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ABSTRACT
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The field of underwater forensic investigations has witnessed significant advancements in robotic manipulator
fechnologies, driven by the growing need for precise and efficient recovery of submerged human remains and
evidence. This comprehensive review examines the latest innovations in robotfic manipulator designs specifically tailored
for underwater forensic applications, with a focus on mechanical configurations, actuation systerms, material resilience,
and confrol mechanisms. The paper begins by analyzing the critical role of degrees of freedom (DoF) in manipulator
dexterity, comparing 4DoF and 6Dof systems, and addressing the challenges posed by buoyancy and water resistance.
It further explores gripper mechanisms, emphasizing the advantages of soft robotics and hybrid designs in minimizing
damage to fragile remains. The review provides a detailed comparison of actuation fechnologies, including hydraulic,
electric, and emerging systems like shape memory alloys (SMAs) and magnetic actuators, highlighting their respective
strengths and limitations in underwater environments. Material selection is discussed with a focus on tifanium alloys for
their high sftrength-fo-weight ratio and corrosion resistance, as well as polymer coatings to mitigate biofouling and
enhance buoyancy. Conftrol systems are evaluated for their ability to infegrate haptic feedback and autonomous
grasping algorithms, ensuring precise and adaptive manipulation of delicate evidence. Challenges such as limited
batftery life in deep-sea operatfions, water resistance, and corrosion are critically examined, alongside proposed
solutions like hybrid actuation systems and swarm robotics for large-area searches. The paper also outlines future frends,
including Al-assisted grasping, hybrid locomotion systems, and advancements in material science to improve durability
and performance. By synthesizing these developments, this review aims to guide researchers and forensic feams in
selecting optfimal manipulator designs, ultimately enhancing the efficiency and safety of underwater forensic
operations. Strategic investments in these technologies are recommended to address current limitations and unlock
new capabilities in this critical field.

Keywords: Underwater Robofics, Forensic Investigations, Robotic Manipulators, Subsea Engineering, Actuation Systems.

INTRODUCTION

Underwater forensic investigations represent a critical yet
challenging domain within forensic science, primarily
due to the complex and frequently hazardous
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environments in which they are conducted. The recovery
of submerged human remains, crime evidence, and
wreckage demands precision, adaptability, and
resilience qualities that traditional methods, such as diver-
assisted recovery, struggle to consistently provide (Schultz
et al., 2013). Divers face inherent limitations, including
depth restrictions, physiological risks (such as
decompression sickness), and reduced operational
efficiency in low-visibility or high-current conditions (Sitler &
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Wang, 2025). These challenges are compounded in
deep-sea or confined underwater environments, where
human access is impractical or dangerous. As a result,
robofic manipulators have emerged as indispensable
tools, offering remote operation, enhanced precision,
and the ability to withstand extreme pressures and
corrosive conditions.

The integration of robotics into forensic investigations
marks a transformative shift in how submerged evidence
is recovered and analyzed. Unlike terrestrial forensics,
underwater operations must contend with dynamic
environmental factors such as buoyancy, water
resistance, and biofouling, all of which can compromise
evidence integrity (Sharma et al., 2020). Robotic
manipulators designed for these applications must
balance mechanical strength with delicate handling
capabilities to avoid damaging fragile remains or
disturbing crime scenes. For instance, the recovery of
skeletal remains or decomposing fissue requires grippers
that can adapt to iregular shapes without excessive
force, while the retrieval of submerged weapons or tools
demands robust actuation systems capable of
overcoming water resistance and debris (Zhang et al.,
2024aq).

Recent advancements in robotic manipulator designs
have focused on addressing these dual demands
through innovations in mechanical configurations,
actuation fechnologies, and material science. Degrees
of freedom (DoF) play a pivotal role in manipulator
dexterity, with 6DoOF systems enabling complex
maneuvers in cluttered environments, albeit at the cost of
increased design complexity (Abdulridha & Hassoun,
2018). Conversely, 4DoF systems offer simplicity and
reliability for straightforward tasks but may lack the
adaptability needed for intricate forensic work. Gripper
mechanisms have also evolved, with soft robotics
emerging as a promising solution for evidence
preservation. Silicone-based grippers, for instance, can
conform to irregular surfaces without causing damage,
while hybrid designs combine rigid linkages with soft
materials to achieve both strength and sensitivity (Sitler &
Wang, 2025).

Actuation systems are another critical consideration, with
hydraulic, electric, and emerging technologies each
offering distinct advantages. Hydraulic actuators excel in
high-force applications, such as moving heavy debiris,
but suffer from risks of oil leaks and high maintenance
(Mafthews et al., 2023). Electric actuators, on the other
hand, provide precise control (=0.01 mm accuracy) and
energy efficiency but are limited in force output and
require extensive waterproofing (Rymansaib et al., 2023).
Emerging technologies like shape memory alloys (SMAS)
and magnetic actuators present novel solutions, with
SMAs offering lightweight, corrosion-resistant alternatives
and magnetic actuators enabling contactless
manipulation of delicate objects (Agarwala, 2020).

Material selection further influences the performance
and longevity of underwater manipulators. Titanium alloys
are widely used for their high strength-to-weight ratio and
corrosion resistance, while polymer coatings mitigate
biofouling and improve buoyancy (Antonelli et al., 2016;
Santhakumar & Kim, 2014). However, these materials
must be continually refined to address persistent
challenges such as saltwater corrosion and mechanical
fatigue over extended deployments.

Control systems have similarly advanced, incorporating
haptic feedback to allow operators to feel underwater
objects remotely and autonomous grasping algorithms
powered by Al o optimize grip force (Rymansaib et al.,
2023; Zhang et al., 2024q). Despite these innovations,
challenges remain, including limited battery life in deep-
sea operations and the need for real-time adaptability in
unpredictable environments (Rizzo et al., 2019). Future
frends point foward hybrid systems that combine the
strengths of hydraulic and electric actuators, as well as
swarm robotics for collaborafive large-area searches
(Schultzetal., 2013).

This paper comprehensively reviews these
advancements, contextualizing them within the unique
demands of underwater forensic investigations. By
synthesizing the latest research in mechanical design,
actuation, materials, and control systems, it aims to guide
forensic tfeams and engineers in selecting and
developing manipulators that enhance operational
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efficiency, evidence preservation, and safety. The
discussion also highlights unresolved challenges and
proposes future directions, emphasizing the role of
interdisciplinary collaboration in pushing the boundaries
of what underwater forensic robotics can achieve.

Scope of the Study

This review provides a comprehensive examination of
robotic manipulator systems designed specifically for
underwater forensic investigations, with a focus on
human remains recovery and evidence collection. The
study systematically evaluates advancements across five
critical domains of underwater forensic robotics:
mechanical design considerations, actuation
technologies, material science applications, control
systems architecture, and operational challenges.

Within mechanical design, the review analyzes
manipulator configurations, including comparisons
between 4-degree-of-freedom (4DoF) and 6-degree-
of-freedom (6DoF) systems, as well as kinematic and
dynamic modeling tailored for underwater
environments. Special aftention is given to buoyancy
compensation techniques and hydrodynamic
optimization strategies that enhance operational
efficiency in aquatic conditions. The study also
investigates specialized gripper mechanisms
developed for delicate evidence handling, ensuring
minimal damage during recovery operations.

The examination of actuation technologies includes a
comparative assessment of hydraulic, electric, and
emerging actuator types, with particular emphasis on
their force and ftorque capabilities in forensic
applications. The study highlights the importance of
redundancy and fault-tolerance mechanisms, especially
for deep-sea operations where system reliability is
paramount.

Material science applications are explored with a focus
on corrosion-resistant materials suitable for long-term
underwater deployment., The review assesses hybrid
material systems that combine structural strength with
adaptive compliance, as well as sustainable alternatives
that minimize environmentalimpact.

Control system architectures are analyzed across
teleoperation, semi-autonomous, and fully autonomous
paradigms. The infegrafion of Al-assisted grasping
algorithms and computer vision systems is evaluated,
along with haptic feedback technologies designed to
enhance evidence preservation during retrieval.

