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ABSTRACT  

Self-reconfiguring modular robots (SRMRs) represent a paradigm shift in underwater robotics, offering  

unprecedented adaptability, resilience, and efficiency for deep-sea exploration missions. This manuscript provides an 

in-depth analysis of an SRMR system engineered to operate under extreme hydrostatic pressures (up to 150 MPa), 

subzero temperatures (down to –2 °C), and complex, unstructured seabed terrains. We detail a novel modular 

architecture comprising hermetically sealed aluminum alloy modules filled with dielectric oil, interconnected via 

magnetic latches and spring-loaded electrical contacts. Each module houses a pressure-tolerant brushless DC actuator 

and onboard microcontroller, enabling fully distributed decision-making. A hybrid control framework integrates a 

centralized mission planner—responsible for global pathing and morphology directives—with module-level behavior 

controllers that handle local reconfiguration, collision avoidance, and energy management. High-fidelity simulations 

in Gazebo, augmented with hydrodynamic plugins to emulate abyssal currents (up to 1 m/s) and terrain types (sand, 

silt, and rocky outcrops), validate the system’s capabilities. Key performance metrics include reconfiguration time 

(12.3 ± 2.1 s between chain and wheel morphologies), locomotion efficiency (0.85 m/J in wheel mode, a 35% 

improvement over chain mode at 0.63 m/J), fault tolerance (92% waypoint completion under a 10% random module 

failure rate), and long-duration uptime (>90% operational over 48 h). Results demonstrate that SRMRs can 

dynamically optimize their morphology to balance speed, stability, and energy consumption, negotiating obstacles via 

legged configurations when needed. We discuss the practical implications for seabed mapping, sample collection, and 

infrastructure inspection, highlighting areas for future work such as real-world prototype testing, advanced energy 

storage, and enhanced acoustic communication strategies.  
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Figure-1.SRMR Transformation for Deep-Sea Exploration  

INTRODUCTION  

Exploring the deep ocean—characterized by pressures exceeding 100 MPa, temperatures near freezing, and absolute 

darkness—poses formidable challenges to conventional robotic platforms (Yuh, 2000). Traditional autonomous underwater 

vehicles (AUVs) and remotely operated vehicles (ROVs) excel in predefined missions but often struggle with unexpected 

obstacles such as narrow crevices, steep rock faces, and unstable sediment beds (Yoerger et al., 2007). These limitations 

motivate the development of self-reconfiguring modular robots (SRMRs), which can autonomously transform their physical 

structure to adapt locomotion and manipulation strategies in real time (Yim et al., 2007). By comprising multiple 

interoperable modules rather than a single monolithic body, SRMRs offer inherent redundancy: individual module failures 

do not incapacitate the entire system, and modules can detach, rearrange, or replace themselves to maintain functionality 

(Stoy, Nagpal, & Petersen, 2006).  

This research investigates the design, control, and performance of SRMRs optimized for deep-sea exploration. Our objective 

is to demonstrate how modularity enhances adaptability and resilience, enabling robots to traverse diverse seafloor terrains 

and perform complex tasks such as sample collection and infrastructure inspection. We introduce a pressure-tolerant hardware 

architecture—hermetically sealed modules filled with dielectric oil, featuring magnetic latching mechanisms and fluid-

resistant electrical connectors. Each module integrates a brushless DC motor rated for high hydrostatic environments and an 

embedded microcontroller for local autonomy.  

Central to our approach is a hybrid control architecture that balances global mission planning with distributed, module-level 

decision-making. A centralized mission planner leverages preloaded bathymetric maps to generate waypoints and preferred 

morphologies, while module controllers employ behavior-based algorithms to manage reconfiguration, obstacle avoidance, 

and energy budgets under communication delays inherent to acoustic networks (1–2 s latency at 250 kbps). High-fidelity 
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simulations in Gazebo, augmented with hydrodynamic plugins to model abyssal currents and heterogeneous terrain profiles, 

form the basis of our performance evaluation. We assess reconfiguration times, locomotion efficiencies, fault tolerance under 

random module failures, and long-duration mission uptime.  

  

Figure-2.SRMR System Operational Sequence  

LITERATURE REVIEW  

Modular robotics has its roots in the early 2000s with the CONRO system, which showcased chain-style modules capable of 

both locomotion and rudimentary manipulation (Murata, Kurokawa, & Kokaji, 2002). Building on this foundation, platforms 

like M-TRAN and SuperBot introduced advanced connector designs and richer shape repertoires, achieving faster 

reconfiguration and a broader range of morphologies (Yim et al., 2007; Zhu & Murphey, 2010). However, these terrestrial 

and aerial systems rely on mechanical connectors and actuators unsuited for high-pressure underwater environments due to 

sealing and corrosion challenges (Gilpin, Knaian, & Rus, 2010).  

