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Abstract— Sandy environments present challenges for robotic
space rovers and systems due to reduced traction, limiting
mobility and tugging force. This paper presents an anchoring
method that utilizes a winching system to create a sand mound
in front of a mobile agent dragged through the media. The
proposed controller is designed to consistently achieve real-
time capture of close-to-maximal lateral sand mound resistive
force, even when applied to varied uneven terrains, like holes
or waves. Notably, tugging is non-reversible, so suitable peaks
should be captured before breakdown and without necessarily
knowing the global optimum a priori. The controller logic
tracks both tugging force and agent pitch gradients to detect
terrain conditions and peak force trends. Results show that the
controller captures an average 92% of the maximum forces,
within the previously winched workspace tested, across three
different granular media with four varying structured terrain
features. The controller achieves higher resistive force peaks
on terrains with geometric features, as opposed to flat sand.
We conclude that sand mounding through tugging is a viable
means to generate robotic resistive forces for unknown sandy
terrains, a simple yet effective anchoring mechanism.

I. INTRODUCTION

Mobile robots for planetary exploration missions face
challenges due to low traction and unknown geometric fea-
tures of the sandy environment. Orbiters with high-resolution
cameras, such as HiRISE on Mars Reconnaissance Orbiter,
provide surface images with a resolution of approximately
90 cm for object detection [1]. Data from previous landers
and rovers show that regolith properties, such as density and
grain size – that cannot yet be detected by orbiters – differ by
site and impact rover performance [2], [3]. Mobile robotic
systems should reliably overcome such uncertainties when
they operate at sandy sites.

Tethered mobile robotic team concepts provide one avenue
to generate terrain resilience [4]. The DuAxel rover, for
example, demonstrates how one agent anchors while the
other explores down cliffs or craters while connected by a
tether to each other for returning [5]. Different systems utilize
fixed anchor base(s) on soil coupled with a mobile rover [6]–
[8]. Page et al. introduced a unique robotic payload delivery
method on sandy terrain, exploiting the capstan effect by
wrapping connecting tethers around on-site objects [9]. This
system requires rocky topological features on-site to hold
anchoring forces, which may not always be present.

For sandy terrains without rocks available, researchers
have developed approaches based on Granular Resistive
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Fig. 1: The Agent Winching System applies tension to a tether, which tugs
the Agent Module through the granular media, resulting in a sand mound.

Force Theory (RFT) to better understand robotic locomotion
and anchoring performance; their results established analyses
of the resistive forces of an immersed rigid body in sand
to improve underground burrowing and tugging [10]–[12].
In particular, Tae et al. and Fernandez et al. demonstrate
novel robotic payload delivery methods on granular media
by self-burrowing a legged robot and dynamic tail impacts
and plowing, respectively [12], [13].

In this paper, we study a robotic agent anchoring method
for granular surfaces using sand mound creation alone –
without legged burrowing or tail impacts – achieved by
an agent winching system that simply tugs a passive an-
choring agent. Fig. 1 demonstrates how our approach an-
chors an agent by creating a sand mound instead of in-
depth penetration through the soil used by other robotic
anchoring methods. The idea is that the mounding agent
– a simple and lightweight anchor – can be projected far
from the payload winch, then tugged towards the payload to
achieve peak lateral strength for use in forceful manipulation,
achieved with modest hardware. The concept and testing of
“launchable lunar anchors” across different anchor shapes
are described in [14]. This architecture could be useful in
the National Aeronautics and Space Administration (NASA)
Jet Propulsion Lab’s Lunar Crater Radio Telescope (LCRT)
project, which utilizes agent anchors on the rim of a lunar
crater [15]. However, prior work does not yet address tugging
controller design and focuses on anchor ground penetration
rather than primarily leveraging mounding forces.

We explore a set of sensor and controller configurations to
estimate maximal tugging forces for this type of system. For
practical use, it should be robust to uncertain terrain features
like existing mounds and holes and unknown granular media
properties. Instead of attempting to perform visual classifi-
cation of terrain on the distal agent using a camera, which
is difficult in the harsh lighting of some alien environments
[16], we propose to use only agent pitch and tension sensors
alone. To do so, we leverage the model developed by Percier
et al., which uniquely estimates effective Coulomb Friction
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Fig. 2: Schematic views of forces acting on the plow and plowed sand
mound geometry: (a) the inclined plow (from [17]), the agent on (b) flat
terrain (c) ascending slope and (d) descending slope.