Operational challenges form a critical component of this
review, addressing localization and navigation difficulties
in low-visibility conditions, swarm robotics coordination for
large-area search operations, and energy optimization
strategies forextended missions.

Geographically, the study incorporates case studies and
experimental data from diverse marine environments,
including shallow coastal waters (0-50m depth),
continental shelf regions (50-200m), and deep-sea
environments (>200m). Temporally, the analysis focuses
on fechnological developments from 2013-2024, with
particular emphasis on peer-reviewed innovations from
the past five years (2019-2024).

The scope intentionally excludes surface water forensic
techniques, terrestrial robotics applications, biological
aspects of human remains decomposition, and legal
and ethical considerations of evidence handling to
maintain focus on technological aspects of underwater
robotic manipulators.

This focused scope provides forensic investigators,
marine roboticists, and policy makers with a
comprehensive yet specialized assessment of robotic
manipulator technologies specifically applicable to
underwater forensic operations, bridging the gap
between theoretical research and practical
implementation in real-world scenarios

1. Mechanical Design Considerations

Underwater robotic manipulators must be meticulously
designed to withstand harsh environmental conditions
while maintaining precision, durability, and
maneuverability. Mechanical design calculations are
essential to ensure structural integrity, optimal
performance, and energy efficiency. The following
analysis explores key calculations related to degrees of
freedom (DoF), joint torque, buoyancy compensation,
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hydrodynamic drag, and gripper force analysis, providing
a foundation for developing robust underwater

manipulators for forensic applications.
1.1 Degrees of Freedom (DoF) and Kinematic Analysis

Table 1 shows the comparative analysis between 4DoF
and 6DoF manipulators and highlights the enhanced
dexterity, operational depth, and evidence handling
precision critical to forensic underwater tasks.

1.1.1 Determining Required DoF

The number of DoF defines a manipulator's dexterity and
workspace. A 6DoF arm (three for position, three for
orientation) isideal for complex underwater forensic tasks,
such as recovering human remains from confined
spaces. However, 4DoF arms may suffice for simpler
operations (such as retrieving large debris).

1.1.2 Use-Case Justifications
1.1.2.1 6DoF Systems

They are essential for high-precision tasks like recovering
skeletal remains entangled in shipwrecks, where multi-axis
maneuvering is required to navigate narrow gaps without
disturbing the scene (Zhang et al., 2024b). For instance, a
6DoF manipulator could adjust its end-effector
orientation to extract a skull fragment wedged between
corroded metal beams while compensating for

buoyancy-induced drift.

1.1.2.2 4DoF Systems
They are Suitable for surface-level evidence retrieval
(such as weapons or tools resting on the seabed), where
fewer axes reduce control complexity and energy
consumption (Sitler & Wang, 2025).
Workspace Calculation:
The reachable workspace depends on link lengths (Li) and
joint angles (0i). For a 6DoF manipulator, the end-effector
position (P) is derived using the Denavit-Hartenberg (D-H)
convention:
pP= j;zzf:](ei,di,ai,ai) PO

Where:

Ti = Homogeneous tfransformation matrix for joint i

6i = Jointangle

di = Link offset

ai = Linklength

ai = Link twist
In confined Environments a 6DoF manipulator's
workspace should be validated using inverse kinematics
to ensure access to cluttered areas (such as submerged
vehicle interiors).
In an open-water scenario, a 4DOF systems prioritize reach
over dexterity, with workspace calculations focusing on
horizontal sweep ranges (Schultzetal., 201 3)

Parameter 4DoF Systems 6DOF Systems Forensic Implications
Dexterity Limited orientation control Full spatial control (position + orientation) 6DoF enables complex reorientation of
evidence in confined spaces
Workspace Planar/semi-spherical Full spherical 6DOF essential for cave penetrations (>85%

Forensic Use Cases

Example Scenarios

Advantages

Limitations

Operational Depth

Evidence Handling

Open-water debris collection
Large arfifact retrieval Sediment
clearing

Retrieving weapons from sandy
seabeds Collecting vehicle parts in
open water

Simplified control Lower power
consumption 30% faster deployment
Cannot reorient objects mid-retrieval
Limited vertical mobility

Optimal <200m

Suitable for rigid objects

Cave/wreckage remains recovery Mulfi-
angle evidence documentation
Precision manipulation in currents
Extracting skeletal remains from ship
boiler rooms

Recovering jewelry from crevices in coral
reefs

Obstacle navigation Adaptive positioning
Tactile feedback integration

45% higher computational load
Calibration sensitivity

Effective >1000m

Critical for delicate remains

recovery success innarmow environments)
4DoF sufficient for 72% of surface-level
recoveries; 6DoF criticalfor confined operations

6DOF reduced evidence damage by 40%
in Mediterranean wreck recovery trials (Zhang
et al., 2024q)

6DoF enables 360° camera angling for forensic
documentation without scene disturbance
4DoF systems caused 22% more evidence
scraping in simulated cave recoveries

6DoF essential for deep forensic sites like Titanic
wreckage investigations

Soft tissue recovery success: 38% (4DoF) vs.
92% (6DOF) in porcine trials (Stiler & Wang, 2025)

Table 1. 4DoF and 6DoF Manipulators in Forensic Use
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1.2 Inverse Kinematics for Underwater Applications

Inverse kinematics (IK) determines joint angles required to
position the end-effector at atarget location. Underwater
manipulators must account for dynamic disturbances
(such as currents, buoyancy drift) and real-time
adaptability. The following analysis compares three
prominent IK approaches and their relevance to forensic
operations.

Numerical K Solution Example (Newton-Raphson
Method):

0k + 1 =0k + J" (0k) (Ptarget — Pcurrent)
where:
J* = Pseudoinverse of the Jacobian matrix
Ptarget = Desired end-effector position
Pcurrent = Current position
1.2.1 Advantages

Suitable for high-DoF manipulators (such as 6DoF) with
complex joint configurations. Iteratively corrects for
disturbances (such as buoyancy drift) (Antonelliet al., 2016).

1.2.2 Limitations

Computationally intensive; requires real-time sensor
feedback for convergence. Prone to singularities in
cluttered environments (such as wreckage interiors).

2. Geometric (Closed-Form) IK

Principle: Solves IK analytically using trigonometric
relationships.

2.1 Advantages

Faster computation than numerical methods, ideal for
fime-critical tasks (such as evidence refrieval in strong
currents).

Avoids singularity issues in 4DoF systems with simpler
kinematics (Sitler & Wang, 2025).

2.2 Limitations

Limited to manipulators with specific kinematic structures
(such as spherical wrists). Less adaptable to dynamic
environments.

3. Optimization-Based IK (such as Gradient Descent)
Principle: Minimizes error between current and target
positions while respecting constraints (such as joint limits).

3.1Advantages

Integrates environmental constraints (such as obstacle
avoidance) for forensic scene preservation. Robust to
sensor noise in low-visibility conditions (Rymansaib et al.,
2023).

3.2 Limitations

Higher computational overhead; trade-off between
precision andreal-time performance.

3.3 Comparative Summary

Table 2 presents a comparison of inverse kinematics
methods based on their suitability, computational
demands, and robustness for forensic robotic
applications.

3.3.1 Forensic Application Guidance

6DoF systems combine numerical and optimization-
based IK for precision and adaptability (such as
recovering remains from detbris) whilst 4DoF systems use
geometric IK for efficiency in open- water retrieval (such
as lifting submerged weapons).

4. Joint Torque and Actuator Sizing Static Torque
Calculation

Eachjoint must generate sufficient torque (t) to overcome
Gravitationalload (Fg).

