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Abstract:

This paper presents the development of a modular proof-of-concept system capable of au-
tonomously deploying communication nodes from Unmanned Ground Vehicles (UGVs). This
enables the establishment of a temporary mesh communication network for hazardous envi-
ronments, such as subterranean mines and during Search-and-Rescue (SAR) deployments. A
prototype system was developed to facilitate the storage and deployment of two distinct types
of self-righting communication nodes, each offering unique advantages and disadvantages. The
system was designed to be modular, enabling multiple storage units to be stacked to meet
the required number of nodes for a particular mission. Experimental testing demonstrated
the system’s potential for further development to enhance it’s robustness against the harsh
environments encountered in SAR applications and subterranean mining.
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1. INTRODUCTION

During disaster events or emergency SAR missions, the
deployment of robotic platforms can be critical in pre-
serving life and preventing further casualties by reducing
risk to rescue teams. Subterranean environments, such
as underground mines, present unique challenges and are
particularly hazardous for humans, especially during a dis-
aster situation. Moreover, according to Cruz-Ausejo et al.
(2024), 8 % of global occupational fatalities occur in the
mining sector, which employs only 1 % of the global work-
force. Many of these fatalities are attributed to hazards
such as toxic gas leaks, tunnel collapses, ionising radiation
exposure, and poor air quality (Cruz-Ausejo et al., 2024).
Therefore, the deployment of robotic platforms enables
safer route planning for rescue operations. However, one
of the primary limitations in these environments is the
absence of established communication networks to support
robotic platforms. Several approaches can be considered to
address this issue, including the use of fully autonomous
robots, tethered robots, or the deployment of communica-
tion networks.

In underground mines, a fibre optic backbone coupled with
limited Wi-Fi connectivity typically exists. However, this
connectivity does not extend to the stope face, and during
disasters, it is often the first infrastructure to fail due to
severed cables or loss of power, rendering it unreliable.
These environments are extremely rough and hazardous
for both robots and humans. Although fully autonomous
robots could provide a solution, the absence of commu-
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nication prevents real-time data acquisition, requiring the
robot to return before any information can be retrieved.
However, delays in return introduce uncertainties regard-
ing whether the robot is immobilised, lost, or still ex-
ploring. Furthermore, the use of tethered robots presents
operational limitations due to the small search spaces, typ-
ically less than 200 metres, and the possibility of the fibre
optic tether becoming snagged or severed by objects in
hazardous environments. Therefore, an optimal solution is
the development of an autonomous or teleoperated robotic
platform capable of deploying a wireless mesh network,
thereby establishing communication links, expanding the
effective search area, and enabling live data acquisition.

2. BACKGROUND

In 2017, Defense Advanced Research Projects Agency
(DARPA) created the Subterranean (SubT) challenge to
incentivise research teams to develop autonomous and
teleoperated robotic systems to map, navigate, and ex-
plore complex underground networks. Node deployment
systems were employed to dispense communication nodes
(breadcrumbs) at determined locations, thereby extending
network coverage and establishing communication during
exploration. Fig. 1 illustrates an example of such a network
architecture.

However, one of the main limitations in establishing com-
munication networks in subterranean environments is de-
termining the optimal placement of each node. Tranzatto
et al. (2022a) referred to Team Explorer’s approach, in
which cost functions were calculated by considering vari-
ables such as distance, line-of-sight, and Received Signal
Strength Indicator (RSSI) conditions to determine when
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to deploy a node. Additionally, Tatum (2020) developed
a predictive mapping algorithm to optimise communica-
tion coverage. Although these solutions offer advantages,
some teams found them to be computationally expensive
and considered advanced autonomous navigation without
communication more suitable. In such cases, a single off-
the-shelf communication node functioned as a base station,
allowing robots to rendezvous and relay information for
off-board processing.
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Fig. 1. Team CERBERUS Network Architecture (Tran-
zatto et al., 2022a).

