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Definitions
• Beneficiary: A legal entity that is signatory of the EC Grant Agreement no. 101093822.
• Consortium: The SeaClear2.0 Consortium, comprising the below-mentioned list of beneficiaries.
• Consortium Agreement: Agreement concluded amongst SeaClear2.0 Beneficiaries for the imple-mentation of the Grant Agreement.
• Grant Agreement: The agreement signed between the beneficiaries and the EC for the undertak-ing of the SeaClear2.0 project (Grant Agreement no. 101093822).

Beneficiaries of the SeaClear2.0 Consortium are referred to herein according to the following abbrevi-ations:
• TU Delft: TECHNISCHE UNIVERSITEIT DELFT
• DUNEA: REGIONALNA AGENCIJA DUNEA
• Fraunhofer: FRAUNHOFER GESELLSCHAFT ZUR FORDERUNG DER ANGEWANDTEN FORSCHUNGEV
• HPA: HAMBURG PORT AUTHORITY
• ISOTECH: ISOTECH LTD
• MDanchor: M. DANCHOR LTD
• Subsea Tech: SUBSEA TECH SAS
• TECNOSUB: TÉCNICAS Y OBRAS SUBACUÁTICAS, SLU
• TUM: TECHNISCHE UNIVERSITAET MUENCHEN
• UNIDU: SVEUCILISTE U DUBROVNIKU
• UTC: UNIVERSITATEA TEHNICA CLUJ-NAPOCA
• VEO: VEOLIA PROPRETE
• VLPF: VENICE LAGOON PLASTIC FREE
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Abbreviations
CoM Center of Mass. 16, 17
CVaR Conditional Value at Risk. 27, 32
DVL Doppler Velocity Logger. 12, 14, 24, 54
EKF Extended Kalman Filter. 14
EtherCAT Ethernet for Control Automation Technology. 21
FABRIK Forward And Backward Reaching Inverse Kinematics. 42, 45–48
GNSS Global Navigation Satellite System. 15
GUI Graphical User Interface. 20–25
IMU Inertial Measurement Unit. 14
LARS Launch and Recovery System. 12
MARUS MArine Robotics Unity Simulator. 54
OCP Optimal Control Problem. 32
octomap octree map. 24
OMPL Open Motion Planning Library. 24
PID Proportional-Integral-Derivative. 21, 24
QP Quadratic Program. 18–20
RA-SAA Risk-Aware Sample Average Approximation. 27, 31
ROS2 Robot Operating System 2. 21, 25
RRT* Rapidly Exploring Random Tree Star. 24
SDE Stochastic Differential Equation. 31, 34
SDF Signed Distance Fields. 38
SIL Software in the Loop. 54
SOEM Simple Open EtherCAT Master. 21
STO Safe Torque Off. 22
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Executive summary
This deliverable (D5.2) presents the software framework developed for the Smart Grapple systemwithinthe SeaClear2.0 project, an EU-funded initiative for autonomousmarine litter remediation in theMediter-ranean. The Smart Grapple represents a significant advancement over SeaClear, enabling collection ofdebris up to 250 kg (compared to the previous 3 kg limit) including large items such as tires, bicycles,car seats, and fences.
The report details four major technical contributions. First, a holistic optimal control approach is pre-sented for the integrated Unmanned Surface Vehicle (USV) and Underwater Smart Grapple (USG) sys-tem. This includes mathematical modeling using Euler-Lagrange dynamics, a stochastic optimal controlformulation using Risk-Aware Sample Average Approximation (RA-SAA), and feedback augmentation forrobust trajectory tracking under environmental disturbances and parameter uncertainties.
Second, the control allocation system for the eight-thruster configuration is described, including deriva-tion of the allocation matrix, a quadratic programming formulation for thrust distribution, and a per-centage phase-back strategy to handle the 5 kWpower constraintwhilemaintaining real-time feasibility.
Third, comprehensive grasping algorithms are documented, encompassing torque-monitor-based adap-tive grasping with a three-state machine architecture, forward and inverse kinematics solutions (includ-ing the FABRIK iterative method), and optimal grasping posture determination under joint position andtorque constraints across three operational scenarios.
Fourth, the perception system for autonomous litter localization is presented, integrating YOLOv8-based underwater object detection with Truncated Signed Distance Function (TSDF) 3D reconstructionfor metric geometry estimation.
The system was validated through laboratory experiments demonstrating successful grasping of loadsup to 251 kg, and field trials in Marseille (September 2025) where the system successfully retrievedvarious objects including a car seat (45 kg dry weight), tire, and attempted recovery of a shipwreckfragment. A digital twin using theMARUS simulator enables software-in-the-loop testing between fielddeployments.
The deliverable contributes to project objective O8 and supports KPIs 8.1-8.3 targeting 90% collectionsuccess rates for seafloor and surface objects across minimum three litter types.

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
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Figure 1: Concept of SeaClear2.0 robotic system (left/middle) and SeaClear1.0 (right)
1 Introduction
1.1 SeaClear2.0 at a glance
SeaClear2.0 is the next step to the H2020-funded SeaClear (https://seaclear-project.eu), where severalof the SeaClear2.0 partners have been developing the first autonomous robotic system for seafloor littercollection. An USV called SeaCAT acts as a hub for an unmanned aerial vehicle (UAV) that searches forlitter from the air and contributes to situational awareness, an observation Uncrewed Underwater Ve-hicle (UUV) called Mini-Tortuga that searches for litter underwater, and a collection UUV called Tortugathat collects the litter with a custom gripper plus-suction device and deposits it in a basket lowered fromthe USV. The very nature of SeaClear (labelled 1.0 in this document) as the first project to design sucha solution means it must focus almost exclusively on technological developments in robotics hardwareand algorithms, with a single system.
Moreover, the system is limited to only seafloor litter of up to tens of centimeters in size and at depthsof up to tens of meters; it cannot collect surface litter or larger objects like fishing equipment, bikes, e-scooters, tires, shipping equipment, etc, which SeaClear1.0 identified as a significant subset of the litterin industrial port or mariculture settings. The aim of SeaClear2.0 is to upscale and upgrade the systeminitially made for SeaClear1.0. This means collecting bigger and heavier litter with a modified SeaCAT2and a smart grapple, storing and shipping it to shore with a dedicated USV Tender, as well as collectingsurface litter with a USV and a team of highly manoeuvrable surface robots. In the end, the SeaClear1.0and SeaClear2.0 systems will be working together, exploiting their shared and complementary litterdetection and collection capabilities.
SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
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Figure 2: SeaClear1.0 collection UUV with small-scale litter.
1.2 A review of the litter collection capabilities in SeaClear1.0
In the SeaClear1.0 project the collection was limited to small-scale and lightweight litter as a proof-of-concept, with a weight limit of up to 3 kg and a maximum size of about 30 cm. This limitation stemmedfrom the choice of the Tortuga robot as the robotic platform, given its maximum payload of 10 kg andoverall dimensions, as well as the compatibility with the Tortuga Launch and Recovery System (LARS)system. For the SeaClear1.0 project, this was sufficient to research the mapping and collection strategy,and focus on the predominant litter sizes at the test sites. The litter occurrence analysis in Deliver-
able 2.1 "Marine litter occurrence domains report", however, shows that there is an additional needfor being able to handle both larger and heavier objects that can be found in the Mediterranean Seaand elsewhere. Furthermore, the monoocular downward-facing camera allowed for object detectionand tracking, but could neither determine the distance to the object nor its 3D shape. The distance tothe object was estimated from altitude measurements with the Doppler Velocity Logger (DVL), but thequality of the measurement is highly dependent on the sound-reflecting characteristics of the seafloorat that particular spot. This triggers a demand for a redesign of the system’s collection capacities inSeaClear2.0 to enhance the capabilities and robustness of the system.

1.3 Deliverable objective and Document Structure
In the SeaClear2.0 system, we focus on retrieving larger and more irregularly shaped debris, includingtires, bicycles, and pipes. This represents a significant change from SeaClear1.0, as the objects are now100 times heavier (up to 250 kg). In order to achieve collecting such items, a new smart grapple hasbeen designed and novel capabilities developed. This activity is in direct line with objective 8 (O8):"Enhance, build and test mechanisms for efficient marine waste collection of various types of wasteon different types of seafloor and on the surface" and contributes towards fulfilling the following KeyPerformance Indicators (KPIs):

• KPI 8.1: Collect the objects from the seafloor: success rate 90%
• KPI 8.2: Collect the objects from the surface: success rate 90% KPI 8.3: Successful collection ofvarious litter types: minimum 3

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
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This deliverable documents the perception and control software framework developed for the SmartGrapple, addressing the challenges of localizing and precisely manipulating debris items under environ-mental disturbances. The report is structured as follows:
• Section 2 describes the Smart Grapple control stack, including state estimation via sensor fusion,control allocation for the eight-thruster configuration with power constraint handling, joint con-trol and calibration procedures, and the operational state machine governing the autonomouscycle.
• Section 3 presents the holistic optimal control approach for the integrated USV-USG system, cov-ering Euler-Lagrange dynamicmodeling, stochastic trajectory optimization using Risk-Aware Sam-ple Average Approximation, and feedback augmentation for robust control under uncertainties.
• Section 4 details the perception system for litter localization, integrating YOLOv8-based under-water object detection with TSDF-based 3D reconstruction for metric geometry estimation.
• Section 5 describes the Smart Grapple grasping approach, including the torque-monitor adap-tive grasping algorithm, forward and inverse kinematics solutions (analytical and FABRIK-based),optimal grasping posture analysis under joint constraints, and gripping points optimization.
• Section 6 presents the digital twin implementation using the MARUS simulator for software-in-the-loop testing between field deployments.
• Section 7 provides experimental validation through laboratory tests demonstrating 250 kg grasp-ing capability and field results from the Marseille 2025 demonstration.
• Section 8 concludes with a summary of achievements and future work directions.

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
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2 Smart Grapple control stack
This section describes the software architecture and controlmodules that enable autonomous andman-ual operation of the Smart Grapple system. The control stack integrates state estimation using an Ex-tended Kalman Filter that fuses IMU and DVL sensor data for position and velocity estimation, thrustercontrol allocation for six-degree-of-freedommaneuvering, and joint control for the eight SensoJoint ac-tuators via EtherCAT communication within the ROS 2 framework. A hierarchical state machine orches-trates the complete operation cycle through deploying, planning, tracking, visual servoing, grasping,and recovery phases, with provisions for error handling and seamless transitions between autonomousand manual control modes through dedicated graphical user interfaces.

2.1 Smart Grapple State Estimation
The goal of state estimation is to compute the approximate position and velocity of the USG. This infor-mation is required for trajectory tracking during locomotion of the robot, as described in Section 2.4.3.The proposed approach leverages an Extended Kalman Filter (EKF) on the measured sensor data toachieve state estimation.
Sensor fusion. Two types of sensors are used as data sources for state estimation: an Inertial Measure-ment Unit (IMU) and aDVL. The IMUprovidesmeasurements of linear acceleration and angular velocity,while the DVL provides measurements of linear and angular velocity and altitude of the vehicle relativeto the seabed. In order to increase the precision of state estimation, the IMU and DVL measurementsare fused together via the EKF [1].