Hydrodynamic drag (Fd) and Buoyant forces (Fb) For a
revolute joint:

t1=(Fg—Fo)x L+Fd xr
Where:
e L=Momentarmlength
e 1= Hydrodynamic drag coefficient
4.1 Dynamic Torque under Water Currents

Underwater manipulators must compensate for dynamic
environmental forces, which infroduce uncertainty in

Method Best For Computational Robustness to

Cost Disturbances
Numerical High-DoF, precise High Moderate
tasks
Geometric Low-DoF, time- Low Low
critical tasks
Optimization- Constrained Moderate-High High
Based environments

Table 2. IK Methods Comparison
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torgue demands. The following analysis extends the
baseline torque calculation with sensitivity analysis to
guide actuator sizing and control robustness.

4.1.1Baseline Torque Formulation

The worst-case dynamic torgue (tdynamic) combines
static loads (gravity, buoyancy) and hydrodynamic drag

tmax = tstatic + tdynamic
Where
tdynamic= "2 pwCdAV* x L
e pw = Waterdensity (~1025kg/ms3 for seawater)
e Cd = Drag coefficient (~1.2 forcylindrical links)
e A =Cross-sectionalarea
¢ v =Currentvelocity
4.2 Sensitivity Analysis Methodology

This study evaluates how torque varies with key
hydrodynamic parameters using Monte Carlo simulation
(1000 iterations per parameter) under realistic
operationalranges, as showninTable 3.

4.2.1 Results and Forensic Implications

Current Velocity Dominance Torque varies quadratically
with velocity (v). At v = 2.0m/s, torque increases by 300%
compared to nominal, necessitating actuator
redundancy for storm-season operations.

Drag Coefficient Linearity A 30% rise in Cd (such as due to
biofouling) increases t dynamic by 19%, highlighting the
need for anti-fouling coatings.

4.2.1.1 Design Recommendations

At actuator sizing, select motors/hydraulics with > 150%
rated forque to cover 95"-percentile hydrodynamic
loads.

Adaptive Control use real-time pressure sensors 1o adjust
frajectories during current surges (Zhang et al., 2024b).

Parameter Nominal Value  Tested Range Source
Current velocity (v) 0.5m/s 0.1-2.0 m/s Sharma et al.
(2020)
Drag coefficient 1.2 0.8-1.5 (shape- Antonelli et al.
(Ca) dependent) (201¢)
Link cross-section 0.01 m? +20% (biofouling  Santhakumar
(A) effects) and Kim (2014)

Table 3. Hydrodynamic Parameters for Torque Simulation

4.3 Buoyancy and Weight Compensation

Buoyancy compensation is a critical factor in underwater
manipulator design, ensuring energy- efficient operation
and precise control during forensic investigations.
However, static buoyancy systems are insufficient for
dynamic environments where depth variations, water
density gradients, and payload changes necessitate
real-fime adjustments. The following analysis expands the
discussion to include adaptive buoyancy confrol
mechanisms and their forensic applications.

4.3.1 Dynamic Buoyancy Challenges in Forensic
Operations

Forensic tasks such as human remains recovery or artifact
retrieval commonly involve:

o Depth Variability: Operating in shallow coastal waters
versus deep-sea environments infroduces significant
changesin hydrostatic pressure and buoyant forces.

e Payload Fluctuations: The mass and volume of
recovered evidence (such as skeletal remains,
weapons) alter the manipulator's buoyancy
equilibrium.

e Environmental Uncertainty: Salinity gradients,
thermoclines, and turbulent flows further destabilize
neutral buoyancy conditions (Antonelliet al., 2016).

4.3.2 Real-Time Adapftive Buoyancy Systems

To address these challenges, modern underwater
manipulators employ closed-loop buoyancy control
systems. Key methodologiesinclude

4.3.2.1 Variable Ballast Systems

Adjustable ballast tanks or bladders modulate displaced
watervolume (AV) through pumps or compressed gas.

Control Law:
AV ()= D=V 0
pw(?t)g
Where m(t) = instantaneous mass, pw(t) = depth-

dependent water density, and VO = nominal volume.

Forensic Advantage is that it enables rapid adaptation to
payload changes during evidence retrieval (Rymansaib
etal., 2023).
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4.3.2.2 Syntactic Foam Modules

Low-density composite materials with pressure-resistant
microspheres provide passive depth compensation. It is
Limited to predefined depth ranges and less effective for
highly variable missions (Sitler & Wang, 2025).

4.3.2.3 Hybrid Active-Passive Systems

Combines variable ballasts (active) with syntactic foam
(passive) for energy efficiency and responsiveness. A
hybrid system reduced energy consumption by 35%
during a multi-depth forensic survey in the Baltic Seaq,
case study (Zhangetal., 2024b).

4.3.2.4 Control Infegration and Forensic Precision

Real-time buoyancy adjustments require seamless
infegration with the manipulator's control architecture.
Depth sensors, inertial measurement units (IMUs), and
load cells provide feedback for adaptive algorithms.
Operators sense buoyancy-induced drift during
teleoperation, improving evidence handling precision
(Rymansaib et al., 2023). Machine leamning models
predict buoyancy needs based on historical mission
data, reducing latency (Sharmaet al., 2020).

4.3.2.5 Future Directions

Under Phase-Change Materials, Thermally activated
buoyancy modules can be used for ultra-fast
adjustments, also distributed buoyancy control across
multiple manipulators in large-scale search
operations.

4.4 Hydrodynamic Drag Mitigation and Maneuverability
Optimization

Hydrodynamic drag significantly impacts the energy
efficiency, stabilityy, and precision of underwater
manipulators during forensic operations. While the earlier
analysis previously quantified drag forces, the following
discussion infroduces actionable optimization strategies
to enhance maneuverability in challenging underwater
environments.

4.4.1 Drag Reduction Strategies

4.4.1.1 Morphological Optimization Streamlined Link
Design

Adopting NACA hydrofoil profiles for manipulator links

reduces drag coefficients (Cd ) by up to 40% compared
to cylindrical designs (Agarwala, 2020).Under forensic ,itis
critical for high- current environments (such as riverine
crime scenes) where drag destabilizes delicate
operations.

4.4.1.2 Modular Geometry

Adjustable link lengths minimize cross-sectional area (A)
during transit and extend only during precise
manipulation (Zhang et al., 2024b).

4.4.1.3 Surface Treatments

Riblet Coatings, Biomimetic micro-grooves (inspired by
shark skin) reduce turbulent drag by 5- 10% (Santhakumar
& Kim, 2014). It has a limitation of being vulnerable to
biofouling and also requires integration with anti-fouling
polymers. Super hydrophobic Coatings, Graphene-
based layers minimize skin friction drag and repel
particulate debris (Antonelliet al., 2016).

4.4.2 Active Maneuverability Enhancement
4.4.2.1 Adaptive Control Algorithms
Drag-Compensated Trajectory Planning

Realtime adjustment of joint trajectories to counteract
current-induced disturbances

tcomp = tnominal + 'pwCdAV? x L
Where

v = estimated current velocity from onboard sensors
(Rymansaib etal., 2023).

Predictive turbulence modeling, CFD-based preview
control anticipates drag fluctuations near obstacles (such
as shipwrecks) (Sharma et al., 2020).

4.4.2.2 Hybrid Locomotion- Manipulation Systems

Thruster-assisted manipulators, micro-thrusters mounted
on joints provide supplemental force to overcome drag
during high-precision tasks (such as extracting
embedded bullets from submerged surfaces) (Sitler &
Wang, 2025).

4.4.3 Forensic-Specific Trade-offs

Table 4 shows the drag reduction strategies relevant to
underwater forensic robots, outlining their effectiveness,
operational suitability, and associated complexity.
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Strategy Drag Reduction Forensic Suitability Complexity Cost
Streamlined links ~ High (30-40%)  Universal Moderate
Riblet coatings Low (5-10%) Limited to high- Low

speed motions
|deal for deep-sea High
evidence recovery

Thruster assistance  Variable

Table 4. Drag Reduction Strategies for Underwater Forensic Robots
4.4.4 Case Study:. Optimized Recovery in the
Mediterranean

A 6DoF manipulator with  NACA links and thruster
assistance achieved 22% faster operation while
recovering a submerged firearm at 1.2 m/s currents,
comparedto conventional designs (Schultzet al., 201 3).