Underwater robotics has traditionally focused on two paradigms: AUVs and ROVs. AUVs such as the REMUS and Sentry 

series provide untethered operation and sophisticated sensing but struggle in confined or complex terrains (Singh, Eustice, 

& Whitcomb, 2004). ROVs, tethered to surface vessels, offer greater power and payload capacity but require continuous 

human oversight and suffer limitations in maneuverability (Carreras et al., 2006). Hybrid architectures—glider-thruster 

vehicles—achieve impressive energy efficiency for long-range surveys but lack dexterous manipulation capabilities (Paley, 

Zhang, & Leonard, 2008).  

Early efforts to combine modularity with underwater operation include buoyancy-driven systems like CLAM, which adjust 

buoyancy ballast to alter depth profiles but do not reconfigure for locomotion or manipulation (Bhattacharyya, Keating, &  
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Beltramo, 2015). Decentralized control strategies for module swarms have been developed in simulation, emphasizing 

scalability and robustness (Erol, Dorigo, & Birattari, 2003), yet they often neglect the specific constraints of underwater 

acoustics and pressure.  

Control architectures for SRMRs range from fully centralized planners that optimize global morphology sequences to purely 

distributed schemes that rely on local sensing and neighbor interactions (Chirikjian, 2000; Stoy et al., 2006). Centralized 

approaches can compute optimal configurations but present single-point failures, while distributed methods excel in fault 

tolerance but may lack coherence across modules (Zhang & Meng, 2010). Hybrid frameworks, incorporating high-level 

mission directives with module-level behavior arbitration, have shown promise on land robots (Zhang & Meng, 2010). An 

underwater adaptation must account for limited bandwidth, significant latency, and intermittent connectivity of acoustic 

networks (Kong, Kleidermacher, & Choset, 2012).  

Gaps remain in integrating pressure-resistant hardware with hybrid control specifically for deep-sea SRMRs. Comprehensive 

performance evaluations—measuring metrics such as energy per meter traveled post-reconfiguration or fault recovery rates—

are scarce. This study addresses these deficits by presenting a fully simulated SRMR system tailored for abyssal deployment, 

accompanied by quantitative analyses of reconfiguration efficiency, locomotion energy costs, and mission reliability under 

module failures.  

METHODOLOGY  

Hardware Architecture  

Our SRMR prototype consists of cylindrical modules (0.2 m height, 0.15 m diameter) fabricated from 6061-T6 aluminum 

alloy. Each module is sealed by laser-welded end caps and internally flooded with dielectric oil to equalize pressure. Magnetic 

latches—pairs of NdFeB magnets rated at 50 kg pull force—provide mechanical docking, while gold-plated spring-loaded 

pogo pins ensure reliable power (24 V) and data (CAN bus at 1 Mbps) transfer. Actuation is delivered by custom brushless 

DC motors with integrated planetary gearboxes, rated for continuous operation at 150 MPa ambient pressure. Each module 

hosts a 32-bit ARM Cortex-M4 microcontroller running FreeRTOS for real-time task scheduling. Control Framework  

We adopt a two-tier control architecture:  

1. Mission Planner (Centralized): Executes on a surface or base station computer. Utilizing preloaded bathymetric 

data, it computes optimal waypoint sequences and assigns target morphologies (chain, wheel, or quadruped) based 

on local terrain gradient and mission objectives (e.g., mapping, sampling). Morphology directives are broadcast 

periodically via acoustic modem (BlueComm, 250 kbps).  

2. Module Controller (Distributed): Each module runs a behavior-based control loop comprising:  

o Reconfiguration Manager: Interprets morphology directives, sequences motor commands to 

dock/undock with neighbors, and monitors latch engagement.  
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o Locomotion Controller: Executes gait patterns (e.g., wheel rotation, legged stepping) synchronized via 

timestamped acoustic broadcasts.  

o Health Monitor: Tracks voltage, motor currents, and latch status. On detecting failures (e.g., motor stall, 

latch misalignment), triggers local reconfiguration or requests module swap.  

Modules communicate neighbor-to-neighbor over a CAN-based mesh when latched; acoustic communications occur only 

for planner updates or fault notifications, minimizing bandwidth usage.  

Simulation Testbed  

We implemented a high-fidelity simulation in Gazebo 11, enhanced with UUV Simulator’s hydrodynamic plugins to model 

drag, buoyancy, and current forces up to 1 m/s. The seabed is procedurally generated with mixed sand, silt, and outcrop 

profiles, including slopes up to 30°. Modules are modeled with full kinematic and dynamic properties, including magnet 

interactions and fluid-resistance effects. Acoustic channel impairments—latency (1–2 s), packet loss (5%)—are simulated 

using ns-3 coupled with Gazebo via ROS.  

Performance Evaluation  

We conducted 20 simulation runs per scenario, measuring:  

• Reconfiguration Time: Interval from receiving a morphology directive to completing module rearrangement, 

averaged across runs.  

• Locomotion Efficiency: Calculated as distance traveled divided by energy expended (J), using telemetry logs of 

motor currents and voltages.  

• Fault Tolerance: Randomly inject a 10% module failure rate per mission (e.g., actuator stall, latch failure) and 

record waypoint completion ratio.  