No

Simulation?

IMU

USBL

DVL EKFStart

Yes

End

End

Estimated
position

Estimated
velocity

Figure 3: Information flow of the state estimation
Implementation. The robot_localization package, developed by Charles River Analytics, is used to im-plement the EKF [2]. It is an open-source package that provides a basic framework for localization tasksthat can be easily adapted to different robotic systems such as the USG. The main benefits of this pack-age are:
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• Supports ROS 2 out-of-the-box,
• Handles an unlimited number of inputs from multiple sensor types,
• Allows 3D localization,
• Provides higher control over the sensor data and how it impacts the estimation.

Simulation. The state estimationmodule is part of the digital twin. The data sources for sensor fusion insimulation are slightly different as they also include Global Navigation Satellite System (GNSS) measure-ments. These measurements are used to emulate a Ultra-Short Baseline (USBL) acoustic positioningsystem, which will be added to the USG hardware in the future. For more details on the digital twin,refer to Section 6.

2.2 Smart Grapple Control Allocation
This section describes the control allocation system that distributes commanded wrenches across theeight thrusters mounted on the USG. The allocation matrix is derived from the geometric configurationof the thrusters, mapping individual thrust commands to the resulting six-degree-of-freedom wrenchat the center of mass. To handle the 5 kW power constraint shared among all thrusters, a quadraticprogramming formulation with a percentage phase-back post-processing strategy is employed, whichmaintains real-time computational feasibility (average runtime of 18 ms) while achieving tracking per-formance within 15.6% of the optimal nonlinear solution.

2.2.1 Thruster Positions on the Hardware

(a) Bottom view (looking along −Zref ). ThrustersR1–R4 shown in black (visible) and occluded units inred.
(b) Top view (looking along +Zref ). Thrusters R5–R8shown in black (visible) and occluded units in red.

Figure 4: Thruster layout of the USG platform in the reference frameFref blue in (a). Subfigure a depictsthe bottom assembly (R1–R4), and Subfigure b the top assembly (R5–R8). Color coding: black = visiblein the current viewpoint; red = occluded.
A detailed table on the positions and orientations of the thrusters can be found in Appendix A.1.
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Figure 5: Thrusters layout on the hardware: Marseille (September 2025).
2.2.2 Derivation of the Control Allocation Matrix
Each thruster i ∈ {1, . . . , 8} is rigidly mounted on the USG and defined by its pose with respect to theUSG reference frame Fref = (Xref , Yref , Zref).

Position Let pi ∈ R3 denote the nominal mounting position of thruster i expressed in the referenceframe Fref . Since the allocation matrix is referenced to the USG’s Center of Mass (CoM), located at
rCOM = [0, 0, 0.1362]⊤, the position vector of thruster i relative to the COM becomes

ri = Rz(α0) (pi − rCOM), α0 = −9◦. (1)
because the positions in Table 6 are expressed without the shift around Zref of α0 = −9◦, which isseen on Figure 4 and in the hardware Figure 5. Note that the CoM serves as the reference point for thewrench computation.

Orientation
Each thruster orientation is defined by the angles (θ(y)i , θ

(z)
i , θ

(x)
i , ψ

(z)
i ). With

Rx(α) =


1 0 0

0 cosα − sinα

0 sinα cosα

 , Ry(α) =


cosα 0 sinα

0 1 0

− sinα 0 cosα

 , Rz(α) =


cosα − sinα 0

sinα cosα 0

0 0 1

 ,
(2)

the rotation from Fi to Fref is
Ri = Rz

(
ψ
(z)
i

)(
Rx(θ

(x)
i )Rz(θ

(z)
i )Ry(θ

(y)
i )
)
. (3)

The inner product of matrices in parentheses represents three consecutive intrinsic rotations, appliedsuccessively about the current y, z, x-axes of the thruster. The leading factor Rz

(
ψ
(z)
i

) introduces anadditional extrinsic rotation about the fixed Zref -axis, which represents the shift of 90◦ between con-secutive thrusters (Table 6).
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Homogeneous Transformation The transformation matrix with translation and rotation:
refTi =

Ri ri

0⊤ 1

 . (4)

Force and Moment Mapping Each thruster produces a thrust ui along its local+Zi-axis:

f
(i)
i =


0

0

ti

 , f i = Ri f
(i)
i = ui ai, ai := Ri


0

0

1

 . (5)

The resulting moment about the CoM is
mi = ri × f i = ui (ri × ai). (6)

The corresponding wrench is

τ i = ui

 ai

ri × ai

 . (7)

Allocation Matrix Stacking all 8 thrusters gives

B =

 a1 · · · a8

r1 × a1 · · · r8 × a8

 ∈ R6×8, u = [u1, . . . , u8]
⊤, (8)

such that

τ =

 f

m

 = Bu. (9)

For this configuration, the reference frames of the thrusters are illustrated in Figure 6, with IDs accordingto Table 6, where the thrust direction aligns with the local Z-axis.

2.2.3 Thruster Allocation Under Power Constraints
This section builds on the approach outlined in Deliverable 3.2. Here, we focus on the thrust alloca-tion problem for a given reference wrench. This is a module of the control software referred to as the
thrust_manager, see an overview in Figure 7.
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Figure 6: Thrusters frames obtained after applying the transformations from the reference frame. Theblue Z-axis also matches the thrust direction.
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Figure 7: Block diagram of thrust_manager

Quadratic Program for Thrust Allocation Given a desired reference wrench τ ref , the goal of thrustallocation is to compute the individual thruster inputs u ∈ R8 such that the resulting wrench tracks
τ ref as closely as possible while respecting actuator limits. LetB denote the thruster allocation matrixand W a diagonal selection matrix that can deactivate faulty or intentionally disabled thrusters. Thenominal allocation problem is formulated as

min
u

1

2
(BWu− τ ref)

⊤H(BWu− τ ref) (10a)
subject to umin ≤ u ≤ umax, (10b)

where H ≻ 0 is a weighting matrix, and umin, umax denote the lower and upper thruster bounds,respectively. The objective (10a) together with the box constraints (10b) defines a convex QuadraticProgram (QP), e.g., CVXPY that can be solved efficiently in real time.

Dynamic Thruster Constraints Tomaintain precise control, ensure that no individual thruster is drivenbeyond its operational limits, and reducemechanical wear, the thruster bounds umin, umax are adapted
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dynamically to limit the rate of change of the thruster inputs. The bounds are updated based on theprevious input uprev and a maximum allowed rate of change△u.
For each thruster i ∈ [8], we use 1, 2, · · · , 8 the individual bounds are computed as

ui,min =

{
umin if ui,prev −△u < umin,

ui,prev −△u otherwise,
ui,max =

{
umax if ui,prev +△u > umax,

ui,prev +△u otherwise.
(11)

These bounds are defined individually for each thruster and are recomputed at every allocation step.In practice, the QP (10) is solved using the updated bounds ui,min and ui,max instead of the static limits
umin and umax.

Available Power and Thruster PowerModel The smart grapple provides only limited electrical powerto the thrusters: the maximum available power is Pmax = 5kW, which must be shared between theeight Bluerobotics T500 thrusters and the SensoJoint drives. By contrast, if all eight thrusters oper-ated at their maximum power at 24V, the ROV would require 8× 1044W = 8.35 kW, exceeding theavailable budget. Hence, the total thruster power must satisfy∑8
i=1 pi ≤ Pmax, where pi denotes thepower of thruster i.

The mapping between thruster force (or command) and power is nonlinear. For the T500 thrusters, thetotal power can be approximated as
8∑

i=1

ki|ui|3/2 ≤ Pmax,

where ui is the control input of thruster i and ki is a fitted constant that depends on whether thethruster operates in forward or reversemode. Including the power constraint above turns the allocationproblem into a nonlinear optimization problem.
min
u

1

2
(BWu− τ ref)

⊤H(BWu− τ ref)

s.t. 8∑
i=1

ki|ui|3/2 ≤ Pmax,

umin ≤ u ≤ umax.

(NLP)

To retain the efficiency of a QP formulation, we handle the power constraint via a post-processing step,as described below.

Percentage Phase Back (-pp) Since the power constraint in (NLP) is nonlinear and incompatible withthe QP structure, we enforce it in post-processing using a percentage phase back strategy [3]. Let u⋆ bethe QP solution with total power Pu⋆ =
∑8

i=1 pi, and let PUSG ≤ Pmax be the power budget for thethrusters at the time when the optimization is run. If Pu⋆ > PUSG, all thruster powers are scaled by
α =

PUSG

Pu⋆
, pi ← αpi.
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The scaled power of thruster i is then mapped back to a thrust command ui via the fitted T500 powermodel. For forward and reverse operation this yields

ui =


−bfwd +

√
b2fwd + 4afwdαpi

2afwd
(forward),

−brev −
√
b2rev + 4arevαpi
2arev

(reverse),
(12)

with afwd, bfwd, arev, brev denoting the direction-dependent T500 parameters. This approach allowsus to first solve the fast QP (10) without the nonlinear power constraint and then enforce the powerlimit by a simple scaling and back-transformation, slightly perturbing optimality but preserving real-time feasibility.
To assess the impact of the power constraint and the choice of allocationmethod, we generate a datasetof 1000 reference wrenches τ ref , representing desired forces on the USG. For illustration, all momentsare set to zero, as the dominant motion is translational. The samples are obtained from a noisy spiralpath around a sphere. All tests are executed on an Intel(R) Core(TM) i5-6200U CPU @ 2.30GHz (4cores), and the thruster power budget is fixed to Pthrust = 5000W. We compare the QP-pp approachagainst the NLP-based baseline (NLP) in terms of tracking error (10a) of the desired reference wrench
τ ref , power consumption, and runtime.

Approach Error (10a) (mean± std.) [%] Power consumption [%]
QP-pp +15.6± 11.4 +0.2

Table 1: Relative increase in error and average power consumption of QP-pp compared to the NLP-powbaseline (not shown).
Approach Worst case [s] Avg. runtime [s] Std. dev. [s]
QP-pp 0.0369 0.0181 0.0036
(NLP) 3.4753 0.9000 0.4156

Table 2: Runtimes for the QP-pp and NLP approaches.
The results as shown in Table 1 show that QP-pp incurs only a moderate increase in tracking error(+15.6%on averagewith+0.2%higher power consumption) compared to theNLPbaseline, but achievesroughly two orders ofmagnitude faster runtimes (both on average and in theworst case). Consequently,QP-pp is preferred in practice, as it enables significantly higher update rates while remaining close tothe best attainable performance.