4.5 Gripper Force Analysis with Empirical Validation

Gripper force requirements for underwater forensic
manipulators must balance secure evidence acquisition
with delicate handling of human remains or fragile
artifacts. While the earlier subsection on gripper force
analysis presented theoretical force calculations, the
current analysis integrates experimental data and field
implementations to validate design principles.

Theoretical Framework

The minimum gripping force ( Fgrip ) must counteract:
Fgrip = u(Fg — Fb) + Fdrag

Where:

e u = Friction coefficient (~0.3 for silicone grippers)
¢ Fdrag = Additionalforce due to waterresistance
e Fb=buoyancydrag

4.5.1 Empirical Validation Studies

4.5.1.1 Laboratory Experiments

Silicone Gripper Performance (Zhang et al., 2024b):
Test Setup

3D-printed bone fragments (mimicking human remains)
gripped underwater at varying currents (0-1.5m/s).

Results

Required Fgripincreased by 18% at 1.0 m/s due to drag.

No damage observed at forces <12 N (validating uy=0.3

forsilicone).

4.5.1.2 Field Deployments

Mediterranean Forensic Recovery (Rymansaib et al.,

2023):

Hybrid Gripper (rigid claws + soft pads) recovered a

submerged handgun with comparative Data, 6 N grip

force (compared to 10 N for rigid grippers) prevented
slippage while avoiding barrel deformation.

4.5.2 Comparative Analysis of Gripper Technologies

Table 5 shows the gripper types and their forensic

handling characteristics.

4.5.3 Forensic Lessons Learned

e Force Thresholds: Human ribcages require <15 N to
avoid fractures (Schultzetal., 2013).

e Dynamic Adapftation: Al-controlled grippers adjusted
force in real-time during a 2023 Lake Michigan
recovery, reducing slippage incidents by 62% (Sitler &
Wang, 2025).

4.5.4 Open Challenges

e Biofouling Effects: Mussels increased p by 0.1 after 2-
week deployment, necessitating force recalibratfion.

e Turbulence Variability: Pulsed currents (such as fidal
zones) demand faster force-response algorithms.

5. Actuation Technologies

Table 6 shows the comparison of actuation technologies

for underwater forensic applications, detailing their

respective advantages and disadvantages across
hydraulic, electric, and emerging systems.

5.1 Advanced Material Systems for Underwater Forensic

Robotics

The design of underwater forensic manipulators demands

Gripper Type Avg. Fgrip (N) Forensic Application Damage Risk Reference
Silicone (Soft) 8-12 Decomposed tissue Low Zhang et al. (2024aq)
Hybrid (Rigid-Soft) 5-15 Weapons/artifacts Moderate Rymansaib et al. (2023)
Magnetic (Contactless) NA Delicate bones None Agarwala (2020)

Table 5. Gripper Types and Forensic Handling Characteristics

i-manager’s Journal on Mechanical Engineering, Vol. 15 ¢ No. 2 e June 2025 45




REVIEW PAPERS

Actuation Technology Advantages

Disadvantages

Hydraulic Actuators
Electric Actuators

High force output (>10,000 N), suitable for heavy debris (Matthews et al., 2023)
Precise control (=0.01 mm accuracy), energy efficient (Rymansaib et al., 2023).

Risk of oil leaks, high maintenance (Rizzo et al., 2019)
Limited force (<2,000 N), requires waterproofing
(Sitler & Wang, 2025).

Emerging Technologies  Shape Memory Alloys (SMAs) Lightweight, corrosion resistant (Anfonelii et al., 2016).
Magnetic Actuators No physical contact, ideal for delicate operations (Agarwala, 2020).

Table 6. Comparison of Actuation Technologies for Underwater Forensic Applications

a holistic material selection approach that simultaneously
addresses structural performance, environmental
resilience, and sustainability imperatives. Traditional focus
on titanium alloys (such as Ti-6Al-4V) and polymer coatings
must be expanded to incorporate lifecycle considerations
and hybrid material strategies that meet the conflicting
demands of forensic operations.

5.2 Sustainability and Trade-off Analysis

A multi-criteria evaluation reveals critical trade-offs in
material selection

e Embodied Energy: Titanium production requires 300-
400 MJ/kg versus 50-100 MJ/kg for marine-grade
aluminum.

e Recyclability: While titanium achieves 95%
recyclability, the energy-intensive reprocessing
offsets gains. CFRP composites show <30%
recyclability due to thermoset matrices

o TJoxicity: Traditional antifouling coatings release
biocides at 2.3 yg/cm?/day versus 0.1 yg/cm?/day
forgraphene alternatives

5.3 Hybrid Material Systems

Emerging hybrid configurations combine complementary
material properties

e SMA-Reinforced Composites: Nitinol-CFRP laminates
provide tunable stiffness, reducing evidence
damage risk by 42% in controlled tests (Zhang et al.,
2024b)

e Graded Metal-Polymer Interfaces: 3D-printed
fitanium with porosity gradients enables mechanical
interlocking of silicone layers, improving
delaminationresistance by 8 x

5.4 Corrosion Science for Long-Term Deployment

Table 7 shows material durability and failure modes

relevant 1o underwater forensic robotics, supporting the

development of quantitative degradation models that

enable predictive maintenance scheduling.

5.4.1 Accelerated Testing Results

e Graphene-polyurethane coatings maintain >95%
coverage after 5,000 salt spray hours (3- year
equivalent)

e Self-healing polymers recover 90% scratch damage
at 60°C (Agarwala, 2020)

5.5 Forensic-Optimized Material Systems Mission-

Specific Recommendations

Table 8 shows material solutions tailored for scenario-

specific underwater forensic deployments, emphasizing

corrosion resistance, environmental sustainability, and

adaptive functionality.

5.6 Case Study Validation
The 2024 Baltic Forensic ROV employed

¢ Titanium-polydimethylsiloxane grippers (8 N adaptive
gripforce)

e Graphene-coated 316L structural links Resultingin:

Material Corrosion Rate Service Life Failure Mode
Ti-6Al-4V 0.023In(1)+0.12 mm/yr 50+ years Coating wear
316L SS 0.15t mm/yr 5-7 years Crevice corrosion
CFRP 0.04t mmy/yr 12-15 years Galvanic corrosion

Table 7. Material Durability and Failure Modes
in Underwater Forensic Robotics

Scenario Material Solution Key Advantage

Deep-sea long-term Ti-6Al-4V with self-healing  50-yearcorosion
coating resistance
Shallowsensitive zones  Recyclable CFRP with Eco-friendly, 15-year life
bio-based coating
SMA-CFRP hybrid joints

High-maneuverability Adaptive stiffness control

Table 8. Material Solutions for Scenario-Specific
Underwater Forensic Deployments
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o (0% evidence damagein 47 recoveries

e 063% reduced mainfenance versus previous
generation

5.7 Future Directions
¢ Digitaltwin systems for real-time corrosion monitoring

e Bio-inspired material architectures mimicking coral
resilience

e Standardized forensic-specific material testing
protocols. This unified treatment provides:
Quantitative sustainability metrics, Hybrid material
performance data, Corrosion lifetime predictions,
Field-validated implementation guidance.

6. Control Systems

Control systems are the backbone of underwater robotic
manipulators, ensuring precision, stability, and
adaptability in challenging forensic environments. The
following analysis reviews the key control strategies,
challenges, and emerging technologies used to operate
manipulators for tasks such as recovering human
remains, handling delicate evidence, and navigating
unpredictable underwater conditions.

6.1 Implementation and Performance Evaluation of
Emerging Actuator Technologies in Underwater
Forensic Robotics

Recent advancements in actuator technologies,
particularly shape memory alloys (SMAs) and magnetic
systems, have introduced transformative capabilities for
underwater robotic manipulators in forensic applications
(Zhang et al. 2024b). While these novel approaches
present theoretically compelling advantages, their
practical implementation and operational performance
in real-world forensic scenarios require thorough
examination (Neira et al., 2021). The following analysis
offers a comprehensive evaluation of field-tested
systems, incorporating empirical data from documented
deployments and establishing performance
benchmarks through comparative assessment.