Developing advanced autonomous navigation and explo-
ration algorithms is beneficial for robotics in general, how-
ever, it presents major limitations for SAR applications,
as there is no real-time information available for the rescue
team. Therefore, if a robot locates someone in need, there
is a significant delay before that information reaches the
rescue team as the robot has to navigate back to the
base station. If no information is received, then it either
indicates that the robot has seen nothing of concern and is
still exploring, or something has gone wrong and the robot
cannot make it back to the base station. This highlights
the need for a deployable mesh network to enable real-time
communication with the robot.

Additionally, recent research into military applications
of both autonomous and tethered control of Unmanned
Ground Vehicles (UGVs) highlights the critical challenge
of maintaining reliable communication in remote environ-
ments. Candido et al. (2025) emphasises that "backup
radio communication is essential in remote areas without
mobile networks." This further reinforces the importance
of equipping UGVs with the ability to store and deploy
communication nodes (breadcrumbs) to establish ad hoc
mesh networks when conventional network infrastructure
is unavailable or disrupted.

However, a major limitation of deploying communication
nodes is ensuring that the antennas are correctly oriented
after deployment. If the antennas are misaligned, attenu-
ation occurs due to polarization mismatch, rendering the
node ineffective, as detailed in Section 2.1. Several teams
that developed custom breadcrumbs adopted the approach
of incorporating a spring mechanism to automatically ac-
tuate the antenna upright upon deployment. Fig. 2 de-
picts the spring-loaded breadcrumb designs developed by
Team CERBERUS and CSIRO Data61. Since the focus of
the DARPA Subterranean Challenge was on autonomous
exploration and mapping of complex subterranean envi-
ronments, the specific details regarding the development
of the communication nodes and their respective deploy-
ment systems were not disclosed. However, based on the

figures and brief functional explanations provided, certain
assumptions can be made to assist in selecting the design
specifications discussed in Section 3.1.
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Fig. 2. Spring-loaded Antenna DARPA Breadcrumbs

2.1 Polarization of Radio Waves

Polarization of radio waves refers to the orientation of
the electric field vector of an electromagnetic wave as it
propagates through a medium. An electromagnetic wave
originates from a single point and consists of an electric
field (E-field) and a magnetic field (H-field). These fields
propagate and are orientated as depicted in Fig. 3. The
focus of this project is on linear polarization due to the
antenna characteristics of ESP32 modules which are used
to serve as a proof-of-concept communication device.
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Fig. 3. EM Wave polarized in the Vertical Plane (Dhande,
2009).

Saakian (2020) states that "For real, anisotropic anten-
nas, the radiated electromagnetic field strength at the
observation point B depends not just on the distance
between communicating points A and B, but also on the
antenna’s spatial orientation relative to the straight line
between those points". In simpler terms, it explains that
signal strength depends not only on the distance between
the transmitter and receiver antennas, but also on their
relative angle.

Furthermore, Zhou et al. (2015) conducted extensive mea-
surements on radio frequency propagation for vertical,
horizontal, and cross-polarization in mines and tunnels.
It was found that vertically polarized signals attenuated
less than horizontally polarized signals in narrow and high
tunnels, whereas horizontally polarized signals attenuated
less in wide and low tunnels. Thus, it is important to
ensure that both transmitting and receiving antennas are
of the same polarization mode and are correctly orientated.
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3. SYSTEM SPECIFICATIONS

The aim of this project was to develop a proof-of-concept
system for communication node deployment on existing
Unmanned Ground Vehicle (UGV) platforms. However, to
simplify the design specifications and testing procedure,
the system was designed specifically for attachment to the
Clearpath Husky A200 UGV platform. Thus, the target
values for the specifications listed in Table 1 represent
best-case scenarios and can be applied to smaller UGV,
such as small quadruped robots like Boston Dynamics’
Spot robot.

3.1 Design Constraints

The initial step involved determining design constraints to
evaluate the final prototype quantitively. These constraints
are summarised in Table 1 and were determined by com-
parison to designs from the DARPA teams. Furthermore,
constraints relating to the robustness of the design due to
subterranean environmental factors are not provided as it
is beyond the scope of the project.