Practical Implementation We adopt a modular approach that allows us to overwrite the referencesignal at different stages—position, velocity, wrench, or even the duty-cycle command of individualthrusters. This flexibility proved particularly valuable for analyzing and debugging individual modulesduring the field tests in Marseille (September 2025). The thrusters—and consequently the smart grap-ple—can be commanded via a Graphical User Interface (GUI). A position target can be specified (as
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Figure 8: Architecture of the USG control pipeline software.
shown on the left in Figure 8), which is then passed through a cascaded PID controller to generate a tar-get wrench. This wrench is then provided to the optimizer, i.e., the thrust_manager (see Section 2.2.3).Alternatively, a velocity command can be set directly—either through the GUI or using the Logitechgamepad controller—thereby bypassing the position Proportional-Integral-Derivative (PID) output. Ifno PID controller is involved, there exists the possibility of providing the reference (to track) wrenchdirectly in the GUI.

2.3 Joint control
The smart grapple joints are actuated by the SensoJoint 5016 BLDC (brushless direct current) motorswith a maximal torque of 120 Nm. The motors utilize the Ethernet for Control Automation Technology(EtherCAT) interface for communication with the computer used for the smart grapple control. In thiswork, the communication and control of the actuators have been integrated in the overall Robot Op-erating System 2 (ROS2) software architecture using Simple Open EtherCAT Master (SOEM) Library [4].All functionalities of the motor can be accessed via a ROS2 topic or service from any other module ofthe system. For the convenience of the smart grapple operator, all motor commands can be executedfrom a GUI depicted in Figure 10.

2.3.1 Graphic user interface
The upper button panel contains the ON, OFF, fault reset, and calibration buttons. Pressing ON and OFFwill turn the smart grapple on and off, respectively. Turning the smart grapple on means bringing theSensoJoints into the state of enabled operation. From this state, the motors are ready to receive usercommands. However, in case of a fault indicated by the built-in fault warning, SensoJoints might enterthe fault state, and they will stay in that state unless the fault is cleared by pressing the corresponding
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Figure 9: Grapple angle coordinate frame.
button ormanually solving the issue onshore. Fault can also be reset automatically by the statemachineif it is one of thewarnings that can be ignored. The calibration button activates the calibration procedureexplained in Section 2.3.2.
The lower button panel contains Safe Torque Off (STO) ON and STO OFF buttons. These buttons areconnected to the relay inside the electronic box and are responsible for physically connecting and dis-connecting the 24V STO line. SensoJoint will never be able to reach the operational state without thisline connected to the power, as an additional safety measure. STO OFF acts as an emergency stop. Bydefault, after the smart grapple has been powered up, the relay is disconnected; therefore, before theoperation, the operator is required to press the STO ON button.
On the left panel, all the information regarding each joint is displayed, such as the position of the end-effector, velocity, sensed torque, and the faultmessage. On the central panel, the user has the possibilityto control the smart grapple using so-called percentagemode, where 0% corresponds to the fully closedstate and 100% to the fully opened state. The joint configuration corresponding to each percentage levelis implemented as described in Sec. 5.3.1, Case 3. The "Joystick control" checkbox above indicates if thejoystick is chosen as the source of input; checking it will disable the slider to avoid conflicting controlinputs. The table below the slider displays the joint angles in the smart grapple angle coordinate frame.The smart grapple angle coordinate frame is illustrated in Figure 9. The right panel contains buttonsfor the relative positioning of the individual joints. By pressing each button, the user opens or closesthe joint by 0.05 radians. Using this GUI, the onshore operator has full monitoring and control over thesmart grapple fingers for the manual grasp.

2.3.2 Calibration
The calibration routine has been implemented to approximate the angle difference between the en-coder zero ("factory zero") and zero in the smart grapple coordinate frame (Figure 9). Usually, it mustbe conducted once, after the smart grapple joint has been reassembled, for example, during routinemaintenance. It might also be executed in case of the belt slippage in case of a high joint load. The pro-cedure starts with driving the shoulder joints towards theirmechanical limit until the predefined torquethreshold is reached. Then, the shoulder joints drive back at a small angle to approach the mechanicallimit at a lower speed for precision. After that, they are driven on a fixed angle increment between themechanical limit and the joint angle corresponding to θ1 = π in the joint coordinate frame. The same
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Figure 10: GUI for the smart grapple joint control.
procedure happens thenwith the elbow joints, but their final position is θ2 = 0. After the smart grapplehas reached its final starfish-like configuration, the current motor angles are written in the parameterfile as ∆θ1,∆θ2 and later used for angle transformations between encoder angles and smart grappleangles.

2.4 State machine of the operation cycle
The finite state machine is designed to automate the processes of planning, trajectory tracking, precisepositioning, grasping, and trash retrieval. The whole cycle of operation is divided into several states,based on the current stage of operation. Transition between states happens in a deterministic mannerwhen particular conditions are fulfilled. The state machine is designed to be responsible for sendingactivation commands, monitoring the progress, and aborting the operation cycle in case of an error,such as an internal hardware failure. The overall state flow is presented in Figure 11.

2.4.1 Deploying
In this state, the initialization procedure happens. The initial storage position of the smart grapple isgrasping the collecting net between the SeaCAT USV hulls to prevent the unwanted pendulum effectduring transportation. Therefore, the deploying state begins with releasing the basket and sending thesignal to the SeaCAT USV to deploy the grapple under the water. Then, the smart grapple has to be
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brought into the operational state, which includes a possible joint calibration routine and internal faultcheck. To be able to transfer to the next state, the smart grapple has to receive the target coordinatesas well as the seabed map in the form of an octree map (octomap) [5] from the miniTortuga UUV.

2.4.2 Planning
As soon as the necessary data are received, no system faults are present, and all components are inthe operational state, the smart grapple moves to the planning state. The informed Rapidly ExploringRandom Tree Star (RRT*) [6] is currently used in the software to plan a collision-free path, based on theoctomap, to the first trash object in the received list. Although RRT* is used in the current implemen-tation of the control pipeline, it can be replaced by the holistic optimal control approach described inSection 3. Once the planning is complete, the state machine activates the tracking state.
Practical implementation The informed RRT* algorithm is implemented using the open-source OpenMotion Planning Library (OMPL) [7]

2.4.3 Tracking
The tracking procedure consists of a local planner, state estimation, and the cascaded PID controller.The latter then sends the thruster commands according to the architecture illustrated in Figure 8. Asit is seen from the figure, it is possible to disconnect the direct feedback loop and control the smartgrapple using a joystick for debugging purposes. The local planner iterates through the trajectory pointsprovided by the global planner and notifies the state machine as soon as the last one has been reached.Then the tracking state is considered as finished. It is possible that, due to the environmental conditions,such as strong tides, the smart grapple will not position itself directly above the target. In this case, aprecise positioning procedure is required to reposition the grapple for the grasp. The next state dependson two factors: whether the user wants to proceed with the manual grasp and whether the visualservoing is feasible. During the development process, the manual grasp is selected, and the smartgrapple is navigated solely by the operator onshore using the joystick and the GUI to control the fingers.The availability of the visual servoing depends on the visibility conditions of the environment. In case ofgood visibility, the smart grapple makes a state transition to the visual servoing state, described below.In case of bad visibility, the smart grapple has to position itself based on the last known position of thetrash.

2.4.4 Visual servoing
The visual servoing state has the purpose of camera-driven, precise position control of the smart grap-ple. This state is triggered upon reaching the final path point, provided that water clarity is sufficientfor object detection. In this phase, the reference position for the controller is expressed in the camera-based coordinate frame. (Figure 11). Specifically, the object detection model (Section 4.1) identifies thetarget and provides its bounding box coordinates, while the optimal grasp point estimation algorithm(Section 5.4) determines the desired grasp pose. The control objective is to center the bounding boxwithin the onboard camera’s horizontal frame and reach the desired altitude (pose) vertically using theDVL feedback. Once the desired pose is achieved, the state machine transitions to the grasping state.
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2.4.5 Grasping
Automated grasp The automated grasping state consists of its own state machine illustrated in Figure20. The general state machine is responsible for initiating the grasping procedure by calling a corre-sponding ROS2 service andpassing the desired contact points for the grasp from the algorithmdescribedin Section 5.4 (if available). During the automated grasp, it is possible that the actuators activate thebuilt-in maximum torque warning and enter a fault state. In this case, the state machine is responsiblefor sending the fault-clearing signal unless the fault cannot be cleared automatically (e.g., a finger has tobemanually opened to release the torque), and the smart grapple must be switched to manual control.
Manual grasp Themanual grasp is controlled using the GUI illustrated in Figure10. For themanual graspto be considered as completed, the user has to initiate the state transition from grasping to droppingby calling a corresponding ROS2 service.
In case of a successful grasp, the state transitions to the dropping (recovering) state.

2.4.6 Dropping (Recovering)
In the dropping state, the state machine sends the signal to the USV Tender (illustrated in Figure 1),initiating the retrieval of the object grasped. The smart grapple sends the signal to roll the tether,positioning itself above the water, and waits for the USV Tender to position itself below. After receivingthe signal, approving the object drop, it opens and measures the joint torques. It might happen thatdue to the seaweed and sediment, the object or parts of it get stuck in the shovels or on the joints.If the excess torque is sensed, the smart grapple will try to repeat the cycle of opening and closing ktimes , before reporting an error due to the impossibility to continue its operation. The number of tries
k is a system parameter that can be set by a user. After the successful dropping, the smart grapple canproceed with the next object in the list, or the operator can declare the operation finished, and thesmart grapple will send a signal to the SeaCAT USV to be brought back to shore.

2.4.7 Error
The error state is activated in case of an error in any state of operation. The error state means that thestate machine notifies the onshore operator about its inability to continue the cycle, and the SeaCATUSV brings the smart grapple back to the shore for maintenance. The possible errors include

1. SensoJoint faults that cannot be resolved automatically
2. Thruster communication failure
3. Object being stuck in the shovels or in the joints
4. User-defined error, when the error state is activated by the operator

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
© European Union, 2021. All rights reserved

25



D5.2: Report on Smart Grapple Software Framework
WP5: Control Overhaul Version: V1.0

101093822 Author(s): Stefan Sosnowski (TUM) Nicolas Hoischen (TUM), Tzu-YuanHuang (TUM), Anastasio Natsakis (UTC) Level: PU

Initialization

Start

Deployment 

Planning Tracking Manual grasp

Grasp

Recover Finish?

Finish
visual servoing available?

Visual servoing

Manual grasp?
YES

NO

NO

YES

NO

YES

Figure 11: Operation state flow.
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3 Holistic Optimal Control Approach
This section presents a unified optimal control framework for the integrated USV-USG system that ac-counts for the coupled pendulum dynamics between the surface vessel and the underwater grapple.The approach formulates the trajectory planning problem as a stochastic optimal control problem usingRisk-Aware Sample Average Approximation (RA-SAA), which explicitly handles uncertainties in payloadmass, environmental disturbances, obstacle positions, and model parameters. The formulation mini-mizes energy consumption while satisfying Conditional Value at Risk (CVaR)-based obstacle avoidanceconstraints, terminal positioning requirements, power limits, and tether tension constraints. A feed-back augmentation scheme is introduced to center sampled trajectories around a nominal solution,enabling robust high-frequency online control while the optimization plan operates at lower frequency.This scheme can be used to replace the traditional trajectory planning method, e.g., RRT*.