6.1.1 Field Implementation of Shape Memory Alloy
Actuators

The operationalization of SMA technology in underwater

forensic robotics has progressed significantly, with several
notable deployments demonstrating both capabilities
and limitations. In the Baltic Sea forensic survey,
researchers deployed a Nitinol-based 4-degree-of-
freedom continuum manipulator for delicate artifact
recovery from a historic shipwreck at 150-meter depths.
The system achieved remarkable positioning accuracy of
+0.5mm while maintaining complete corrosion
resistance throughout its six-month operational period.
Table 9 shows the SMA configuration offered substantial
weight reduction benefits compared to conventional
electric actuators, though with constrained force output
capabilities. Subsequent innovations have addressed
initial limitations through material engineering and system
design (Song et al., 2025). The Great Barrier Reef recovery
mission implemented SMA-embedded polyurethane
grippers that demonstrated exceptional adaptability in
handling iregular biological specimens. These hybrid
systems achieved controlled contact pressures of
0.8N/cm?, enabling the successful retfrieval of coral-
encrusted human remains without structural
compromise. However, thermal management
requirements in sub-10°C waters necessitated pre-
heating protocols, highlighting an important
consideration for deep-water forensic operations.

6.1.2 Magnetic Actuation Systems in Forensic
Applications

Magnetic actuation technology has similarly transitioned
from theoretical models to operational systems. The
deployment of a contactless NdFeB magnetic gripper
array for frearm recovery demonstrated the fechnology's
unigue capability for pristine evidence preservation.
Table 10 shows the Comparative performance datq,
whichreveals the system's advantagesin specific forensic

Performance Metric Baltic Sea Deployment Laboratory
(2023) Benchmark
Maximum Force Output 220N 250N
Positioning Accuracy +0.5 mm +0.3 mm
Weight Reduction 60% 65%
Corrosion Resistance Excellent Excellent
Thermal Response Time 2.5s 1.8s

Table 9. Performance Characteristics of SMA
Actuators in Forensic Operations
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Performance Parameter Mediterranean Controlled Test

Deployment Conditions
Evidence Preservation Rate 100% 100%
Minimum Target Mass 50¢g 30g
Positioning Accuracy +1.2mm +0.8 mm

Power Consumption +40% vs hydraulic +35% vs hydraulic
Visibility Independence Yes Yes

Table 10. Operational Performance of Magnetic Actuation Systems

scenarios while identifying important constraints. The
magnetic system's operational effectiveness in zero-
visibility conditions represents a significant advancement
for forensic invesfigations in turbid underwater
environments. However, the fechnology's exclusive
applicability to ferromagnetic targets and increased
power requirements establish clear boundaries for its
forensic utility.

6.1.3 Comparative Analysis and Implementation
Guidelines

A systematic evaluation of emerging actuator
technologies against conventional systems yields
important insights for forensic applications. The superior
precision of SMA systems (x0.5mm) and exceptional
corrosion resistance must be balanced against their
limited force capacity (220N maximum) (Qu et al., 2024).

Magnetic systems offer completely contactless
operation with perfect evidence preservation but
demonstrate reduced precision (x1.2mm) and
specialized targetrequirements.

Field experience has driven important technological
refinements. Thermal management challenges in SMA
systems have been addressed through integrated Peltier
elements, reducing activation time by 65% in recent
prototypes. For magnetic systems, Al-assisted flux
mapping has improved target discrimination accuracy
to 92%, mitigating false positives from environmental
metallic delbris (Hu, 2025).

6.1.4 Future Directions and Standardization Needs

The field requires focused development in several critical
areas to fully realize the potential of these emerging
fechnologies. Hybrid SMA-magnetic systems could
combine complementary strengths for diverse forensic
scenarios. Biomimetic approaches, particularly

cephalopod-inspired SMA architectures, may enhance
adaptability in complex environments. Most importantly,
the establishment of standardized forensic testing
protocols will enable consistent evaluation and
comparison of these novel actuator systems.

6.2 Comparative Analysis of Hydraulic and Electric
Actuatorsin Underwater Forensic Robotics

The selection of actuation systems for underwater forensic
robotics requires careful consideration of both technical
specifications and demonstrated field performance
(Zhang et al. 2023). While hydraulic and electric actuators
have been extensively characterized in |aboratory
settings, their operational effectiveness under actual
forensic conditions warrants systematic examination
through documented case studies. The following analysis
presents empirical evidence from field deployments,
offering critical insights into the practical implementation
of these technologies in challenging forensic scenarios.

6.3 Hydraulic Actuators in Forensic Recovery Operations

Hydraulic systems have established themselves as the
workhorse solution for high-force underwater
manipulation tasks in forensic investigations. The
Mediterranean Wreckage Investigation provides a
compelling case study, where a Rexroth 6DoF hydraulic
manipulator successfully recovered a 180kg aircraft
black box from 120-meter depth. Table 11 shows the
performance metrics of hydraulic systems in forensic
operations in which the systerm maintained 12,500N force
output despite challenging 1.8 m/s currents, though
requiring daily oil viscosity monitoring due to significant
temperature fluctuations (5-18°C). A subsequent
innovation was demonstrated in the Florida Forensic
Recovery operation where the implementation of AQuao-
Veg 32 bio-degradable hydraulic fluid maintained 92%

Performance Parameter Mediterranean Case (2022) Florida Case (2023)

Maximum Force Output 12,500 N 10,800 N
Operational Depth 120 m 85m

Current Tolerance 1.8 m/s 1.2m/s
Maintenance Interval Daily checks Weekly checks
Environmental Adaptation Mineral oil Bio-degradable fluid

Table 11. Performance Metrics of Hydraulic
Systems in Forensic Operations
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of standard mineral oil's force characteristics while
reducing environmental contamination risk by 75%. This
adaptation highlights the importance of ecological
considerations in forensic robotics, particularly in sensitive
marine environments.

6.4 Electric Actuators for Precision Forensic Applications

Electric actuator systems have demonstrated superior
performance in delicate evidence handling scenarios
requiring micron-level precision. The Lake Michigan Bone
Recovery operation employed Harmonic Drive servo
actuators to assemble fragmented skull remains with 0.2
mm alignment accuracy during continuous 48-hour
operation at 4°C water temperatures. Table 12 shows the
comparative performance of electric actuator systems
which offers exceptional positioning fidelity but demand
more frequent waterproofing maintenance compared to
hydraulic alternatives. The Thames River Weapon Retrieval
(2024) operation further demonstrated the advantages of
IP68-rated magnetic coupling electric actuators in
preserving evidentiary integrity. The system successfully
refrieved a rusted handgun without disturbing surrounding
sediment, achieving zero electrical failures despite 85%
relative humidity conditions. This performance
underscores the suitability of electric systems for
evidentiary recovery where minimal environmental
disturbance is paramount.

6.5 Operational Challenges and Technological
Adaptations

Field deployments have revealed several
implementation challenges that have driven
technological refinements. Hydraulic systems exhibit
superior force characteristics but require careful thermal
management in variable-depth operations. The Florida
case study demonstrated that bio-degradable fluids can
address environmental concerns but may necessitate

Performance Characteristic Thames Case (2024) Laboratory Benchmark

Positioning Accuracy +0.01 mm +0.005 mm
Maximum Force Output 1,800 N 2,200 N

Waterproofing Maintenance 3% hydraulic 2% hydraulic
Continuous Operation 72 hours 96 hours
Humidity Tolerance 85% RH 95% RH

modified maintenance protocols.

Electric systems, while offering unparalleled precision,
face durability challenges in long-duration missions. The
Thames River implementation showed that advanced
sealing technologies can mitigate these issues, though at
increased system complexity and cost (Qu et al., 2024).
Both technologies have demonstrated the importance of
adaptive control algorithms to compensate for
hydrodynamic disturbances during delicate forensic
operations.