Fig. 3: Mass of plowed sand mound (M(θa)) by (a) flat terrain (Ms,f ), (b)
ascending slope (M(θa > 2°)) and (c) descending slope (M(θa < −2°))

based on the lift and drag force analysis on an inclined plow
generating a mound in granular media [17].

A. Overview

Section II introduces the agent tugging force model.
Section III then presents the implementation of the agent
winching system, with an IMU and tension sensor, and
the Force-Pitch Gradient Tracking (FPGT) controller logic.
Section IV describes the experimental setup and methods for
testing controller efficacy with four different terrain features
on three different granular media. In Sections V and VI, we
present our experiment results and discuss the controller’s
ability to capture maximal tugging force within the tested
workspace. We provide conclusions in Section VII.

II. ANCHOR FORCE MODELLING

Fig. 2a shows a schematic view of drag and lift forces
acting on an inclined plow and the geometry of the sand
mound created by plowing. Percier et al. derived a linear
relationship between the drag force FD, the lift force FL on
the plow, and the weight of sand mound Mg by modeling
the mound mass as a solid block sliding over a flat granular
bed using the Coulomb friction as in

FD = µeff (FL +Mg) (1)

where µeff is a single effective friction coefficient [17].
By exploiting Eq. (1), our agent tugging force model on

flat terrain can be derived as:

FD = µaMag + µs(FL +Msg) (2)
T = −FD (3)

with the addition of the mass of the agent and plowed
sand mound, Ma and Ms, and the friction coefficients, µa

and µs, between the agent and the sand mound block to
the granular bed, respectively, as illustrated in Fig. 2b. In
Eq. (3), T represents the agent tugging force or cable tension,
the reaction force to FD, which is equivalent to the agent

anchoring force by assuming a constant winching velocity,
v. We assume tugging direction remains parallel to v.1

As the agent displaces across and overcomes unknown
terrain features, the model should account for various agent
pitch conditions – tugging up or down – illustrated in Fig. 2c-
d. Experimentally, we observed that the agent plows more
mass when climbing uphill and loses sand when descending
downhill compared to flat terrain, as shown in Fig. 3.
Intuitively, this is because the maximum incline angle of
the granular media in the Newtonian frame, or the angle of
repose, remains constant; while the anchoring agent angle
changes, it can scoop up more or less sand before the sand
slides out. Hence, Ms is a function of the agent pitch, θa,
which increases or decreases with an unknown amount of
sand change, ∆Ms, from the saturated sand mound mass on
flat terrain, Ms,f . Likewise, FL and FD become functions
of θa with normal and parallel force decomposition by
incorporating the inclined plane analysis. The complete agent
tugging force model is

Ms(θa) = Ms,f +∆M sin θa (4)
FL = FL,f +Ms(θa)g cos θa (5)

FD = Mag(sin θa + µa cos θa)

+Ms(θa)g(sin θa + µs cos θa)

+µsFL

(6)

where FL,f is the lift force on flat terrain; this constant
depends on the plow geometry and granular media properties
and assumes the agent has reached maximum Ms.

The controller should respond robustly to the uncertain
constants and variables of a new environment, such as
friction coefficients and the amount of sand change in Eq. (6).
Because FD is highly dependent on θa, this model supports
the use of agent pitch measurement to exploit its ascending
state and avoid descending. Even in the flat state (θa ≈
0°), small changes in θa due to unevenness and mounding
can generate substantial fluctuations in FD. Note that FD

may depend on winching speed and dynamic effects of the
granular media; in this work we assume quasistatic motion.