Table 1. Design Constraints.

Description [ Target [ Range [ Unit
Node Deployment System
Footprint 400 300 - 450 cm?
Storage 4 2-6 Nodes
Capacity
Modularity True - -
Mass 3.5 <5 kg
Self-righting Node System
Volume 1000 600 - 1200 cm3
Self—r.lghtlng 20 - 30 S
Time
Node Mass 300 < 500 g
Self-righting 98 = 95 %
Accuracy

Ensuring modularity and minimising the form factor and
mass of the deployment system are essential constraints
for validating the feasibility of the design across various
UGYV platforms, each with differing spatial and payload re-
quirements. With respect to the Self-righting Node (SRN)
system, the two primary constraints were self-righting ac-
curacy and volume. The volume of the node deployment
system is directly dependent on the form factor of the
SRNs; therefore, minimising it is essential to keep the
overall size of the system as small as possible. Self-righting
accuracy is defined as the deviation in g-force measure-
ment of the SRN relative to a perfect upright orientation.

3.2 High-level Solution

Following the overall design constraints, a high-level func-
tional decomposition was developed, as illustrated in
Fig. 4. The project was divided into subsystems, namely
the Node Deployment System and the SRN system. The
Node Deployment System was further subdivided into a
storage module and a deployment module. This structure
enables the system to be modular and scalable to satisfy
varying mission requirements.
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Fig. 4. High-level Functional Decomposition.

4. CONCEPT DESIGN

The design constraints and high-level functional decom-
position provided guidance for the concept design phase,
during which 3D models were developed using Autodesk
Fusion 360. This phase followed an iterative development
cycle in which concepts were generated, 3D-printed, tested,
and adapted to address any functional or design errors.
This approach enabled a time and cost-efficient design
process, resulting in the final prototype designs presented
in the following section.

5. MECHANICAL SYSTEM DESIGN

Two prototype SRNs were developed, namely the servo-
actuated SRN and the gravity-gimbal SRN. The servo-
actuated SRN utilizes four micro servo motors, with sup-
port legs attached, to self-right the node. This is an
active (electronically-actuated) self-righting solution. On
the other hand, the gravity-gimbal SRN is a passive self-
righting mechanism that utilizes gravity to rotate the
gimbal to correctly orientate the antenna inside. To sim-
plify the development of a proof-of-concept SRN, ESP32
microcontrollers were selected, as they have built-in Wi-Fi
antennas and functionality that can be used to emulate a
sophisticated mesh network. Additionally, the ESP32 mi-
crocontrollers provide the General Purpose Input Output
(GPIO) pins required to control peripheral devices used in
the designs.

5.1 Servo-actuated SRN
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Fig. 5. Final Prototype Servo-actuated SRN.

The first prototype design presents the electronic and
software-base SRN solution. This design as depicted in
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Fig. 5 utilises four servo motors and an accelerometer in a
control loop to iteratively adjust the legs attached to the
servos until a reading of 1 g is measured on the y-axis of
the accelerometer.

5.2 Gravity-gimbal SRN

The second prototype design, shown in Fig. 6, depicts the
mechanical-based solution, which draws inspiration from
camera stabilisers and gimbals. In this design, the batteries
used to power the microcontroller and the accelerometer
are positioned lower to offset the centre of mass below the
axis of rotation, as defined by the pin joint shown in Fig. 6.
This configuration enables the system to remain upright
with respect to gravity, regardless of the orientation of the
outer protective casing.
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Fig. 6. Final Prototype gravity-gimbal SRN.

5.8 Deployment Module

The deployment module’s outer assembly is constructed
from of 20 x 20 mm aluminium extrusions, where the 3D
printed parts are placed and fastened. This construction
enables the design to be easily reconfigured and adapted
throughout the development process. Furthermore, the
deployment module houses all the electronics used to
dispense SRNs from the UGV, including a small N20
motor with a lead screw attachment to facilitate the
dispensing of SRNs from the UGV.