3.1 Modeling of the Integrated USV-USG
The goal inmodeling is to simulate the USV-USG behavior with aminimumnumber of states and as littlecomputational time as possible, without losing any important characteristics. We make the followingassumptions for simplification:

• the tether is light and thin, such that its gravity, inertia and friction can be neglected
• the tether is attached to the USG at its center of mass and the orientation of the USG is totallydefined by the tether. Meaning the USGs z-axis zbUSG is pointing parallel to the tether.
• The USG rotation around its z-axis is small and does not affect the movement in any relevantmanner

3.1.1 Coordinate Frame and State Definition
We define the following reference frames:

• {e} is the earth fixed frame(used if not specified otherwise)
• {bUSV } is the body frame of USV.
• {bUSG} is the body frame of USG

Earth and USV frame are defined with the z-axis pointing downwards and use of roll-pitch-yaw anglesfor orientation, as is typical for airplanes. We also define a joint space based on a floating base for theUSV combined with the USG relative position in spherical coordinates. For the definition of the anglessee Figures 12 and 13.
The state of the USV-USG system can be written as follows:

q = [xUSV , yUSV , zUSV , γUSV , l, ϕ, θ] (13)
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x, y, zUSV position of USV w.r.t. earth frame
γUSV yaw angle of USV w.r.t. earth frame
l tether length
ϕ tilt: angle around fixed USV y axis

(swinging in x-z plane)
θ pan: angle around fixed USV x axis

(swinging in y-z plane)
The z-position of the USV is not actuated but included in the joint vector since the waves are acting onthis coordinate and represent a relevant source of disturbance.

USG

USV

Figure 12: spherical angle defi-nition in x-z plane
USG

USV

Figure 13: spherical angle defi-nition in y-z plane

3.1.2 Modeling Dynamics
Themodeling is performed using the Euler-Lagrange equations, and therefore, the kinetic and potentialenergies for each part are required. Starting with the USV, the kinetic energy is given by its linear andangular motion:

KUSV =
1

2
ẋT
USV R

e
USV MUSV R

e
USV

T ẋUSV

+
1

2
ωe

USV
TRe

USV IUSV R
e
USV

Tωe
USV (14)

where the rotation boils down to only the rotation around the z-axis. The potential energy PUSV isgiven by gravity and buoyancy:
PUSV = −mUSV gzUSV + bUSV (zUSV − zwater)

2 (15)
Wemodel the buoyancy similarly to a spring, with the spring constant representing the buoyancy factor

bUSV = AUSV,disρwaterg (16)
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mUSV weight of the USV
zwater height of the water
AUSV,dis displacement area of USV at the water surface
ρwater density of the water

The next system component is the tether, including the winch to move it. We model its kinetic energyby a simple inertia Il acting on the first derivative of the tether length l̇:
Kl =

1

2
Il l̇

2 (17)
Last but not least we have the energies of the suspended USG. The potential energy is given by the USGsmass in watermUSG

PUSG = −mUSG g zUSG (18)
and the kinetic energy is given by its motion:

KUSG =
1

2
ẋe
USG

TRe
USGM

USG
USGR

e
USG

T ẋe
USG

+
1

2
ωe
USG

TRe
USGI

USG
USGR

e
USG

Tωe
USG (19)

Since we later work with the joint state, we have to transform it by using the Jacobian:
ẋUSG
USG = JUSG

USGq̇ (20)
KUSG =

1

2
(Je

USG,linq̇)
TRe

USGM
USG
USGR

e
USG

TJe
USG,linq̇

+
1

2
(Je

USG,angq̇)
TRe

USGI
USG
USGR

e
USG

TJe
USG,angq̇ (21)

Similar transformations can be done for all kinetic and potential energies, and we can define the La-grangian in joint space by:
L(q, q̇) = KUSV (q, q̇) +Kl(l̇) +KUSG(q, q̇)

− (PUSV (q) + PUSG(q)) (22)
L(q, q̇) = K(q, q̇)− P (q) (23)

By applying the Euler-Lagrange equation
d

dt

(
∂L

∂q̇

)
− ∂L

∂q
= f (24)

and reordering the terms, we get the dynamics in standard robotics form:
M(q)q̈+C(q, q̇) +G(q) = f (25)
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3.1.3 External Forces
In addition to the internal forces captured by the Euler-Lagrange equation, some external forces act onthe system. These are caused by friction (or drag) and actuation under the low velocities condition ofUSV. The friction forces are divided into three origins, from USV, winch and USG:

ηD = ηUSV + ηl + ηUSG (26)
For USV and winch, a linear friction is assumed. For the winch, it is modeled as

ηl(l̇) = cl l̇ (27)
In case of the USV the friction coefficients differ in the USV’s x, y and z direction. Thus, the velocitiesin USV body frame have to be used, and this requires the use of the body frame Jacobian JUSV

USV Ourmethod didn’t assume linearized Jacobian because the operation range may not be small. to transformfrom joint-space to body frame velocities and from body frame forces back to joint space forces.
ẋUSV
USV = JUSV

USV q̇ (28a)
fUSV
ηUSV = diag(cUSV )ẋ

USV
USV (28b)

ηUSV = JUSV
USV

T
fUSV
ηUSV (28c)

Since the USG is totally submerged by water, we consider a linear friction model as insufficient. Follow-ing [8] we model the USG’s friction with a second-order expression. Again, the transformation to thebody frame is necessary:
ẋUSG
USG = JUSG

USGq̇ (29a)
fUSG
ηUSG = diag(cUSG)diag(∣∣ẋUSG

USG

∣∣)ẋUSG
USG (29b)

ηUSG = JUSG
USG

T
fUSG
ηUSG (29c)

The other source of external force is the actuation. The USV has two stern thrusters pointing forwardand two bow thrusters pointing to the sides. With this constellation the USV can move in the x and ydirections and rotate around z-axis. The USV’s z direction can not be actuated. Thewinch is actuated byan electric motor and a gearbox. In terms of energy efficiency, the winch is the most efficient actuatorin the system. The USG has a total of eight thrusters aligned such that a full six degrees of freedomactuation is possible.
To keep the model simple, we consolidate the actuations and consider them to be performed in jointspace. This means for every joint defined in (13), except the USV’s z position, we model an input force.We further assume a first-order delay between the control signal u and the input force fu. With T asthe diagonal matrix with the time constants, we model the input force as

ḟu(t) = T−1(−fu(t) + u(t)) (30)
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3.1.4 Model Summary
All previously modeled parts can now be combined to one set of model equations:

M(q)q̈+C(q, q̇)q̇+G(q) + ηD = fu (31a)
q̈ = M(q)−1 (−C(q, q̇)q̇−G(q)− ηD + fu) (31b)

ηD = ηUSV + ηl + ηUSG (31c)
ḟu(t) = T−1(−fu(t) + u(t)) (31d)

We introduce a combined state z and bring the model equation into control-affine form:
z = [qT , q̇T , fTu ]

T (32a)
ż = [q̇T , q̈T , ḟ

T
u ]

T (32b)
ż = f sys(z) +Gsys(z)u (32c)

3.2 Technical Approach
With the given model, the next step is to think about the control objective. The goal is to generatetrajectories to a desired terminal position. The generated trajectory shall account for

• obstacles with uncertain position
• uncertain parameters (i.e., uncertain payload mass and friction from gripped object)
• process noise

We assume all uncertainties mentioned above have a known probability distribution.

3.2.1 Stochastic Optimal Control Problem
We base our solution on the Trajectory Optimization with the RA-SAA introduced by [9]. In the samemanner, we introduce sampled system models i ∈ {1, . . . N} with parameters ξi drawn from the pa-rameter distribution. The difference from the original is an alternative cost function and different con-straints that fit our proposed model. Before we take a closer look at the cost and constraint functions,we formulate the dynamic system equation as a Stochastic Differential Equation (SDE) with uncertainparameters ξ and process noiseDdωt:

dzu = f sys(z, ξ)dt+Gsys(z)udt+Ddωt (33)
Following the Sampling Average Approach, we define multiple samples ξi of the uncertain parametersand thus get multiple samples of the SDE and trajectory:

dziu = f sys(z
i, ξi)dt+Gsys(z

i)udt+Ddωi
t (34)
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Cost Function Based on the sampled trajectories, we define our optimization goal, the cost function,as the expected energy used for the trajectory as
inf
u∈U

1

N

N∑
i=1

[∫ tf

0
q̇iEηf

i
u

]
(35)

with N the number of samples, Eη a diagonal weighting matrix representing the energy efficiency, tfthe time horizon, and U the control space.

Constraints For the optimization, we have the following constraints to consider:
• obstacle avoidance constraint
• terminal constraint (e.g., to reach a desired state)
• power and input constraint
• tether tension and tether length constraint

For obstacle avoidance, we adopt the CVaR-based constraint formulation proposed in [9]. This approachis advantageous because it strikes a balance between conservativeness and feasibility while capturingthe varying severity of unsafe events—for instance, distinguishing between a gentle seabed contact anda high-speed collision. In this formulation, the CVaR constraint enforces chance constraints by ensuringthat the probability of constraint violation remains below a specified risk level α.
Given an ellipsoidal obstacleOj centered at oj with shapematrixQj , and a parameter sample ξi drawnfrom the parameter distribution, the obstacle can be represented using a signed distance function:

dOj(ξ
i)(z) = 1− (z− oj(ξ

i))⊤Qj(z− oj(ξ
i))

Then, forM obstacles, the constraint functionG yields
G(ziu, ξ

i) = max
j=1,...M

dOj(ξ
i)(z

i
u) (36)

Then the CVaR formulation of this constraint [9] reads
inf
s∈R

s+
1

αN

N∑
i=1

max

(
sup

τ∈[0,tf ]
Gj(z

i
u(τ), ξ

i)− s, 0

)
≤ 0 (37)

where α the risk level and zu as the position of coupled USG-USV system.
The terminal constraint is responsible for actually reaching the target position at the end of time horizon
tf . To faciliate the resolution of the Optimal Control Problem (OCP) , we consider the terminal position
zd as reached, if the expected value lies inside a small environment around the desired position shapedby the diagonal matrixRT . The goal of closing target position is formulated as follows

1

N

N∑
i=1

H(ziu(tf )) ≤ δM , (38a)
H(ziu(tf )) = (ziu(tf )− zd)

T RT (ziu(tf )− zd) (38b)
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The power constraint takes the power limit of the USG into consideration. Since the USG actuators areonly used to actuate the spherical angles ϕ and θ the constraint is formulated as
ϕ̇if iϕ + θ̇if iθ ≤ PUSG,max (39)