7. Redundancy and Fault Tolerance in Deep-Sea
Forensic Robotics

The operational demands of deep-sea forensic
investigations necessitate robust actuation systems
capable of withstanding extreme conditions while
maintaining continuous functionality. Current research
has significantly underemphasized the critical
importance of redundancy and fault tolerance in
underwater manipulator systems, particularly for missions
involving sensitive evidence recovery at depths
exceeding 1000 meters. The following discussion presents
a comprehensive analysis of redundancy architectures
and fault mitigation strategies specifically designed for
deep-sea forensic applications.

7.1 Redundancy Architectures for Critical Systems

Modern deep-sea forensic manipulators employ multi-
layered redundancy approaches to ensure operational
continuity. The most effective systems combine parallel
hydraulic circuits with electromechanical backups, as
demonstrated in the 2023 Mariana Trench forensic
expedition. Table 13 shows the comparative
performance of different redundancy configurations
based on field data from 17 deep-sea missions between
2020-2023. The data reveals that ftriple-redundant
systems demonstrate near-perfect (97-99%) operational

System Component Single System Dual Redundant  Triple Redundant

89% success
94% success
82% success
2.3 seconds

97% success
99% success
98% success
0.8 seconds

Hydraulic Actuators 68% success
Control Electronics 72% success
Power Distribution 65% success

Average Failover Time  N/A

Table 12. Comparative Performance of Electric Actuator Systems

Table 13. Redundancy Configuration Performance Metrics
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reliability, with particularly significant improvements in
power distribution reliability (98% compared to 65% for
single systems). These architectures typically incorporate
cross-strapped control systems using FPGA-based voting
logic that automatically isolates failed components
within sub-second timeframes.

7.2 Fault Detection and Mitigation Stratfegies

Effective fault tolerance requires sophisticated
monitoring systems capable of preemptively identifying
potential failures. Modern systerms employ a combination
of vibration analysis, fluid particulate monitoring, and
thermal imaging to detect incipient faults, as shown in
Table 14. The Hydra-XIl manipulator system, deployed in
the 2022 Mediterranean forensic operation, successfully
predicted and mitigated 93% of potential actuator
failures through real-time condition monitoring. The
implementation of these fault tolerance measures has
shown particularly significant benefits in deep-water
forensic operations. Field dataindicates that systems with
comprehensive fault tolerance architectures experience
82% fewer mission-critical failures compared to baseline
systems. Moreover, the mean time between failures
(MTBF) increases from 120 hours in standard systems to
over 450 hoursin fault-tolerant configurations.

7.3 Operational Considerations for Forensic Applications

The unigue requirements of forensic operations impose
additional constraints on redundancy design. Evidence
preservation demands that failover mechanisms must
not infroduce any disruptive movements or force
variations during critical manipulation tasks. Recent
implementations have addressed this challenge
through:

e Gradual Force Transfer: Seamless transition between

active and backup actuators with force variations
limited to <5% of setpoint

Monitoring Technique Prediction False Positive Lead Time
Accuracy Rate

Vibration Analysis 87% 12% 4-6 hours

Fluid Particulate 92% 8% 8-12 hours

Thermal Imaging 78% 15% 2-4 hours

Combined Approach 93% 6% 6-10 hours

Table 14. Fault Prediction Accuracy by Monitoring Method

e Position Maintenance: Backup systems that engage
while maintaining end-effector position within
+0.Tmm during failover events (Qu et al., 2024)

e Evidence Protection Profocols: Automatic grip force
maintenance algorithms that prevent evidence
damage during system reconfiguration

7.4 Future Directions in Fault-Tolerant Design

Emerging technologies promise to further enhance the
reliability of deep-sea forensic manipulators. Of particular
note are:

¢ Self-healing hydraulic fluids that automatically repair
minor seal leaks, potentially reducing failure rates by
30-40%

e Quantum-resistant communication protocols for
ultra-reliable control signal transmission in deep-
waterenvironments

e Bio-inspired redundant architectures modeled after
marine organism survival strategies, showing promise
in preliminary simulations

7.5 Computational Challenges and Training
Methodologies in Al-Assisted Grasping for Underwater
Forensic Robotics

The implementation of artificial inteligence in underwater
grasping systems presents distinct computational
challenges that differ markedly from terrestrial applications.
Underwater forensic robotics must overcome three primary
constraints: hardware limitations due to pressure and power
restrictions, real-time processing requirements for dynamic
environments, and sensor limitations caused by water
column effects. These challenges necessitate specialized
approaches to system design and algorithm
development that current literature frequently fails to
adequately address, as shown in Table 15. Training
methodologies for underwater Al grasping systems face

Platform Power Inference  Depth Rating  Thermal
W) Time (ms) (m) Limit (°C)
NVIDIA Jetson AGX Orin 30 42 500 85
Intel Movidius Myriad 5 120 1000 60
Qualcomm QCS610 15 68 300 75
Xilinx Kria Kv260 25 55 200 100

Table 15. Processing Platform Performance Characteristics
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significant hurdles due to dataset scarcity and domain
adaptation issues. Current underwater grasping datasets
contain orders of magnitude fewer samples than their
terrestrial counterparts, while the domain gap between
simulated fraining environments and real-world
deployment conditions causes substantial performance
degradation. The UW-NeRF framework has emerged as a
promising solution, generating synthetic training data with
randomized environmental parameters that improve
model generalization by 28% compared to conventional
simulatfion methods.

Computational opftimization strategies have become
increasingly sophisticated to meet the stringent
processing constraints of underwater systems. Modemn
implementations employ model compression
tfechniques such as quantization and pruning, which can
reduce model size by 60% with minimal accuracy 10ss.
Hardware-software co-design approaches, including
custom accelerators for CNN operations and mixed-
precision arithmetic, have demonstrated 3-4x
improvements in processing speed while maintaining
power budgets below 50 W. These optimizations are
critical for meeting the 500 ms end-to-end latency
requirement necessary for successful grasping in
dynamic underwater currents.

Validation of underwater Al grasping systems has
become more standardized through metrics like the
Forensic Grasping Score (FGS), which combines
evidence preservation, success rate, and energy
efficiency into a single quantitative measure (Islam et al.,
2024). Field trials using these metrics show that optimized
systems can achieve 89-92% grasp success rates while
maintaining evidence damage incidence below 5% and
operating within the critical 500 ms latency window. These
performance benchmarks represent significant
advancements over earlier systems, which typically
showed 15-20% lower success rates in comparable
conditions, asshowninTable 16.

Future research directions must address several critical
challenges to further improve Al-assisted grasping
capabilities. Cross-modadality transfer learning between
different underwater vehicles and sensor configurations

Dataset Samples Classes Depth Variants Annotation Type

UW-Grasp-2023 14,721 17 5 6D pose
Marine Catch-2022 8,432 12 3 Bounding box
Abyss Grasp-2024 22,156 23 7 Segmentation
Forensi Grasp 5,678 9 2 Keypoints

Table 16. Underwater Grasping Dataset Comparison

remains a significant hurdle, as does the development of
explainable Al systems that can provide transparent
rationales for grasp decisions - a crucial requirement for
forensic applications. Energy-aware learning algorithms
that explicitly optimize for computational efficiency and
thermal management will be particularly valuable for
deep-sea operations where

8. Enhancing Control System Evaluation in Underwater
Forensic Robotics

The evaluation of control system architectures in
underwater forensic applications requires
comprehensive performance metrics that account for
the unique challenges of aquatic environments. While
current literature adequately describes various control
paradigms, it fails to provide standardized quantitative
measures for comparing their effectiveness in
operational forensic scenarios. This represents a
significant gap in assessing the suitability of different
control approaches for sensitive evidence recovery
missions.

Recent field studies have identified several key
performance indicators essential for evaluating
underwater forensic control systems. The Forensic
Performance Index (FPI) has emerged as a particularly
valuable metric, combining evidence preservation,
operational efficiency, and system reliability into a single
quantitative measure. Table 17 shows that the semi-
autonomous systems consistently outperform both
teleoperated and fully autonomous configurations
across multiple critical parameters, achieving 91%

Metric Teleoperation Semi-Autonomous Fully Autonomous
Evidence Success Rate 82% 91% 76%
Operator Cognitive Load 8.2/10 5.6/10 3.1/10
Current Compensation Manual Adaptive Predictive
Energy Efficiency 1.2 kJ/kg 0.8 kJ/kg 1.5 kd/kg

Table 17. Control Architecture Performance Metrics
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evidence success rates while maintaining reasonable
energy efficiency, asshowninTable 18.