Anti-jammer
Part

Fig. 7. Deployment System - Deployment Module.

5.4 Storage Module

The storage module, designed to be attached atop the
deployment module, is purely mechanical, allowing for
scalability. The storage module features a spring-loaded
pusher, as depicted in Fig. 8, which ensures that three
SRNs can be stored and automatically loaded into the
deployment module when empty.
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Fig. 8. Deployment System - Storage Module.

6. SOFTWARE AND ELECTRONIC SYSTEM
DESIGN

This section details the electrical and software design for
the servo-actuated SRN, the gravity-gimbal SRN and the
node deployment system. Additionally, a high-level system
integration overview is presented which depicts the ESP-
NOW communication topology between the microcon-
trollers in the system. Future work will involve replacing
the ESP32 with a communication module more suited for
the environment.

6.1 System Integration

The system consists of three distinct ESP32 microcon-
trollers: one master (primary) and two slave (secondary)
microcontrollers. The primary microcontroller, located in
the deployment module, is responsible for facilitating two-
way communication between itself and the secondary mi-
crocontrollers located in the SRNs. Additionally, the pri-
mary microcontroller hosts the Control Interface Graph-
ical User Interface (GUI), which sends commands to the
primary microcontroller for decoding and transmission to
the secondary microcontrollers. This setup is only to val-
idate the performance of the deployment system and the
individual SRNs, and not the mesh network performance.
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Fig. 9. ESP-NOW Communication Topology.

Secondary microcontroller 1 is responsible for controlling
the servo motors in response to commands received from
the primary microcontroller. While secondary microcon-
troller 1 both receives commands and transmits acquired
data to the primary microcontroller for publication on
the Control Interface GUI, secondary microcontroller 2
only transmits acceleration data, as it is an electronically
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passive SRN. As a result, secondary microcontroller 1
receives a self-righting command, whereas secondary mi-
crocontroller 2 does not require such a command.

7. SYSTEM EXPERIMENT AND ANALYSIS

Following intermediate development tests, field tests were
conducted on uneven terrain. These tests involved deploy-
ing the communication nodes in various uneven ground
topologies to assess the effectiveness of the system in real-
world applications. The UGV utilized for this test was the
ClearPath Husky A200 platform.

7.1 Self-righting Node Experiment

Fig. 10 and Fig. 11 show the acceleration versus time
responses for the deployment of both SRN designs. These
plots correspond to one of the five experiments listed in
Table 2 and represent the independent testing of each
SRN design. The data in Fig. 10 is clipped to the moment
the self-righting command is received, whereas Fig. 11
captures the point at which the gravity-gimbal SRN makes
contact with the ground and begins self-righting. The
experiment involved loading one of the SRN designs into
the deployment module and dispensing it five times to
measure the self-righting time and steady-state y-axis
(vertical) acceleration values, before swapping to the other
design and repeating the procedure.
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Fig. 10. Acceleration vs Time - Servo-actuated SRN.
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Fig. 11. Acceleration vs Time - Gravity-gimbal SRN.

It is seen in Fig. 10 that the servo-actuated SRN algorithm
correctly identified the nodes orientation after deployment
and began to adjust the servo motors until a g-force value
of 1 g was measured for the y-axis. While the gravity-
gimble SRN produced an oscillatory response due to the
two axis of rotational freedom.

Table 2. Average of SRN Experiment Results.

Self-righting Steady-state
SRN Type Time (s) y-axis g-force (g)
Servo-actuated 1.90 0.99
Gravity-gimbal 2.86 0.97

The servo-actuated SRN algorithm is effective in making
live adjustments, ensuring that the node rights itself, even
in the presence of minor disturbances, such as slipping
caused by the legs pressing against soil or loose rock. A
limitation of the gravity-gimbal SRN is the friction in the
joints, which produces a linearly-damped decay response.
While this characteristic offers advantages in reducing the
self-righting time, it can cause the system to stop in an
unsuitable orientation due to static friction overcoming
the angular inertia, thus resulting in the steady-state g-
force error seen in Table 2. However, using a material with
a lower coefficient of friction will improve the accuracy of
the steady-state y-axis g-force but will increase the self-
righting time due to less damping and frictional forces
present. Click here to view a video summary of the project.