III. SYSTEM AND CONTROLLER IMPLEMENTATION

A. Agent Winching System Hardware

The two main hardware components of the agent winching
system are an agent module and a winch module. Fig. 4a
showcases the agent module (127 mm x 167 mm), equipped
with a 3D-printed plow blade, a fixed C-shaped design (18
mm inner radius, 2 mm thick)2 for consistency, at the front
for sand mound creation. The agent module carries 600
grams of disc weights at the rear to balance the moment
induced by resistive forces acting on the plow. The Adafruit
BNO055 IMU sensor samples the agent pitch, which is then

1We do not account for the tugging angle by assuming the anchoring
agent is far from the winch module so small vertical displacements are
negligible and the cable runs parallel to the average terrain surface.

2This shape resembles a bulldozer blade and is scaled in size to achieve
tugging forces of less than 100 N for the current experiments. The details of
the blade are otherwise arbitrary; other anchors could provide higher forces.



Fig. 4: (a) and (b) show the implementation details for the Agent Module
and Winch Module with Tri-wheel Tension Measurement unit, respectively.

transmitted to the winch module over ESP-NOW wireless
protocol by the ESP32-S3-Zero transmitter.

The winch module is driven by a 12V 5.2:1 planetary
gear DC motor with 28 CPR encoder and the Cyclotron
MDD10A DC motor driver, as shown in Fig. 4b. A 28:1
worm gear drive is employed to prevent the winch from
back-driving under high tugging forces. A spectra braided
fishing line tether is managed by a 2 cm diameter spool and
a level wind system similar to a fishing reel attached to the
worm gear drive shaft. The cable tension is measured by
a TAL220 load cell implemented in the Tri-Wheel design.
A SparkFun NAU7802 amplifier then amplifies the load
cell reading. The ESP32-S3-Zero receiver receives the agent
pitch via ESP-NOW and sends it over I2C to Teensy 4.1,
the system’s primary controller for sensor data processing
and execution of the FPGT controller logic. To estimate
quasistatic winching, we set the agent’s linear velocity to
be 2 mm/s with 2 rpm winching speed.

B. Definition of User-tuned Controller Parameters

Table I describes the tuned parameters for the FPGT con-
troller, with values used in this work. The saturation distance,
ds is selected to avoid capturing a local maximum anchoring
force in the initial low tension range. We approximate ds
based on the volume of the expected fully saturated sand
mound (on flat terrain) with an angle of repose, θrepose,
and the initially submerged plow cross-sectional area, as
demonstrated in Fig. 5. Pitch threshold, θth, represents an
interval around θa = 0° used to classify agent pitch. The
pitches above the upper threshold, within the upper and lower
boundary, and below the lower threshold are interpreted as
ascending, flat, and descending terrain, respectively.

Real-time measurements of agent pitch θA and tension T
are both smoothed to reduce sensitivity to small amplitude
dynamic variations due to granular media interactions or
sensor resolution. This is especially important when utilizing
the gradients of these variables in controller design. We
use the Exponential Weighted Average Filtering factors or
weights, α, whose magnitude (0 ≤ α ≤ 1) sets the degree
of data filtering or smoothing in real-time, as in Eq. (7):

y[k] = αx[k] + (1− α)y[k − 1] (7)

where y[k] is the filtered output, x[k] is the current input,
and y[k − 1] is the filtered output at the previous time step.
The α weight close to 1 delivers more weight to recent

Parameters Definitions Tuned Values

ds Saturation Distance 20 cm

θth Pitch Threshold ±2°

θAα=smooth
Pitch Smoothing Factor α = 0.005

Tα=smooth Force Smoothing Factor α = 0.01

Tα=attenuated Force Attenuation Factor α = 0.001

TABLE I: Force-Pitch Gradient Tracking Controller Parameters

Fig. 5: Saturation Distance (ds) Demonstration

incoming data and less smoothing. We additionally introduce
a tension attenuation term, which we use to monitor the
overall tension trend along winching displacement with a low
α to purposefully monitor persistent overall trends in tension.
The three α values may need to be tuned depending on
system, functional objectives, and granular media properties.