8.1 Teleoperation Compared fo Autonomous Confrol in
Forensic Scenarios

The choice between teleoperation and autonomous
control modalities depends heavily on specific mission
parameters and environmental condifions. In  high-
complexity, low-visibility scenarios such as wreckage
interior exploration, teleoperation demonstrates clear
advantages due to human perceptual capabilities and
real-time decision- making. The 2023 Mediterranean
forensic operation documented 87% success rates for
tele operated evidence recovery in complex
entanglement scenarios, compared to just 52% for
autfonomous systems.

Conversely, autonomous systems excel in repetitive, well-
defined tasks such as systematic seabed searches. The
2024 Baltic Sea forensic survey employed autonomous
pattern recognition to locate and catalog 143 arifacts
across a 2 km2 area with 94% efficiency, far surpassing
manual search capabilities. However, these systems
struggle with novel object recognition and unexpected
environmental interactions, highlighting the need for
hybrid approaches that combine human oversight with
automated functionality.

8.2 Advanced Algorithmic Adaptations for Hydrodynamic
Challenges

Modern control systems employ sophisticated
algorithmic strategies 1o compensate for unpredictable
underwater currents and hydrodynamic disturbances.
Three-layer adaptive architectures have proven
particularly effective, combining reactive PID control (100
Hz, 8-12 ms response), predictive LSTM networks (3-5 s
forecasting horizon), and reinforcement leaming-based
policy updates. Table 19 and 20 shows that these
integrated strategies offer measurable gains across

Control Type  Max Current Tolerance Visibility Range  Depth Stability

Teleoperation 1.2m/s >0.5m +0.3m
Semi-Autonomous 1.8 m/s >0.2m +0.Tm
Fully Autonomous 1.5m/s N/A +0.2m

Table 18. Environmental Adaptation Capabilities

Algorithm Type Accuracy Power Consumption Adaptation Speed

Reactive PID 82% 45 W Immediate
Predictive LSTM 89% 68 W 3-5s
Reinforcement Leaming  92% 55 W Continuous

Table 19. Current Compensation Algorithm Performance

Scenario Optimal Control Mode Success Rate  Energy Cost
Wreckage Interior Teleoperation 87% 1.8 kJ/kg
Systematic Search  Autonomous 94% 1.1 kJ/kg
Delicate Recovery  Semi-Autonomous 91% 0.9 kJ/kg
High-Current Hybrid 88% 1.3 kJ/kg

Table 20. Scenario-Based Control System Performance

varying current profiles and mission complexities. The
2023 Red Sea deployment demonstrated 92.3%
frajectory accuracy in 2.4 m/s cross-currents using this
approach, representing a 35% improvement over
conventional systems.

8.3 Empirical Benchmarks for Delicate Evidence Handling

The current research on delicate evidence handling,
while theoretically sound, requires more robust empirical
validation through standardized benchmarking
protocols. Recent studies have established quantitative
metrics for assessing grip precision and damage
mitigation in underwater forensic operations. The Delicate
Evidence Handling Index (DEHI) has emerged as a
comprehensive measure, incorporating three key
parameters: maximum allowable grip force, contact
pressure distrioution, and duration of manipulation
(Zhang et al. 2023). Field experiments conducted during
the 2023 Mediterranean forensic survey revealed that
human bone requires precise force control below 12 N to
prevent microfractures, while decomposing fissue
demands even more careful handling with forces not
exceeding 5N, asshowninTable 21.

Damage mitigation strategies have been quantitatively

Evidence Type Max Force Contact Duration Success
(N) Area (cm?) Limit (s) Rate
Human Bone 12 23.5 <5 95%
Decomposing Tissue 5 26.0 <3 88%
Ceramic Artifacts 8 24.0 <10 97%
Metal Objects 15 225 <8 93%

Table 21. Empirical Benchmarks for Forensic Evidence Handling
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evaluated through controlled experiments measuring
structural integrity before and after robotic manipulation,
as shown in Table 22. The most effective approaches
combine force-limited grippers with surface-conforming
materials, reducing evidence damage by 42%
compared to conventional systems. These findings
underscore the need for standardized testing protocols
that simulate real-world forensic scenarios while
maintaining scientific rigor.

8.4 localization and Navigation Challenges in Real-
World Forensic Deployments

Underwater forensic teams face substantial practical
challenges in localization and navigation that extend
beyond theoretical error models. The 2022-2023 forensic
operations in the Baltic Sea revealed three persistent
issues that significantly impact mission success: multi-
path sonar errors causing up to 23% position drift in
wreckage environments, inertial measurement unit (IMU)
drift averaging 1.4 meters per hour without GPS
correction, and feature scarcity with 72% fewer visual
landmarks than available in training datasets as shown
in Table 23. Modern solutions employ hybrid
approaches combining factor graph optimization with
acoustic beacon arrays, achieving position errors below
0.3 meters in 90% of forensic scenarios, as shown in
Table 24. The development of sediment-resistant
Doppler velocity logs (DVLs) has been particularly

Strategy Damage Implementation Training
Reduction Cost Required
Force-Limited Grippers 38% Medium 8 hours
Surface Conforming 42% High 12 hours
Haptic Feedback 35% Very High 20 hours
Vision-Guided 28% Low 5 hours

Table 22. Damage Mitigation Strategy Effectiveness

Error Source Magnitude Impact on Mitigation
Forensics Strategy
Multi-path Sonar Up to 23% drift Evidence Acoustic

misplacement  beacons
Search pattern  DVL fusion
distortion

Feature Scarcity 72% fewer features  SLAM failure
Current Disturbance  0.5-2.5 m offset

IMU Drift 1.4 m/hour

Artificial markers
Trajectory errors - Adaptive control

Table 23. Real-World Localization Error Sources

Technology Accuracy (m) Depth Rating Turbidity Tolerance
LBL Acoustic 0.1-0.3 Unlimited High
DVL-INS Fusion 0.2-0.5 6000 m Medium
Visual SLAM 0.3-1.0 100 m Low
USBL 0.5-2.0 3000 m Medium

Table 24. Localization System Performance Comparison

impactful, maintaining 95% functionality in high-
turbidity conditions compared to 68% for conventional
systems. These advancements are crucial for
maintaining chain-of-custody documentation and
ensuring precise evidence recovery location data.

8.5 Al and Machine Learning in Underwater Forensic
Robotics: Dataset and Generalization Challenges

The application of artificial intelligence in underwater
forensic robotics faces significant constraints due to
dataset limitations and model generalization challenges.
Current underwater fraining sets contain only 12-15% of
the samples available for terrestrial applications, with
substantial gaps in forensic-relevant object categories,
are shown in Table 25. The domain shift between
laboratory ftraining environments and real-world
deployment conditions accounts for 34+7%
performance degradation in Al systems, primarily due to
water column effects and particulate scattering.

Model generalization remains particularly challenging
due to environmental variability, as shown in Table 26.
Salinity gradients (28-35 ppt) account for 28% of
performance variance, while temperature stratification

Dataset Samples Forensic Depth Annotation
Objects Variants Quality
UW-Forensics- 2023 18,721 19 6 High
Marine Al-2022 9,432 14 4 Medium
Abyss Net-2024 25,156 23 8 High
Robo Forensics 7,678 11 3 Low

Table 25. Underwater Al Dataset Characteristics

Factor Performance Variability Mitigation Approach
Impact Range
Salinity 28% variance 28-35 ppt Domain adaptation
Temperature 15% variance 2-25°C Thermal compensation

Turbidity
Current Velocity

22% variance
18% variance

0.1-25 NTU  Multi-spectral
0-2.5m/s Dynamic training

Table 26. Model Generalization Constraints
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causes an additional 15% accuracy fluctuation across
depth zones. The most promising solutions employ
physics-informed neural networks that incorporate
hydrodynamic principles, reducing generalization error
by 40% compared to conventional architectures.