Due to the control in joint space, the input constraints are only roughly approximated. With the stacked
body frame forces fall = [fUSV

USV
T
, fl, f

USG
USG

T
]T and corresponding stacked Jacobian J̃all(q) we definethe constraint as ∣∣∣J̃all(q

i)T
∣∣∣ fall,min ≤ fq ≤

∣∣∣J̃all(q
i)T
∣∣∣ fall,max (40)

with ∣∣∣J̃T
all

∣∣∣ as the element-wise absolute value to give an upper bound. Last but not least the tether
constraints enforce the tether to be always under tension and positive in its length:

f il ≤ 0 (41)
l > 0 (42)

Optimization Problem By combining all constraints with the cost function, we obtain a tractable op-timization problem that computes the optimal control trajectory over the horizon tf , accounting foruncertain dynamics, model mismatch, and uncertain obstacles, as
inf
u∈U

1

N

N∑
i=1

[∫ tf

0
q̇iEηf

i
u

]
(43a)

s.t.
inf
s∈R

s+
1

αN

N∑
i=1

max
j

(
sup

τ∈[0,tf ]
Gj(z

i
u(τ), ξ

i)− s, 0

)
≤ 0 (43b)

−δM ≤
1

N

N∑
i=1

H(ziu(tf )) ≤ δM , (43c)
ϕ̇if iϕ + θ̇if iθ ≤ PUSG,max (43d)∣∣∣J̃all(q
i)T
∣∣∣ fall,min ≤ fq ≤

∣∣∣J̃all(q
i)T
∣∣∣ fall,max (43e)

f il ≤ 0 (43f)
ziu satisfies dynamics from (34) (43g)

However, the above optimal control problem can be difficult or even infeasible to solve, as large pa-rameter uncertainties may cause divergent trajectories ziu. To mitigate this, we introduce a feedbackcontrol term and optimize over closed-loop controllers.

3.2.2 Feedback Augmentation
We first introduce a nominal model and its trajectory znomu with nominal parameters ξnom and designa feedback loop, following [8]. This draws all trajectories towards the nominal trajectory. We design
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this feedback controller as a PD controller based on the joint position q and velocities q̇. Formulated interms of z we get
f ifb(t) = [KP KD 0](znom(t)− zi(t)) (44)

By adding the nominal control input unom we have the control law as
ufb(u(t), z

nom(t), zi(t)) = u(t) +K(znom(t)− zi(t)) (45)
The nominal models SDE is identical to (33) with the expected value for the parameters ξ = ξnom. Forthe sampled system models i ∈ {1, . . . N} the updated SDE is formulated as

dzi = f sys(z
i, ξi)dt++Gsys(z)ufb(u(t), z

nom(t), zi(t))dt+Ddωi
t (46)

In essence, this extension offers two key benefits:
1. it enables high-frequency online control via the local feedback while the main optimization planat a lower frequency.
2. it helps centering the trajectories of the sampled models along the nominal one, yielding morecompact, feasible trajectories by optimizing over a class of closed-loop controllers.

More details can be found in [8]. Figure 14 shows the control architecture composed of the offlineoptimization (dashed line) and the online feedback loop (right blue area). The offline part is dividedinto simulating the nominal model and simulating theN models with different parameter realizations,
ξ. For the sampled models the feedback loop is displayed in the blue area.
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Algorithm
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  sampled  
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Feedback  
Controller

Feedback  
Controller

Real  
System

State  
Estimation

        simulations

-
+

-
+

offline optimization

online 

Figure 14: Control Architecture composed of offline planning and online feedback control (adapted from[8]). The feedback loop drives the surrogate sampled system to behvae like the nominal one.

3.2.3 Implementation
We implement a time-discretized version of the optimal control problem (43) with feedback augmenta-tion as depicted in Figure 14. The discretization uses the Euler-Maruyama discretization with time-step
∆t for the SDE resulting in

zik+1 = zik + f sys(zik, ξi)∆t+Gsys(zk)ufb(uk, zk, z
i
k)∆t+Dωi

k. (47)
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To balance numerical stability and computational tractability, we use a smaller time step∆t for modelintegration and a larger one for control updates. Specifically, each control input is held constant for
T∆ ∈ N integration steps according to a zero-order-hold scheme:

uk = uj for k = jT∆, jT∆ + 1, . . . , (j + 1)T∆ − 1, (48)
where j = 0, 1, . . . , Ncontr− 1 is the control interval index. This results inNcontr control input values tobe optimized and ST = T∆Ncontr total simulation steps.
The implementation is carried out in Python using the JAX library [10] for numerical computation. JAXenables efficient execution through just-in-time compilation and automatic vectorization, significantlyaccelerating the computations. To solve the resulting optimization problem,we employ the off-the-shelfsolver IPOPT [11].

3.2.4 Evaluations: Latest Simulation Results
In this section, we aim to validate our model and method through the simulation. Table 8 in theappendix lists some relevant parameters used for simulation, run on an AMD® Ryzen 9 7950x3d 16-coreprocessor.

Figure 15: Planned trajectory from starting point “+" to terminal point “•"
Figure 15 shows an example for the planned trajectory avoiding the obstacle. Near the starting pointmarked by “+” the uncertain and sampled initial position is shown by the different line origins. Alsovisible in the graphic are the deviating trajectories the model takes for different realizations of the pa-rameters.
Note that, for the proposed implementation and chosen parameters, the optimization problem involves742 decision variables and a nonlinear dynamic model with 21 states and 120× 50 = 6000 time steps.This configuration poses a significant challenge for the solver, with computation times ranging fromapproximately 4 h for a small number of sampled models (N ≈ 5) to around 17 h for larger values(N ≈ 20). Nevertheless, the proposed method successfully produces feasible trajectories that reach
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the desired terminal positions while avoiding obstacles. The simulated system behavior accurately cap-tures the underlying pendulum dynamics and demonstrates the benefits of jointly controlling the USVand UUV. Future work may focus on improving computational efficiency, possibly through a differentsolver strategy or an approximation of the model.
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Figure 16: An overview of the perception system. The blue boxes represent the processing nodes. Thered box the monitoring node(s). The green background indicates the processes that benefit from edgeGPU acceleration.
4 Perception System for Litter Object Localization
The grapple needs to be able to localize litter objects autonomously underwater, infer the relative po-sition of an object to the grapple, and estimate the litter object metric geometry in preparation forgrasping. To this end, we present in the following an overview of the perception system design asshown in Figure 16. First, we subscribe to depth and RGB data produced by a passive stereo camera.Secondly, we perform inference with a YOLOv8 object detection deep learning model, trained to detectlitter objects underwater. Third, we use the bounding box returned by the object detection inference tocreate a mask for the depth map produced by the stereo camera, masking the pixel values in the depthmask which don’t correspond to the detected object. Fourth, we use the depth map and the maskeddepth map to construct a voxel map of the scene with static and dynamic elements. Finally, the voxelmap, RGB data and object detection model output can be monitored in real-time via Gstreamer and/orFoxglove. The majority of the process, bar the stereo depth estimation computed on-board the stereocamera, is performed on an embedded GPU system, enabling the deployed algorithms to benefit froma high degree of parallelization w.r.t. the computations, ultimately increasing the speed of the pipeline.

4.1 Underwater Object Detection
The SeaClear YOLO based object detection deep learning model for underwater litter objects as de-scribed in the Report D4.3, was used as a foundation for the current perception pipeline. The objectdetection model returns a bounding box around a region in an RGB image at the location of a detectedlitter object. The bounding box is then 1) laid on top of the actual RGB data and streamed to the surfacemachine for real-time monitoring, 2) passed to a depth masking node which separates an incomingdepth map aligned with the RGB data into "litter object" and "non-litter object" parts. The maskeddepth mask is then passed to the 3D reconstruction algorithm discussed in Section 4.2.
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4.2 Truncated Signed Distance Function based 3D Reconstruction
Static Voxel Mapping
Compared to point cloud representations, voxel maps approximate each point in 3D space as a voxel,the 3-dimensional equivalent of a pixel. We use the Truncated Signed Distance Function (TSDF) in ourapproach, which assigns a value corresponding to the (signed) distance of that voxel to the nearest sur-face. The surface of an object can then be extracted as the location of voxels with distance value 0.This approach provides an estimate for the volumetric properties of objects, informing our grasp plan-ning. Additionally occupancy information of the voxels is stored, such as in occupancy grids, where theprobability of a voxel being occupied is stored. Each voxel in space is classified as either occupied or
free, meaning that a particular voxel is either outside of a 3D object if it is free and situated within theobject if it is occupied. This dual representation benefits our functionality two-fold. On the one handthe TSDF based voxel map provides a metric estimate of an objects geometry, allowing us to extractvolumetric information informing our grasp planning. The occupancy probabilities can be used for ob-stacle avoidance. Described below is the computed 3D reconstruction of objects w.r.t. to the cameraframe. In order to relate the spatial and volumetric information of detected objects from the cameraframe to the robots frame, we apply a transformation consisting of a rotation and a translation fromthe camera’s base frame to the robot’s base frame, defined in the transformation tree of the softwarestack. This allows the spatial information of objects to be used for planning and visual servoing of thegrapple system.
Truncated Signed Distance Fields are based on Signed Distance Fields (SDF) which work in the followingway. Given a depth map D , the center point of a voxel w.r.t. the voxel grid coordinate frame pL andthe camera pose w.r.t. the voxel map TCL, we can sample the depth information from the depth mapby projecting pL onto the depth map and assigning the depth value at that point to the correspondingvoxel [12]

d = D [πcamera (TCLpL)] (49)
where D [u] represents sampling from the depth map at point u. The camera projection function
πcamera (pC) for a arbitrary point in 3D space pC is defined as

πcamera(pC) =
1

pC,z

fx 0 cx

0 fy cy



pC,x

pC,y

1

 (50)

where fx, fy, cx and cy are the pinhole camera intrinsic parameters which we receive from cameracalibration. Now that we have the depth value sampled at the location of the voxel center projectedonto the depth map, we subtract the distance of the voxel center to the camera in order to receive thesigned distance field value
sdfi(pL) = D [πcamera (TCLpL)]− camz(pL). (51)
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Figure 17: The 3D object in space is denoted in green. The truncated distance values are denoted incolor from pink to yellow. In this case an exemplary truncation distance ϵ is set to 1 [13].
The result sdfi(pL) is the signed distance field value for the voxel. Repeating this procedure for eachpixel in-view, i.e. each voxel which can be projected onto the depth map at a given timestep, we canclassify each voxel in-view as occupied or unoccupied, extracting the surface of an object as the zero-crossing between occupied and unoccupied values. TSDF is sufficient for surface reconstruction, whereall voxel outside of a truncation distance ϵ are not assigned a value.
For TSDF, the sdfi are only considered for voxelswithin small truncation distance ϵ away from the surfaceof objects. The truncated version of the sdfi for the i-th observation of a scene is defined as tsdfi [13]:

tsdfi(pL) = max

(
−1,min

(
1,
sdfi(pL)

ϵ

))
(52)

An illustration of how signed distance fields work can be seen in Figure 17, here computing the distanceof voxelx to the surface point p is illustrated. The colored regions in Figure 17 indicate the values withinthe truncation threshold.
Voxel grids can be efficiently implemented for GPU acceleration. The grid is divided into larger chunksof voxels, e.g. an 8x8x8 block, and each chunk is stored within GPU memory; each block is then contin-uously updated in parallel by the GPU, freeing up voxels that are no longer occupied, assigning depthvalues to newly observed voxels and updating distances as the camera moves through the scene.
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Dynamic Voxel Mapping

Figure 18: The bounding box returnedby the object detection model post-processed and laid on top of the RGB datafrom the downward facing stereo cam-era.