C. Controller Logic Design

Fig. 6a shows the FPGT controller logic flowchart devel-
oped based on the insights from our agent tugging force
model, parameter setup, and data collection. Because the
controller aims to capture a maximal resistive force, the
logic’s fundamental idea is a real-time gradient ascent-
mannered peak force search with agent tugging force and
pitch gradients monitoring. The controller keeps winching
to capture a higher force if the measured force is constant or
increasing with a constant velocity in every state except for
the terminal state, State 4 - Stop, where all the logic condition
sequences are satisfied. The controller has five states based
on a state machine structure: 0 Sand Mound Creation, 1 Flat
and Descending, 2 Flat Test, 3 Ascending, and 4 Stop.

The program initializes to State 0, in which it performs
a set winching distance up to ds. The motor continues
winching in State 1 until a number of conditions are met. If
the agent is on a flat surface (−2° ≤ θa ≤ 2°), the controller
tracks the tugging force gradient, ∇T = T (k)−T (k−1), to
look for a peak force that occurs when the tension gradient
becomes ∇T < 0, or the force is decreasing and thus a
peak is detected. The controller then searches for a decrease
in the smoothed force gradient, ∇Tα=0.01 < 0, to confirm
the peak is persistent. If smoothed peak force is detected,
the controller looks at the attenuated tugging force gradient,
∇Tα=0.001, to see the overall force trend developed by
accumulated data points. If ∇Tα=0.001 < 0, this indicates the
sand resistive force has entered a plateau, or a steady state.
Therefore, the last condition to meet in State 1 is that the
smoothed agent pitch gradient ∇θAα=0.005

≥ 0. If true, this
series of conditions indicates a sustained flat region, and then
the controller enters state 2. When transitioning from State
1 to State 2, the observed peak tugging force is recorded for



(a) FPGT Controller Logic Flowchart

(b) Granular Media Testbeds (top
to bottom): MARS90, Glass Beads,
and Beach Volleyball Court.

Fig. 6: State machine logic diagram (a) and testbed media (b) used in experiments.

comparison to the force when transitioning to State 4. State
2 is designed to stop winching – by transitioning to State 4
– at the next detected peak. If the agent remains flat during
State 2, the controller detects the next peak force using the
∇T < 0 and ∇Tα=0.01 < 0 conditions. If the agent goes
into ascent or descent, the state changes accordingly.

When the agent is ascending in State 1 or State 2, the
controller transitions to State 3. As the agent climbs uphill,
the tugging force will decrease near the summit or plateau,
where the plow starts losing sand, and the controller should
stop before this occurs. Therefore, the controller conserva-
tively aims to capture the first peak detected in the state.
This state uses the same tension gradient conditions as State
2 to transition to State 4; an addition pitch gradient check
ensure ascent as ∇θAα=0.005

≥ 0. If any of the conditions is
not satisfied, the controller returns to State 1.

IV. EXPERIMENTAL METHODS

We test the effectiveness of the FPGT controller across
three granular media and four pre-defined terrain features.

A. Granular Media Testbeds

The granular media are selected as MARS90, glass bead,
and beach volleyball sand, as shown in Fig. 6b. The MARS90
bed, a fine Mars regolith simulant, has a density of 1.46
g/cm3 with 0.2 mm grain size, and its volume is 180 cm x
90 cm x 20 cm [18]. The glass bead bed has a 1.43 g/cm3

density with a mixture of 1 - 2 mm diameter grains. The bed
volume is 100 cm x 18 cm x 30 cm [19]. The beach volleyball
sand bed is an outdoor environment at UC Berkeley Beach
Volleyball Sand Court at Clark Kerr Campus with a mixture
of five loosely compacted sand grains whose specifications
are set by Fédération Internationale de Volleyball [20]. The
measured density of the sand is 1.75 g/cm3.

Fig. 7: Structured Terrain Features demonstrated in glass beads: (a) Flat,
(b) Hole, (c) Sine, and (d) Downhill.

B. Structured Terrain Features

Fig. 7 shows each granular bed’s four structured terrain
features. The other terrain features, except for the flat terrain,
are designed to simulate the controller logic’s worst-case
scenarios. Thus, flat terrain will be considered as a reference
case for comparison. The hole in Fig. 7b is located at the
end of ds, placed 20 cm in front of the agent. By doing
so, the initially created sand mound mass in State 0 will
be dumped into the hole, and the controller will start with
a lower tugging force than flat terrain. Fig. 7c is a sine
wave-shaped terrain where the agent experiences exaggerated
repeated unevenness. Fig. 7d shows a downhill slope the
agent descends along to examine how the controller behaves
with sustained downhill travel.