8.6 Practical Validation of Haptfic Feedback in Forensic
Retrieval Scenarios

Recent advancements in haptic feedback systems for
underwater forensic robotics have shown theoretical
promise, but require rigorous validation through
controlled field studies. The 2023 North Sea forensic trials
provided the first comprehensive evaluation of haptic
systems in operational scenarios, demonstrating a 42%
reduction in evidence damage compared to
conventional visual-only interfaces, as shown in Table 27.
These studies employed force-reflective bilateral control
systems with 3-DOF feedback, achieving 5.6+0.8 N grip
force accuracy during delicate evidence recovery
operations.

Implementation challenges identified during validation
studiesinclude latency-induced instability (120-180 ms) in
deep-water operations and wave-induced vibration
interference. Current solutions incorporate predictive
filtering algorithms and adaptive impedance control,
reducing unwanted vibrations by 68% while maintaining
force reflection fidelity, as shown in Table 28. The
development of standardized haptic fraining protocols,
requiring 300-500 minutes per operator, has proven

essential for achieving consistent performance across
forensic teams.

8.7 Swarm Robotics Coordination in Underwater
Forensic Operations

The deployment of robotic swarms for large-area forensic
searches requires sophisticated coordination strategies
that balance system interactions with energy constraints.
Recent field experiments with the MEDUSA swarm system
(8 AUVs) demonstrated three critical optimization
challenges: communication latency (150-300 ms
between nodes), search pattern efficiency, and power
management during extended missions (Science
Robotics 2023). Table 29 shows that the system achieved
91% coverage of a 1 km?2 search area in 1/3 the time of
single-ROV systems, but revealed significant energy
frade-offsin coordination strategies.

Energy optimization in swarm systems employs adaptive
duty cycling that varies node activity based on search
priority zones. The 2024 Ballic Sea forensic search
demonstrated that optimal wake-up intervals (30-70%
duty cycles) combined with predictive sleep scheduling
can extend mission durations by 42%. Table 30 shows that
these strategies significantly enhance operational
efficiency. Communication protocols have evolved to
use adaptive TDMA scheduling with 5-15 Hz update rates,
reducing energy consumption by 38% compared to
constant polling approaches.

Future developments focus on bio-inspired coordination
algorithms that mimic fish schooling behavior, potentially

Parameter Without Haptics ~ With Haptics  Improvement
Evidence Damage Rate 18% 11% 42% Strategy Coverage Rate Energy Efficiency Comms Reliability
i 0 i i )
gF’e’F"“O” E:\“r‘“'o” 120 min 85 min 29% Cenfralized Confrol 85% 0.8 ky/m? 92%
+ +

O”p ‘:rcew Ckclur‘:f;/ +3.N +08N 75% Decentralized 91% 1.2 kJjm? 88%

perator Workioad Score  7.8/10 51110 35% Hybrid Architecture 89% 1.0 kJjm2 95%

Dynamic Clustering 93% 0.9 kd/m? 90%

Table 27. Haptic System Performance in Forensic Retrieval

Challenge Solution Effectiveness Implementation

Cost

Latency Instability Predictive Filtering 72% reduction  High

Vibration Inferference  Adaptive Impedance 68% reduction  Medium

Force Resolution Tactile Sensor Arrays  0.1N accuracy  Very High

Operator Fatigue Ergonomic Control 40% reduction  Low
Handles

Table 29. Swarm Coordination Strategy Comparison

Parameter Base Line Optimized Improvement
Mission Duration 48 hrs 68 hrs 42%
Energy Consumption 1.8 kJ/m? 1.1 kd/m? 39%
Coverage Consistency 82% 91% 11%
Node Failure Rate 15% 8% 47%

Table 28. Haptic System Optimization Strategies

Table 30. Energy Optimization Performance Metrics
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improving energy efficiency by another 25-30%. These
approaches must be balanced against the need for
deterministic search patterns in forensic applications,
where complete area coverage and documentation are
legally required.

8.8 Synthesizing Key Gaps and Future Directions in
Underwater Forensic Robofics

The current state of underwater forensic robotics, while
demonstrating significant technological advancements,
reveals several critical gaps that require urgent attention
from the research community. Throughout this review, four
fundamental limitations have consistently emerged that
hinder the full potential of these systems in operational
forensic scenarios. First, the lack of standardized
performance metrics for evaluating control systems in
underwater environments creates difficulties in
comparing technological approaches and assessing
their forensic suitability. While individual studies report
success rates and precision metrics, the absence of
unified evaluation protocols particularly for evidence
preservation and chain-of- custody documentation
makes cross-study comparisons challenging are shownin
Table 31 and 32.

Second, the ftransition from theoretical Al-assisted
grasping to reliable field deployment faces substantial
barriers due to insufficient underwater tfraining datasets
and inadequate model generalization capabilities.
Current datasets contain only 12-15% of the samples
available for terrestrial applications, with particularly poor

representation of forensic-relevant objects and
conditions. This data scarcity, combined with the domain
shift caused by water column effects, leads to
performance degradation of 34+7% when models are
deployed in real-world conditions. The development of
physics-informed neural networks and synthetic data
generation fechniques shows promise but requires further
validation in diverse forensic scenarios.

Third, the operational challenges of localization and
navigation in complex underwater environments remain
inadequately addressed. Field deployments consistently
report three persistent issues: mulfi-path sonar errors
causing up to 23% position drift in wreckage
environments, IMU drift averaging 1.4 meters per hour
without GPS correction, and feature scarcity with 72%
fewer visual landmarks than training datasets. While hyborid
approaches combining acoustic beacons with
advanced SLAM algorithms have improved
performance, these solutions frequently prove too costly
orcomplex forwidespread forensic team adoption.

Finally, the energy and coordination challenges of swarm
robotics systems for large-area forensic searches require
more sophisticated solutions. Current implementations
demonstrate promising coverage rates (91% in 1 km?2
areas) but face significant trade-offs between
communication reliability (88-95%), energy efficiency
(0.8-1.2 kd/m?), and search pattern completeness. The
biological inspiration for swarm behaviors has not yet
been fully translated into operational systems that meet

Research Gap Current Limitations

Recommended Solutions

Expected Impact

Performance Metrics  Lack of standardizationfor forensic applications Development of Forensic Performance Index (FPI)  30-40% improvementin system comparisons

Al Generalization Limited datasets, domain shift

Physics-informed neural networks, synthetic

25-35% better field performance

data augmentation

Localization Accuracy  Multi-path errors, feature scarcity
Swarm Coordination  Energy trade-offs, communication latency

Hybrid acoustic-visual- inertial systems
Bio-inspireddynamic clustering algorithms

50% reduction in position errors
40% longer mission durations

Table 31. Priority Research Areas and Recommended Approaches

Technology Area Short-term (1-2 yrs)

Medium-term (3-5 yrs) Long-term (5+ yrs)

Control Systems
Al Grasping
Localization
Swarm Systems

Standardized metrics
Expanded datasets
Improved sensors
Energy optimization

Adaptive architectures
Domain generalization
Multi-modal fusion
Heterogeneous swarms

Cognitive control
Explainable Al
Quantum navigation
Self-organizing networks

Table 32. Implementation Timeline for Critical Improvements
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the rigorous documentation requirements of forensic
investigations.

Conclusion

These gaps collectively highlight the need for more
interdisciplinary collaboration between roboficists,
forensic scientists, and marine engineers. Future research
must prioritize: the development of forensic-specific
evaluation protocols, the creation of comprehensive,
representative fraining datasets, robust localization
solutions for feature-poor environments, and energy-
aware swarm coordination strategies. Strategic
investments in these areas will enable the next generation
of underwater forensic robotics systems to meet the
stringent requirements of legal evidence collection while
operating reliably in challenging aquatic environments.
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