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Abstract. To enhance safety in offshore operations and minimize modifications to the mother ship, an au-
tonomous crane-like launch and recovery (LAR) system is essential for deploying and retrieving uncrewed sur-
face vehicles (USVs). Traditional crane-like LAR systems are typically designed for handling a single USV,
limiting operational efficiency. This paper proposes a novel crane-like LAR system capable of launching and
recovering multiple USVs, improving efficiency and convenience. The system consists of a foldable crane arm,
three floating brackets, two configuration control mechanisms (CCMs), and a lifting and lowering mechanism.
The design and analysis of the foldable crane arm and CCMs are presented in detail. Furthermore, a vision-
guided autonomous docking and recovery control strategy is proposed to enable autonomous docking operations.
To validate the system, a prototype was developed, and comprehensive experiments were conducted. The results
demonstrate that the system successfully recovers three USVs with smooth and stable motion.

1 Introduction

In recent years, there has been significant growth in the
global research and development of uncrewed surface vehi-
cles (USVs) (Liu et al., 2016; Bai et al., 2022; Er et al., 2023).
Due to the range limitations of USVs, they are typically
transported to designated areas by a mother ship and then
deployed on the water to begin their missions. After com-
pleting the missions, the USVs are retrieved back onto the
mother ship’s deck (Jorge et al., 2019; Pu et al., 2020). In
this process, an autonomous launch and recovery system is
essential for the deployment and retrieval of USVs (Zhang et
al., 2018; Dong et al., 2023). Currently, autonomous launch
and recovery systems for USVs can be classified into three
main categories: ramps/slipways, well decks, and crane-like
systems (Yu et al., 2021; Zhou et al., 2023; Rout et al., 2024).
The first two systems demand significant structural modifica-
tions to the mother ship, limiting their adaptability and mak-
ing them unsuitable for widespread adoption at this stage.

In contrast, the crane-like system requires minimal modifi-
cations to the mother ship, allowing for quicker and broader
implementation.

Several research institutes and companies have developed
crane-like launch and recovery (LAR) systems for uncrewed
surface vessels (USVs). RC DOCK developed two types of
LAR systems for USVs: the D-LARS and S-LARS (RC
Dock Engineering BV, 2024). The D-LARS is a dual-point
suspended LAR system, while the S-LARS is a single-point
suspended one. The LAR system designed by SEALARTEC
successfully completed sea trials, featuring a hydraulic float-
ing bracket and a machine vision docking control program
(Sealartec, 2024). Shanghai University developed two types
of LAR systems (Yang et al., 2020; Chen et al., 2019): the
pneumatic ejection type and the floating bracket type, both
of which have successfully completed sea trials.

Traditional crane-like LAR systems were designed only
for the deployment and recovery of a single USV (Kouri-
ampalis et al., 2021; Chen et al., 2020; Wang et al., 2024),
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and there is currently no solution for the simultaneous de-
ployment and recovery of multiple USVs. To make the
launch and recovery of USVs more efficient and conve-
nient, this paper explores autonomous launch and recovery
technologies for multiple USVs. Compared to single-USV
LAR systems, multi-USV LAR systems present the follow-
ing challenges:

1. Structural constraints. The crane arm must be re-
designed to accommodate the simultaneous launch and
recovery of multiple USVs while ensuring compatibility
with the limited installation space on the mother ship.

2. Flow field interference. The deployment and recovery
process is influenced by hydrodynamic interactions be-
tween USVs, as well as between the USVs and the
mother ship. To mitigate these effects, the positions and
postures of multiple floating brackets (i.e., their configu-
ration) should be adjustable, allowing for different USV
deployment and recovery formations that minimize flow
field disturbances.

3. Autonomous docking control. A suitable control strat-
egy must be implemented to ensure that multiple USVs
can autonomously and orderly enter their corresponding
floating brackets.

To address these challenges, we propose the following so-
lutions: (1) a novel foldable crane arm design that offers
compactness, a large extension range, and smooth motion;
(2) a configuration control mechanism (CCM) to adjust the
lateral and longitudinal distances between multiple floating
brackets, minimizing flow field disturbances; and (3) a two-
stage partitioned guidance control scheme to enable the au-
tonomous docking of multiple USVs with the floating brack-
ets.

The remainder of the paper is structured as follows. Sec-
tion 2 introduces a novel crane-like LAR mechanism de-
signed for the simultaneous deployment and recovery of
three USVs. This system includes key components such as a
foldable crane arm, three floating brackets, two configuration
control mechanisms, and a lifting/lowering mechanism. Sec-
tion 3 discusses the design of the foldable crane arm, which
minimizes its footprint when retracted and allows significant
extension. An evaluation performance function, considering
the folded volume of the crane arm and the lever arm, is pro-
posed, and crane arm parameters are optimized accordingly.
Section 4 analyzes the hydrodynamic interactions among the
three floating brackets during the deployment and recovery
processes. The CCMs are designed to adjust the lateral and
longitudinal distances between the floating brackets to mini-
mize disturbances. Sections 5 and 6 present a two-stage parti-
tioned guidance control scheme for the autonomous docking
of multiple USVs with the floating brackets. Vision-based
docking methods, previously used for autonomous underwa-
ter vehicles (AUVs) (Li et al., 2015; Kong et al., 2024), are

adapted for the recovery of three USVs. Section 7 describes
the fabrication of a prototype and presents the results of ex-
perimental validation.