7.2 Field Test

The field test was conducted outside on rough terrain
with the deployment system mounted to the Husky A200
UGV. Fig. 12, depicts the deployment and final steady-
state orientation of the servo-actuated SRN.

Node Deployment
System

UGV
(a) Deploying SRN.

Fig. 12. Field Test.

(b) Successful Deployment.

Several outdoor tests were conducted, the first being vali-
dating the success of the nodes’ self-righting functionality
by deploying each node independently. Following the SRN
tests, the node deployment system was tested by deploying
one node, then two and three nodes sequentially. Thereby
testing the reliability of the storage system to reload the
deployment module when empty. The results of these tests
are summarised in Table 3 below.
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Table 3. Field Test Results.

Description [ Target [ Range [ Result [ Unit
Node Deployment System
Footprint 400 300-450 555 cm?
Storage 4 2.6 3 Nodes
Capacity
Modularity True - True -
Mass 3.5 <5 3.1 kg
Servo-Actuated SRN
Volume 1000 600-1200 855.03 cm?
Self-Righting 20 <30 1.90 s
Time
Node Mass 300 <500 360 g
Self-Righting 98 ~95 99 %
Accuracy
Gravity-Gimbal SRN
Volume 1000 600-1200 1168.54 cm3
Self-Righting 20 <30 2.86 s
Time
Node Mass 300 <500 260 g
Self-Righting 08 ~95 97 %
Accuracy

Additionally, battery life values for the respective sub-
systems were determined mathematically. The node de-
ployment system is powered using two 18650 lithium-ion
batteries, providing a total capacity of 4400 mA h, corre-
sponding to 16.8 hours of battery life. The servo-actuated
SRN is powered using batteries of the same capacity;
however, due to the holding torque required to maintain
the node in an upright position, there is an increased
current draw, which reduces the battery life of the node
to 8 hours. The gravity-gimbal SRN is powered using four
16340 lithium-ion batteries, resulting in a total capacity
of 2800mA h. Although the gravity-gimbal SRN has a
considerably lower battery capacity, it exhibits a longer
battery life of 12.3 hours because it only requires power
for the ESP32 microcontroller and the accelerometer.

8. CONCLUSION AND FUTURE WORK

A proof-of-concept deployment system was successfully
developed to establish mesh communication infrastruc-
ture. Two distinct self-righting communication node de-
signs were developed, tested, and quantitatively analysed.
Both designs satisfied the design constraints; however, it
was noted that for future development, the servo-actuated
SRN is the preferred design. This preference arises due to
scalability limitations present in the gravity-gimbal SRN.
If a more sophisticated communication device is to be
utilised, typically occupying a larger form factor, the size
of the gravity-gimbal SRN would increase considerably,
rendering it impractical for use on small UGVs. Addi-
tionally, the servo-actuated SRN offers several advantages,
including user control over its orientation and the ease
with which servo mechanisms and algorithms can be im-
plemented without significantly increasing the overall form
factor.

Future development should focus on advancing the design
of the servo-actuated SRN and the node deployment sys-
tem to enhance their robustness against hazardous envi-
ronments. Furthermore, implementing the servo-actuation
mechanism and algorithms on an off-the-shelf communi-
cation device is recommended. While the ESP32 modules

served effectively as simulated mesh network nodes and
peripheral control devices, future research should involve
comprehensive testing of commercially available hardware
using various communication protocols such as WiFi, Zig-
bee, and LoRa within realistic mesh network topologies
and environments. This will help determine the most
suitable hardware and protocol combinations for different
application scenarios. In terms of node deployment loca-
tion decision-making, greedy algorithms based on RSSI
thresholding should be investigated in conjunction with
the solutions presented in this report.
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