• Mission Uptime: Proportion of simulation time during which the robot retained a functional locomotive 

morphology, aggregated over 48 h mission profiles scaled to simulation time.  

RESULTS  

Reconfiguration Performance  

Across 20 trials in our high-fidelity simulation, the mean time to transition between chain and wheel morphologies was 12.3 s 

(σ = 2.1 s)—an improvement of 18% over the CONRO baseline of 15 s (Murata et al., 2002). Notably, performance varied 

with current velocity: under still conditions, reconfiguration averaged 11.5 s, while in 1 m/s currents it rose to 13.2 s due to 

increased drag on partially docked modules. Quadruped formation (four-module legged gait) took 18.9 s (σ = 3.4 s), with 

additional time attributed to precise alignment of magnetic latches under fluid shear.  
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Locomotion Efficiency  

We measured energy consumption via integrated motor current and voltage logs:  

• Chain Mode: 0.63 m/J (± 0.05), adequate for linear traversals but prone to slippage on slopes >20°.  

• Wheel Mode: 0.85 m/J (± 0.06), a 35% gain over chain mode, demonstrating the benefit of continuous rolling with 

reduced start-stop losses.  

• Quadruped Mode: 0.52 m/J (± 0.04), lower efficiency but essential for negotiating rugged terrain. On 30° inclines, 

quadruped gaits maintained traction and advanced at 0.18 m/s versus wheel mode’s 0.05 m/s under slippage.  

Efficiency correlations with terrain type revealed that on sandy substrates, wheel mode’s energy use increased by 12% due 

to low traction; chain mode losses increased by 25%. Quadruped mode was least affected (<5% variation), underscoring its 

role in unstable soils.  

Fault Tolerance  

Injecting random failures into 10% of modules per mission, SRMRs still achieved 92% of planned waypoints (σ = 4.7%), 

compared to 65% for equivalent monolithic AUVs (two‐fold higher failure impact). Fault modes included actuator stalls 

(60% of failures) and latch misalignments (40%). Upon detection, the Health Monitor triggered autonomous detachment and 

reallocation: for example, when a module in a wheel cluster failed, remaining modules reconfigured into a quadruped or 

chain contingent on mission phase. Recovery from a single module failure took an average of 22.1 s, including detection, 

undocking, and remapping of roles.  

Mission Uptime  

Over simulated 48 h missions (accelerated time), SRMRs maintained a 91% uptime, where uptime is defined as the 

proportion of time the robot retained at least one locomotive morphology capable of forward progress. Downtime events (9% 

of mission time) primarily coincided with complex multi-module reconfigurations (e.g., chain → quadruped → wheel 

sequences) and extended acoustic communication blackouts (> 3 s). On average, each mission experienced 3.2 

reconfiguration-related downtimes, each lasting 2.8 min.  

Navigation Accuracy  

Despite acoustic latency (1–2 s) and 5% simulated packet loss, the hybrid control architecture kept waypoint deviation under 

0.5 m (mean 0.32 m, σ = 0.11 m) across varied terrains. This was achieved by local extrapolation of planner directives, 

allowing modules to predict movement vectors during communication gaps. In contrast, a purely centralized approach 

showed deviations up to 1.4 m under identical network conditions.  
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CONCLUSION  

This study validates the feasibility and advantages of self-reconfiguring modular robots (SRMRs) for deep-sea exploration 

through rigorous, simulation-based evaluation. Our key contributions are threefold:  

1. Pressure-Tolerant Hardware Design: We introduced a compact module with oil-flooded interiors, magnetic 

latches, and fluid-resistant electrical contacts, capable of withstanding pressures up to 150 MPa. Simulation results 

under varied current conditions confirm that our design maintains reliable docking and power/data transfer with 

minimal performance degradation.  

2. Hybrid Control Architecture: By combining a centralized mission planner with distributed, module-level 

controllers, the system achieves robust mission coherence despite acoustic latency and packet loss. Local behavior 

arbitration allows for predictive waypoint tracking, resulting in average deviations under 0.5 m—more than double 

the accuracy of purely centralized schemes under similar conditions.  

3. Demonstrated Performance Gains:  

o Reconfiguration Speed: Average chain↔wheel transitions of 12.3 s represent an 18% improvement over 

earlier SRMRs.  

o Energy Efficiency: Wheel mode’s 0.85 m/J efficiency translates to extended mission range, while 

quadruped mode ensures traversal of slopes up to 30°.  

o Fault Resilience: Autonomous handling of up to 10% module failures yields 92% waypoint completion— 

significantly higher than monolithic AUVs. o High Uptime: Sustained locomotive capability for 91% of 

mission time over 48 h demonstrates SRMRs’ durability for long-duration deployments.  

In conclusion, the integration of modularity, distributed autonomy, and adaptive morphology offers a robust path toward 

versatile, resilient deep-sea robots. As hardware prototypes advance and field trials commence, SRMRs hold the promise of 

unlocking previously inaccessible oceanic insights, facilitating scientific discovery, and supporting critical infrastructure 

maintenance in the planet’s most challenging environments.  
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