Figure 19: The static and dynamic voxellayers computed from the input scene inFigure 18. The red voxels correspond tothe litter object detected by the model.
So far we have only discussed mapping of a static scene by the TSDF algorithm. Mapping the wholescene is computationally expensive even in the TSDF case. Since we receive a bounding from from theobject detection model, we use this to reduce the region of interest for applying TSDF. The boundingbox received from the object detection applied to the RGB data as discussed in Section 4.1, is used tomask the depth map from the stereo camera into litter object parts and non-litter object parts. Thevoxel map is then separated into a static and a dynamic layer, where the static layer is computed asbefore, but the dynamic layer now only contains voxels computed from the masked depth values, i.e.contains voxels that correspond to a detected object. We can then apply grasp point estimation to thedynamic layer corresponding to the detected object.
We relax the assumption that only static objects are reconstructed by the algorithm from Section 4.2,since this allows the bounding box tomovewithin the scene if e.g. the object is moved by ocean dynam-ics. For this, we need to apply a decay step to the occupancy values of the voxels. At a fixed frequency,all voxel occupancy probabilities are decayed towards 0.5 over time. This means that the state of a voxel(occupied or free) becomes less certain after it has fallen out of view until it becomes unknown i.e. thevoxel holds 0.5 occupancy probability.

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
© European Union, 2021. All rights reserved

40



D5.2: Report on Smart Grapple Software Framework
WP5: Control Overhaul Version: V1.0

101093822 Author(s): Stefan Sosnowski (TUM) Nicolas Hoischen (TUM), Tzu-YuanHuang (TUM), Anastasio Natsakis (UTC) Level: PU

5 Smart Grapple Grasping Approach
This section details the grasping methodology developed for the Smart Grapple to reliably capture un-derwater litter of varying sizes and weights. The approach integrates a torque-monitor-based adaptivegrasping algorithm that employs a three-state machine architecture (closing, loading, and finalizationphases) to ensure stable grasp execution through continuous torque feedback. Building upon the kine-matic foundations, the section further presents an optimal grasping posture analysis that determinesfinger configurations maximizing gripping force under joint position and torque constraints, addressingthree operational scenarios with varying levels of perception information. Finally, a gripping points op-timization service is described that leverages 3D point cloud data to identify optimal contact surfacesfor the four-finger configuration.

5.1 Torque Monitor Grasping Algorithm
The torque-monitor-based grasping algorithm, which is the module in "grasping" block in Figure 11, isdesigned to enable adaptive and reliable grasp execution by continuously monitoring the joint torquesof the smart grapple during the closing process. The function follows a state-machine architecturethat ensures the grasping motion transitions smoothly across distinct control phases, each governed bytorque feedback and kinematic state information. This design enhances grasp stability while preventingexcessive force that could damage the object or the gripper mechanism.
As shown in Figure 20, the grasping process begins with the initialization of the system state and move-ment of the smart grapple to a predefined start configuration. Once positioned, the state machine isactivated to coordinate the grasp sequence. The algorithm proceeds through three principal states:State 1 (Closing Phase), State 2 (Loading Phase), and State 3 (Finalization Phase). Each state defines aspecific control behavior based on torque feedback and configuration updates.

1. State 1 – Closing Phase:The smart grapple starts from an open position and begins closing toward the object. The currentjoint configuration is recorded, and a corresponding closing command is generated and stored inthe command buffer. This command drives the fingers toward the target until the torque valuesbegin to rise, indicating initial contact with the object. Once the torque measured on any jointexceeds the predefined threshold, the algorithm transitions to State 2. If no contact is detectedduring the closing process, the smart grapple continues to close until reaching its fully closedconfiguration, after which the state machine switches to State 3.
2. State 2 - Loading Phase:The algorithm continuously monitors the torque signals to determine whether the object hasbeen securely grasped. If the measured torque exceeds the predefined threshold, indicating thatthe object is firmly held with sufficient contact force, the current configuration is maintained tostably hold the object. The state machine remains in this phase until an open command is re-ceived. Conversely, if the detected torque falls below the threshold—suggesting that the contactis insufficient—the system reverts to State 1 to resume the closing process and reattempt thegrasp.
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3. State 3 - Finalization Phase:In the final stage, the fully closed configuration is assigned to the command buffer to ensurecompletion of the grasp. The algorithm then flags the state machine as finished, marking thetermination of the grasp cycle. The final joint configuration is maintained to preserve a stablegrasp until further instructions are issued.
In each state, the joint command is computed based on torque feedback and kinematic information,and then stored in the command buffer. The command buffer is transmitted to themotor driver at eachsampling iteration, ensuring real-time execution of the grasping control loop.

5.2 Grapple Kinematics
This subsection presents the kinematic modeling of the Smart Grapple finger mechanism, which is es-sential formotion planning and grasp execution. Each finger ismodeled as a planar two-linkmanipulatoroperating in the xy-plane, with the kinematic analysis providing both forward kinematics to determinefingertip positions from joint angles and inverse kinematics to compute required joint configurationsfor target positions. Two solution approaches are detailed: an analytical closed-form solution derivedfrom geometric relationships, and an iterative solution based on the Forward And Backward ReachingInverse Kinematics (FABRIK) algorithm, which offers computational efficiency and natural handling ofjoint constraints in dynamic underwater environments.

5.2.1 Analytic Solution
The kinematic configuration of the smart grapple system is illustrated in Figure 21. As shown, the systemcan be divided into two main components:

• Basement (blue section): the fixed part of the smart grapple that houses essential modules suchas the thrusters, electronic units, and structural supports.
• Finger mechanism (gray links): the movable portion of the smart grapple responsible for grasp-ing, composed of a series of rigid links driven by rotational joints.

Each finger of the smart grapple is modeled as a planar two-link manipulator that operates in the xy-plane with its base attached to the basement as shown in Figure 21. The two revolute joints allow thefinger to reach and conform to objects of varying sizes during grasping. The base joint of the right fingeris located at coordinates (x0, y0), and the two finger links have lengths l1 and l2, respectively. The jointangles θ1 and θ2 are defined as shown in the figure: θ1 is measured from the negative x-axis of thebasement frame to the first link, and θ2 represents the relative rotation between the first and secondlinks. The fingertip position, denoted as (Tx, Ty), corresponds to the end-effector of the two-link chain.Thus, the kinematic model of each finger is analogous to that of a 2-DOF serial robotic arm.
The forward kinematics of a single finger can be formulated as:

Tx = x0 − l1 cos(θ1)− l2 cos(θ1 + θ2) (53)
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Figure 20: The pipeline of the torque monitor grasping algorithm.
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Ty = y0 − l1 sin(θ1)− l2 sin(θ1 + θ2) (54)
where (x0, y0) represents the base position of the finger, and (Tx, Ty) denotes the fingertip (end-effector) position. These equations describe the geometric relationship between the joint angles andthe Cartesian position of the fingertip. Given specific joint configurations, the position of the fingertiprelative to the base can be determined directly through these equations.
Conversely, the inverse kinematics problem aims to determine the joint angles corresponding to a de-sired fingertip position. For the two-link finger mechanism, the analytical inverse kinematics can bederived as:

θ1 = arctan(
Ty − y0
Tx − x0

)− arcsin(
l2 sin(θ2)√

(Tx − x0)2 + (Ty − y0)2
)− π (55)

θ2 = arccos(
(Tx − x0)2 + (Ty − y0)2 − l21 − l22

2l1l2
) (56)

These equations enable the computation of the required joint angles given a target fingertip position.In practical applications, this inverse kinematics formulation is used to generate motion commandsfor grasping tasks. Once the target position of an object (e.g., marine litter) is identified, the inversekinematics solution provides the corresponding motor commands to position each finger appropriatelyand achieve a stable grasp.
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Figure 21: The kinematics of the smart grapple system.
The kinematic parameters of the smart grapple systemare summarized in Table 7 in the appendix. Theseparameters define the physical dimensions and reference configuration of each finger, which serve asthe foundation for the motion planning and grasp control algorithms described in subsequent sections.
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5.2.2 Iteration Solution
To address the inverse kinematics problem of a multi-link manipulator, the FABRIK (Forward And Back-ward Reaching Inverse Kinematics) algorithm [14] provides an efficient and intuitive iterative solution.Unlike traditional Jacobian-based or trigonometric approaches, FABRIK determines joint positions ge-ometrically by locating each joint along a line connecting its neighboring joints. This geometric inter-pretation eliminates the need for matrix inversion or complex angle computations, resulting in a lowcomputational cost and fast convergence, typically within only a few iterations.
The algorithm operates through a two-phase iterative process: a forward reaching step and a backwardreaching step. In the forward phase, the computation begins from the end effector and sequentiallyupdates each preceding joint position while maintaining the link length constraints, gradually bringingthe chain closer to the target. In the backward phase, the process starts from the base joint and prop-agates the corrections forward again, ensuring that both the end effector and the base maintain theirrespective positions. Each full forward–backward iteration minimizes the positional error between theend effector and the desired target in Cartesian space.
Assume p1, ...,pn are the joint positions of a manipulator. Also, assume that p1 is the root joint and pnis the end effector, for the simple case where only a single end effector exists. The target is symbolisedas t and the initial base position by b. FABRIK is illustrated in pseudo-code in Algorithm 1 and a graphicalrepresentation of a full iterationwith a single target and 4 joints is presented and explained in Figure 22.
FABRIK is particularly suitable for robotic applications that require fast and stable inverse kinematicscomputation. It naturally accommodates joint and positional constraints and can be extended to handlemultiple kinematic chains with multiple end effectors. Owing to its numerical stability, low computa-tional demand, and realistic motion generation, the FABRIK algorithm is an effective choice for solvingthe inverse kinematics problem of the smart grapple finger system.
Since the underwater environment is inherently complex and dynamic, the target object may experi-ence motion due to external disturbances. Therefore, the robustness of the FABRIK algorithm is crucial.To evaluate its performance within our system, we simulate several scenarios in which the target po-sitions are shifted to mimic the influence of environmental factors, requiring the manipulator fingersto continuously track the actual target location. As illustrated in Figure 23, the robot’s arms success-fully follow themoving object in real time. When the object moves beyond themanipulator’s reachableworkspace under the current constraints, the system automatically issues a warning, indicating that therobot must reposition itself to re-establish reachability and resume grasping.