For flat terrain, a granular bed is leveled by a leveler
before each trial to remove any uneven features. The hole
and sine features are constructed by making features with
scooping out about 3 L of sand on flat terrain. The downhill
feature is produced by pouring sand multiple times at a
specific location to generate a slope angle by each granular
medium’s own θrepose. Likewise, to maintain consistency in
data collection, the unwanted features created from previous
trials are removed and smoothed by the tools.



(a) Flat Terrain (b) Hole Terrain
Fig. 8: Force-Pitch data plot of (a) flat and (b) hole terrains consist of three subplots: tension, pitch, and controller state against winching distance. Tension
plot shows measured tension (1), terminal state location (2), captured force (3), recorded global max force at a position (4), smoothed tension (5), attenuated
tension (6), and saturation distance location (7). The pitch plot shows measured pitch (8), smoothed pitch (9), and pitch thresholds (10).

Fig. 9: Typical raw force and pitch data plots of the three granular beds by
structured terrain features: (a) Flat, (b) Hole, (c) Sine, and (d) Downhill.
Black dots represent the State 4 transition point.

C. Data Collection

Once the terrain features are structured, the agent is
deployed at the initial position aligned straight in front of the
winch module, and the tether is set to be parallel to the flat
surface by adjusting the winch pulley height. We performed
six trials for each media and terrain shape scenario. To
observe the effectiveness of the stop condition, we continue
winching for 5cm after the State 4 transition occurs. To
assess the effectiveness of the stop point, we compare the
force that occurs at the State 4 transition to the highest prior
peak observed in the trial. Note that this is not a global
comparison, which we leave to future work.

In Fig. 8 shows two example trials with the raw force data
collected (1) and controller behaviors for MARS90 on two
different terrain features. Fig. 8a represents the logic flow
described for flat terrain (States 0 - 1 - 2 - 4). Fig. 8b shows
the case (States 0 - 1 - 3 - 4) for hole terrain, which has flat,
descending, and ascending terrain in series. In the tension-

displacement plots, the vertical State 4 dashed line (2) and
circle (3) indicate the controller terminal position and the
captured tugging force, respectively. The recorded peak line
(4) shows the maximum force recorded in real-time up to
the winching position. We can see that this transition occurs
when the smoothed (5) and attenuated (6) force lines appear
horizontal for the flat case (a) while only the smoothed line
is flat for the hole case (b). The ds dashed line (7) indicates
where ds ends (at 20 cm) and State 1 is initiated.3 The pitch,
both raw (8) and smoothed (9), in Fig. 8a stay between
the two horizontal dashed lines, which indicate the pitch
thresholds (10). Likewise, the pitch in Fig. 8b shows both
descending and ascending conditions outside of these limits.
In (a), the States 0, 1 and 4 are sustained for substantial
displacements, however State 2 occurs briefly between the
States 1 and 4. In (b), the controller shows sustained 0 and
1 states initially followed by an oscillation between States 1
and 3 as the agent moves from descending to ascending.

V. RESULTS

Fig. 9 illustrates the results of the agent’s raw tugging
force and pitch on the three granular beds and four terrains.
Each type of media results in a distinct force and pitch plot,
however patterns emerge when comparing these data across
the different terrain features. The flat terrain (a) shows a
gradual increase and saturation of the tension. The hole (b)
shows consistent ascending following a descending period
resulting in plateauing peaks. The sine terrain (c) looks
similar to the hold in pitch, but with more pronounced
peaks that diminish more rapidly. The downhill (d) shows
similarities with both the hole by initially descending, but
ultimately the peak appears closer to the flat condition as a
mound is generated by the agent.

Fig. 10a presents distributions of the maximal forces
captured by the controller (solid boxes) and the maximum
force (empty boxes) recorded within the agent’s travel prior

3By assuming θrepose = 30°, the approximated ds was 24.5 cm, but
we shortened it to 20 cm considering the agent workspace and granular bed
sizes. We also increase the winching speed to 30 rpm (3 cm/s) rather than
using the quasistatic velocity (2 mm/s) to speed up experiments within ds.



