schiffer, “Stick-slip fluctuations in granular drag,”
Physical Review E, vol. 64, no. 3, p. 031307, 2001.

17855