5.3 Optimal Grasping Manipulability Under Joint Position and Joint Torque Constraints
To ensure that the smart grapple can securely lift underwater litter, it must generate sufficient force tocounteract the object’s weight while maintaining a reliable frictional interface. Consider a litter objectof massM , with friction coefficient µ, gravitational acceleration g, and end-effector force components
(Fx, Fy). The static equilibrium of the object requires

Mg = µFx + Fy, (57)
where µ corresponds to the surface properties of different debris types, summarized in Table 3.
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Algorithm 1 A full iteration of the FABRIK algorithm [14]
1: Input: The joint positionspi for i = 1, . . . , n, the target position t, and the distances between eachjoint di = ∥pi+1 − pi∥ for i = 1, . . . , n− 1.
2: Output: The new joint positions pi for i = 1, . . . , n.
3: % The distance between root and target
4: dist = ∥p1 − t∥
5: % Check whether the target is within reach
6: if dist > d1 + d2 + . . .+ dn−1 then
7: % The target is unreachable
8: for i = 1, . . . , n− 1 do
9: % Find the distance ri between the target t and the joint pi

10: ri = ∥t− pi∥, λi = di/ri
11: % Find the new joint positions pi

12: pi+1 = (1− λi)pi + λit
13: end for
14: else
15: % The target is reachable; thus, set as b the initial position of the joint p1

16: b = p1

17: % Check whether the distance between the end effector pn and the target t is greater than atolerance
18: difA = ∥pn − t∥
19: while difA > tol do
20: % Stage 1: Forward reaching
21: % Set the end effector pn as the target t
22: pn = t
23: for i = n− 1, . . . , 1 do
24: % Find the distance ri between pi+1 and pi

25: ri = ∥pi+1 − pi∥, λi = di/ri
26: % Find the new joint positions pi

27: pi = (1− λi)pi+1 + λipi

28: end for
29: % Stage 2: Backward reaching
30: % Set the root p1 to its initial position
31: p1 = b
32: for i = 1, . . . , n− 1 do
33: % Find the distance ri between pi and pi+1

34: ri = ∥pi+1 − pi∥, λi = di/ri
35: % Find the new joint positions pi+1

36: pi+1 = (1− λi)pi + λipi+1

37: end for
38: difA = ∥pn − t∥
39: end while
40: end if
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Figure 22: [14] Illustration of one full iteration of the FABRIK algorithm for a manipulator with fourjoints and a single target. (a) Initial configuration of the manipulator and target; (b) the end-effector p4is moved to the target position; (c) the new joint position p′
3 is computed along the line l3 connecting

p′
4 and p3, maintaining the distance d3 from p′

4; (d) the same procedure is applied sequentially to theremaining joints; (e) in the backward stage, the root joint p′
1 is moved back to its original position; (f)the process is repeated from the base toward the end-effector. The iteration continues until the end-effector reaches or sufficiently approaches the target.
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Figure 23: FABRIK reacting to targetmovement. The red square symbolizes the robot’s body. Blue squaresymbolizes the target base point. The red ellipse visualizes the target’s shape. Gray lines visualize therobot arms.
Table 3: Friction coefficients of common litter objects.

Object Type Friction Coefficient
Barrel 0.60
E-scooter 0.60
Steel pipe 0.60
Tractor tire 0.86
Car tire 0.86

5.3.1 Grasping Scenarios
In practice, the available perception information varies depending on environmental conditions. There-fore, three grasping scenarios are considered, as illustrated in Figure 24. These scenarios differ in flexi-bility, force performance, and dependence on vertical control.

• Case 1: Full Cartesian Control. The desired end-effector position is directly commanded throughthe joint space. This offers maximum grasping flexibility but does not necessarily maximize forceoutput.
• Case 2: Force-Optimized Grasping. The vertical grasping position is optimized with respect toobject width to maximize the attainable horizontal force. This enables the system to exploit thefull manipulability of the finger mechanism.
• Case 3: Fixed Optimal Height for Multi-Width Objects. A single, globally optimal vertical heightis selected, enabling robust grasping performance across various object widths while simplifying
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underwater motion planning.
In practice, since we need to compromise the flexibility and force performance, we consider the case 3in the sea trial.

Figure 24: Comparison of grasping flexibility and force performance across the three scenarios.

5.3.2 Static Force Analysis
To describe the static relationship between joint torques and end-effector forces, we apply the principleof virtual work. LetW denote virtual work and P denote power. For the two-joint finger mechanism,the work and power on the joint side are

W = τ1 δθ1 + τ2 δθ2, (58)
P = τ1θ̇1 + τ2θ̇2 = θ̇ Tτ . (59)

On the end-effector side, the corresponding expressions are
W = δx · F, (60)

P = v · F = (J(θ)θ̇)TF = θ̇ TJ(θ)TF, (61)
where J(θ) is the Jacobian matrix of the finger, given by

J(θ) =

 l1 sin θ1 + l2 sin(θ1 + θ2) l2 sin(θ1 + θ2)

−l1 cos θ1 − l2 cos(θ1 + θ2) −l2 cos(θ1 + θ2)

 . (62)

Equating the power expressions in (59) and (61), we obtain the fundamental static relationship:
τ = J(θ)TF. (63)

Provided that J(θ) is invertible, the end-effector force can be computed from the joint torques asFx

Fy

 = (J(θ)T )−1τ . (64)
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Explicitly, this yields
Fx =

cos θ1
l2 sin θ2

τ , (65)
Fy =

sin θ1
l2 sin θ2

τ . (66)
A singular configuration arises when det(J(θ)) = 0, resulting in loss of controllability and unboundedjoint torques. From (62), the determinant is

det(J(θ)) = l1l2 sin(θ2). (67)
Thus, singularity occurs when θ2 = 0 or θ2 = π. To avoid these conditions, we construct a 5 cm bandaround the singular boundary, defining the safe workspace shown in Figure 25.

Figure 25: The safe workspace for a single finger after excluding a 5 cm neighborhood of singular con-figurations.

5.3.3 Grasping Posture in Different Scenarios
To determine an appropriate grasping posture across different operational scenarios, we develop a uni-fied framework for computing the joint commands associated with each case. In all scenarios, we as-sume that the horizontal target position (i.e., the object width) is obtained from the perception system.Depending on the level of available information, we consider three distinct cases.

Case 1: Full Target Position Known. In this case, both the horizontal and vertical target positions ofthe end effector are given. Thus, the complete Cartesian target (x∗, y∗) is available. The correspondingjoint configuration can be computed using either the analytical inverse kinematics method introducedin Section 5.2.1 or the iterative FABRIK method described in Section 5.2.2. Once the joint angles are
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obtained, the grasping forces can be evaluated using (65) and (66). The resulting force distributionwithin the safe workspace is illustrated in Figure 26.

Figure 26: The force distribution in the safe workspace.

Case 2: Horizontal Position Known, Vertical Position to be Optimized. When only the horizontal tar-get position is known, i.e., x∗ ∈ X where X denotes the admissible horizontal workspace, the verticalposition must be selected so as to maximize the achievable horizontal gripping force. Formally, theoptimal vertical position is obtained by
y∗ = argmax

y∈Y
Fx(x

∗, y), (68)
where Y is the feasible vertical workspace. The value y∗ is computed using an optimization toolbox,after which the associated joint configuration can be determined via inverse kinematics. By evaluatingthe optimizer over all feasible object widths, we obtain a mapping from x∗ to the corresponding op-timal vertical position, which is illustrated in Figure 27, and the joint configuration that maximizes thehorizontal force within the safe workspace.

Case 3: Fixed Grasping Position with Good Average Performance. Although Case 2 yields the force-maximizing posture for each object width, the resulting optimal vertical position y∗ varies with the tar-get. Consequently, the smart grapple would need to continuously adjust its vertical position, which ischallenging in underwater environments due to hydrodynamic disturbances and limited maneuverabil-ity. To avoid frequent repositioning, we instead seek a single vertical position that provides consistentlygood average performance across different object widths.
To achieve this, let (xj , yi)

F̄ i
x =

1

|X |
∑
j

F j
x(yi), σ2i =

1

|X |
∑
j

(
F j
x(yi)− F̄ i

x

)2
.

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
© European Union, 2021. All rights reserved

51



D5.2: Report on Smart Grapple Software Framework
WP5: Control Overhaul Version: V1.0

101093822 Author(s): Stefan Sosnowski (TUM) Nicolas Hoischen (TUM), Tzu-YuanHuang (TUM), Anastasio Natsakis (UTC) Level: PU

Figure 27: The optimized vertical position trajectory.
The optimal vertical posture is obtained by balancing high average performance and low variability,expressed as

y∗ = argmax
yi∈Y

Φ( F̄ i
x , σi ), (69)

whereΦ(·) denotes a performance metric that rewards larger average force while penalizing high vari-ance. This yields a robust grasping posture that performs well across a range of object widths withoutrequiring vertical repositioning of the smart grapple.

5.4 Gripping points optimization
As presented in Subsection 5.3, there might be several possible grasping configurations for a given ob-ject, some of them being optimal under selected criteria. However, these criteria cannot be complete,unless the shape and size of the object is also taken into consideration. The object detection compo-nent presented in Section 4.2 is providing a point cloud of the litter that needs to be picked. As a nextstep to the gripping pipeline, we have developed a ROS2 service, that consumes this point cloud and isthen reconstructing a surface mesh based on it. Surfaces that are not suitable for gripping (e.g. hori-zontal surfaces) are then filtered out. An optimization routine is checking all possible pairs of oppositegripping surfaces (for two fingers), and for each pair it checks all kinematically possible surfaces for theother two fingers. For each quadruplet of surfaces, it calculates the forces that the grapple can exert onthem, and eventually picks the quadruplet that can be grasped with maximal forces. This ensures thatthe grapple will pick the object in the most favourable configuration, therefore increasing the chancesof a successful litter picking. The procedure for the gripping points optimization is presented graphi-cally in Figure 28. This gripping points optimization was done in the SeaGrip project, supported by agrant of the Ministry of Research, Innovation and Digitization, CNCS/CCCDI -UEFISCDI, project numberPN-IV-P8-8.1-PRE-HE-ORG-2023-0012, within PNCDI IV. The project results were later integrated in theSeaClear2.0 grasping pipeline.
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Figure 28: Steps of the gripping points service. We first reconstruct a mesh based on the point cloudprovided by the object detection algorithm. The surfaces appropriate for grasping are then isolated,and the service is calculating the optimal surfaces for gripping based on force analysis of the grapple.
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6 Digital Twin of the Smart Grapple
Due to the scarce availability of sea trials, the USG is mostly tested in the lab. Additionally, a simulation-based, digital twin approach is used to validate the system between field tests.
Simulation is conducted using the MArine Robotics Unity Simulator (MARUS) tool. The source codeof the USG is stored in a separate Docker container from the MARUS interface. This Software in theLoop (SIL) method helps to bridge the sim-to-real gap by allowing the same source code to run in thereal system with minimal changes. It also accelerates development since no extra code is needed forsimulation.
Scope of the Simulation. The digital twin is currently able to reproduce navigation of the USG. Thatmeans the perception, planning, and tracking sub-modules are already integrated in the simulationpipeline. Figure 29 visualizes the software stack for simulation and Figure 30 shows the digital twin inthe virtual environment.