Fig. 10: The results of the controller’s (a) captured force and global maxi-
mum (white box) comparison and (b) maximal force capturing performance
across Granular Beds (MARS90 - red, Glass Bead - blue, Beach Volleyball
Sand - green) and Terrains (in the order of Flat - Hole - Sine - Downhill)

to State 4. The dashed lines indicate the maximum of the
captured forces on flat terrain trials to visually compare
with other terrain features. As expected, the overall peak
forces of the different media vary from one another, as the
properties of the mounded material changes. Even as overall
resistive forces of the media change, the hole and sine terrain
shapes consistently yield the highest peak tensions within
each media type. For MARS90, the hole, sine, and downhill
captured force medians are 258%, 233%, and 164% of its
median of the flat terrain, respectively. For Glass Bead, these
medians are 123%, 142%, and 82% of its median of the flat
terrain, respectively. For Beach Volleyball Sand, the medians
are 199%, 218%, and 81% of the median of the flat terrain,
respectively. It appears as though bumpy terrain features, but
not necessarily descending slopes, present an advantage for
robotic systems that use winched mounding to secure anchors
that can be reliably harnessed.

Fig. 10b shows the controller’s maximal force-capturing
performance distributions – plotted as the ratio of the
captured maximum force to the maximum observed force
prior to State 4 – for each terrain feature and granular
media. The dashed lines indicate the controller’s average
performance across all terrains, which are 92.68%, 91.02%,
and 91.85% for MARS90, Glass Bead, and Beach Volleyball
Sand, respectively. The mean overall performance of the
controller across all conditions is 91.85%. No trial performs
below 80%. This is notable since the winch is irreversible in
this mechanical system, and has no information a priori as
to which terrain class tested it will encounter.

VI. DISCUSSION

In this work, we find that the FPGT controller logic
provides near-to-peak tugging force identification on three
different granular media with four different terrain features

designed to challenge the controller. Not only do these
trial suggest that tugging an agent to mound media can
be a forceful anchoring option, but that it can be reliable
across uncertain terrains. As a preliminary test of this ability
to handle random terrains, we performed one trial on the
unstructured sand at the Beach Volleyball Court, which was
shaped from regular sports use. In this trial, the system
achieved 87.5% of the observed maximum.

A. Limitations and Future Work
In this work, we limited tugging distance due to sand

tank size. Therefore, we did not necessarily capture the
overall global optimal characteristics of each terrain scenario.
Performing long-displacement agent tugging tests would
allow us to compare the controller against the best possible
achievable force. However, we note that limiting overall
displacement of the agent – between about 30 to 70 cm
in the present study – may be desirable for certain robotic
applications where tugging distance limits payload manipu-
lation workspace. Also, because of the irreversible nature of
the tugging system, an anchor that finds a conservative peak
early in its movement can be reestablished again later by the
winch if it were to fail during loading.

The controller introduced here for mounding anchors
uses hand-tuned parameters assuming a parallel winching
direction. The results cannot therefore be extrapolated to any
granular media or terrain. Ultimately, these parameters could
be discovered or tuned to each scenario using automated
techniques with additional inputs on the robotic system.
The simplicity of using only two simple sensors for the
control may hold advantages, and future work could evaluate
computational efficiency for potential deployment in low-
power, space-restricted environments. However, future work
could also explore the utility of sensor fusion with visual
terrain mapping, such as with cameras, LiDAR, or orbiter
imagery, to improve versatility.

VII. CONCLUSION

This study presents an agent winching method with a
simple sensor setup – a load cell and an IMU – for
maximizing lateral anchoring forces. We introduce Force-
Pitch Gradient Tracking controller logic designed based on
the agent tugging force model developed for plowing sand
mounds. The controller performance evaluations show near-
peak force capture and consistency across different granular
beds and structured terrain features. These results support the
potential adoption of projectile anchoring agents in future
space missions on sandy terrains. For example, systems like
that envisions in NASA’s LCRT project, where agent anchors
on the rim of a lunar crater [15] could secure distant anchor
points through centralized robotic winches.
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