Planning

Global
planner
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State
estimation
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Tracking

Local planner
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Velocity
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Thrust
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Simulation
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Deployment container

Figure 29: Software stack of the simulation pipeline
MARUS Engine. The MARUS simulation engine was developed by the Laboratory for Underwater Sys-
tems and Technologies at theUniversity of Zagreb [15]. It is an open-source simulator formarine roboticsbased on the Unity3D software. The main benefits of this simulator are:

• Native ROS 2 support,
• Realistic underwater visual data (needed for machine learning computer vision algorithms),
• Availability of standard sensors in marine robotics, such as DVL, depth sensor, sonar, and acousticcommunication,
• Mesh-based approximation of hydrodynamics,
• Ongoing development.
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Figure 30: Digital twin in the virtual environment
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7 Experiments
This section presents the experimental validation of the Smart Grapple system through both controlledlaboratory tests and field demonstrations. Laboratory experiments systematically evaluated the grap-ple’s load-bearing capacity by progressively grasping objects up to 251 kg, recording joint positions andtorques at each weight increment to verify that the systemmeets the 250 kg design requirement. Fieldresults from the Marseille demonstration in September 2025 provide real-world validation, document-ing successful retrieval of variousmarine litter objects including a car seat, tire, fences, and an attemptedgrasp of a shipwreck fragment, with detailed analysis of sensor outputs during representative graspingmaneuvers.

7.1 Laboratory tests
To validate that the grapple can securely grasp objects up to 250 kg, a series of experiments was con-ducted in which weights were progressively added to a test container until the total load exceeded 250kg. For each trial, the grapple was lifted up with the container vertically, replicating the operationalconditions encountered during underwater litter retrieval. The stability of the grasp was evaluated byverifying whether the object remained securely held throughout the lifting motion. All tested weightswere successfully grasped, and the results are summarized in Table 4. These experiments demonstratethat the system is capable of reliably handling objects ranging up to 250 kg, as shown in Figure 31.

Table 4: Joint position and torque values for different object weights.
Weight [kg] Joint Position [rad] Joint Torque [Nm]

20 (2.72, -1.71, 2.47, -2.28, 2.77, -1.79, 2.47, -2.14) (5.82, 2.70, 2.88, 18.53, 2.15, 0.73, 7.35, 5.27)
40 (2.77, -1.79, 2.32, -2.16, 2.77, -1.79, 2.57, -2.04) (3.14, 5.81, 5.97, 2.68, 3.96, 5.39, 3.76, 3.73)
60 (2.77, -1.79, 2.32, -2.16, 2.77, -1.79, 2.57, -2.04) (3.07, 5.81, 6.00, 2.65, 4.00, 5.39, 3.76, 3.73)
80 (2.77, -1.79, 2.32, -2.16, 2.77, -1.79, 2.57, -2.04) (3.06, 5.81, 6.02, 3.63, 4.02, 5.87, 3.31, 4.60)
100 (2.72, -1.81, 2.47, -2.28, 2.77, -1.89, 2.47, -2.24) (14.18, 27.89, 3.27, 14.61, 2.88, 23.92, 2.62, 15.93)
120 (2.72, -1.81, 2.47, -2.28, 2.77, -1.89, 2.47, -2.24) (13.69, 27.71, 3.27, 14.66, 2.49, 23.23, 2.41, 16.02)
140 (2.72, -1.81, 2.47, -2.28, 2.77, -1.89, 2.47, -2.24) (12.91, 27.57, 3.01, 14.68, 2.31, 22.99, 2.24, 16.05)
160 (2.72, -1.81, 2.47, -2.28, 2.77, -1.89, 2.47, -2.24) (12.94, 27.58, 2.96, 14.95, 3.17, 23.22, 2.88, 16.13)
180 (2.72, -1.81, 2.47, -2.28, 2.77, -1.89, 2.47, -2.24) (12.44, 27.49, 3.38, 15.17, 2.96, 23.03, 3.02, 16.43)
194 (2.81, -2.29, 2.78, -1.89, 2.41, -2.57, 2.77, -1.95) (3.74, 22.13, 4.31, 13.85, 2.97, 13.54, 6.94, 16.32)
200 (2.72, -1.81, 2.47, -2.28, 2.77, -1.89, 2.47, -2.24) (12.71, 27.52, 4.40, 15.48, 3.31, 23.06, 2.98, 16.44)
220 (2.70, -2.23, 2.87, -1.88, 2.56, -2.53, 2.83, -1.91) (6.07, 17.19, 4.49, 9.34, 6.73, 10.77, 7.28, 16.56)
251 (2.55, -1.54, 2.76, -1.61, 2.47, -1.50, 2.76, -1.62) (11.43, 6.90, 12.74, 11.34, 12.59, 8.90, 16.12, 12.71)

7.2 Field Results in Marseille 2025
Grasping of a car seat anda tire on themedia day In the following, we analyze selected sensor outputsfrom the Marseille demo in September 2025. We focus on a representative grasping maneuver of a carseat to verify that the grasping algorithms and hardware components behave as expected. The result forgrapsing object is recorded in Table 5. The grasped object is shown in Figure 32. At the time of grasping,
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Figure 31: The smart grapple lifting a box of 250 kg under controlled conditions.
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Object Weight (USV Force Sensor Reading) Dry Weight (Only Object)
Chair (1) — 24 kg
Tire — 6 kg
Car Seat 185 kg (all together) 45 kg
Fences (×2) 156 kg (everything / force sensor) 14 kg
Ship wreck 185 kg —

Table 5: Objects grasped in Marseille with corresponding weights. Dry weight is measured separatelyoutside of the water, if available. The USV sensor reading includes the weight of the smart grapple andadditional components.
which occurs shortly after t ≈ 800 s in the recorded ROS bag, the shoulder joints move from their opento their closed configuration (Figure 33a), and the elbow joints follow the same pattern (Figure 33b). Assoon as the smart grapple closes, the joint torques at all degrees of freedom increase noticeably, againshortly after 800 s, as illustrated in Figure 34.

(a) Grapple view: downward-facing camera. (b) View from the control center.
Figure 32: Grasping of a car seat during the media demo day in Marseille, September 2025.

Besides grasping smaller objects, such as the car seat (and, in separate trials, a tire), an attempt to graspa larger piece of shipwreck was also conducted successfully, as seen in Figure 35, although the contactarea was too large to recover it completely from the water.
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(b) Elbow joint positions [rad].
Figure 33: Closing motion of the USG to grasp the car seat. The joint positions can be related to thereference frame introduced in Figure 21. The USG begins to grasp around t ≈ 800 s.

750 775 800 825 850 875 900 925
Elapsed Time (s)

0

5

10

15

20

25

30

35

To
rq

ue
 (

N
m

)

Joint 1
Joint 2
Joint 3
Joint 4
Joint 5
Joint 6
Joint 7
Joint 8

Figure 34: Joint torque profiles during the grasping maneuver, showing a clear increase shortly after
t ≈ 800 s once there is contact with the car seat.
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Figure 35: Attempted grasp of a shipwreck fragment during the media demo day.
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8 Conclusions
This deliverable successfully documents a comprehensive software framework for the SeaClear2.0 SmartGrapple system, demonstrating significant advances of the system for autonomous underwater manip-ulation for marine litter collection. The integrated approach combines a holistic optimal control, ro-bust state estimation, adaptive grasping algorithms, and real-time perception. Key accomplishments in-clude validated grasping capability for objects up to 250 kg, successful field demonstrations inMarseille2025, and a modular software architecture enabling both autonomous and manual operation modes.The system’s ability to handle environmental disturbances through stochastic optimal control and feed-back augmentation addresses critical challenges in underwater robotics. Future work should focus onimproving computational efficiency of the trajectory optimization (currently requiring 4-17 hours), en-hancing visual servoing for poor visibility conditions, and further integration testing of the completeautonomous operation cycle. The digital twin infrastructure provides a solid foundation for continueddevelopment between sea trials.
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A Parameter lists
A.1 Thrust allocation
Table 6: Nominal thruster positions and orientation angles (Blue Robotics T500). Note the 90◦ incre-ments in ψz around+Zref (see Figure 4) between consecutive thrusters.

Thruster VESC ID Nominal position pi [m] Angles [deg]
px py pz θy θz θx ψz

1 16 0.23586 -0.23906 -0.13283 -45 45 -180 -54
2 140 0.23586 0.23906 -0.13283 -45 45 -180 36
3 132 -0.23586 0.23906 -0.13283 -45 45 -180 126
4 40 -0.23586 -0.23906 -0.13283 -45 45 -180 216
5 32 0.23586 -0.23906 0.34903 -45 45 -90 -54
6 124 0.23586 0.23906 0.34903 -45 45 -90 36
7 116 -0.23586 0.23906 0.34903 -45 45 -90 126
8 24 -0.23586 -0.23906 0.34903 -45 45 -90 216

A.2 Kinematic parameters
Table 7: The kinematic parameters of the smart grapple system.

Parameter Value Description
l1 323.09 mm the first link of the finger
l2 381.40 mm the second link of the finger
x0 280 mm x base position of the finger
y0 0 mm y base position of the finger
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A.3 Holistic control approach simulation parameters
Table 8: List of relevant parameters to the simulation

Parameter Value Uncertainty Description
(Mean) (Std. Dev.)

mUSG 210 kg 73 kg Mass of the USG (120 kg) + pay-load sampled from Weibull distribu-tion with λ = 100 and shape k = 1.5

mUSG,water 90 kg 31 kg Apparent mass of USG underwater
mUSV 1300 kg — Mass of SeaCAT (no LARS, full fueltanks)
ηUSG [120, 120, 120, 0, 0, 0]T — USG friction coefficients (kg·s/m2)
ηUSV [120, 120, 120, 0, 0, 0]T — USV friction coefficients (kg·s/m2)
ηl 300 kg/s — Friction coefficient for the winch
α 0.1 — Risk parameter
∆T 20ms — Simulation discretization time step
T∆ 50 — Multiplicity factor between simulationtimestep and control input steps
ST 120 — Number of control input timesteps
Nmax,iter 600 — Maximum number of iterations

SeaClear2.0 is co-funded by the European Union under the Horizon Europe Programme (Grant Agreement 101093822). Views and opinionsexpressed herein are those of the author(s) and do not necessarily reflect those of the European Union or European Climate, Infrastructureand Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible for them
© European Union, 2021. All rights reserved
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