2 Concept of a crane-like LAR mechanism for three
USVs

The crane-like LAR mechanism developed in this study fea-
tures a foldable design, optimizing installation space on the
mother ship. To enable the simultaneous launch and recovery
of three USVs, the mechanism is equipped with three floating
brackets. These brackets hold the USVs and facilitate launch
and recovery on the water’s surface, allowing the USVs to
sail in and out of them.

The multi-USV LAR mechanism consists of several key
components, including a foldable crane arm, three floating
brackets, two configuration control mechanisms (CCMs),
and a lifting and lowering system. The crane arm, employing
a dual-rocker mechanism, can extend and retract, driven syn-
chronously on both sides by hydraulic actuators. The floating
brackets are designed to lock and release the USVs, enabling
them to be lifted and lowered from the mother ship. Each
bracket is connected to winches via six cables and a series
of pulleys, which facilitate the lifting and lowering process.
The three floating brackets with the three USVs can be placed
horizontally on a stepped support frame. Additionally, each
pair of floating brackets is equipped with a CCM, which ad-
justs their posture and position. This adjustment minimizes
flow field interference, particularly when the floating brack-
ets are in close proximity on the water’s surface. An illustra-
tive diagram of the multi-USV LAR mechanism is presented
in Fig. 1.

During transport, the LAR mechanism retracts to mini-
mize its footprint on the vessel. When deployment or recov-
ery of USVs is required, the mechanism unfolds, extending
the crane arm beyond the side of the ship and lowering three
floating brackets into the water. Once the brackets are posi-
tioned on the water’s surface, two CCMs adjust the brackets’
posture and position, ensuring the USVs can safely navigate
out of the brackets. The floating brackets then release their
locks, allowing the USVs to autonomously exit one by one.
After all three USVs are deployed, the LAR mechanism re-
tracts, returning to its original position and completing the
deployment process, as illustrated in Fig. 2.

The recovery process essentially reverses the deployment
procedure. The USVs autonomously approach and lock into
the floating brackets in sequence, after which a winch lifts the
brackets to the proper position. Finally, the crane arm folds,
completing the recovery operation.

The overall launch and recovery control process is shown
in Fig. 3.
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Figure 1. Multi-USV LAR mechanism.

Figure 2. Deployment of multiple USVs using the LAR mechanism: (a) folded LAR mechanism, (b) extending the crane arm and lowering
three floating brackets, (c) adjusting the configuration of the brackets, and (d) autonomous sailing of USVs.
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Figure 3. Overall control flowchart: (a) launch control flowchart and (b) recovery control flowchart.

3 Design of a foldable crane arm for three USVs

The crane arm is the main moving and load-bearing mech-
anism of the launch and recovery (LAR) system. We aim to
design a foldable crane arm for the multi-USV LAR system.
In the fully folded configuration, the three floating brack-
ets are arranged in a stepped formation on the mother ship’s
deck, as illustrated in Fig. 4a. In the deployed configuration,
the crane arm extends horizontally, with the three floating
brackets positioned outboard of the ship’s side, as shown in
Fig. 4b.

To meet the above requirements, the crane arm is designed
to retract and achieve a considerable extension length when
deployed. A double rocker mechanism is employed for the
crane arm. The crane arm can be divided into two parts: the
main crane arm and the associate crane arm. The main crane
arm serves as the primary driving and load-bearing compo-
nent, responsible for driving the extension and retraction of
the crane arm. The associate crane arm functions as a sec-
ondary component, used to control the deployment angle of
the crane arm and provide auxiliary support. In the next sub-
section, we will examine the geometric dimensions of the
foldable crane arm to ensure it meets the required motion
criteria.

3.1 Geometric models

As shown in Fig. 4, set the width of the floating bracket as
l1, the contracted length of the CCM as d1, and the extended
length of the CCM as d2. The distance between the bottom
pivot point D of the main crane arm and the edge of the
mother ship is l2. The height of the crane arm’s tip from the
bottom of the floating bracket is l3, and its distance from the
edge of the mother ship is l4. When the floating brackets are
in the fully folded configuration, they should be able to rest

completely on the deck of the mother ship. To meet this con-
dition, the minimum distance l4 from the tip of the crane arm
to the edge of the mother ship should be l1/2. When the float-
ing brackets are in the fully deployed configuration, the three
floating brackets are in a horizontal position, and the distance
between two adjacent suspension points is l1+ d1. The hori-
zontal distance between adjacent suspension points is l1. The
length of the connecting rod AB is rAB= 2(l1+ d1). There-
fore, the angle of the main crane arm AC after being folded
is

α = acos
l1

l1+ d1
. (1)

When deployed, the three floating brackets are positioned
outboard of the ship’s side. To prevent the floating brackets
from colliding with the edge of the mother ship, the mini-
mum distance us between suspension point B and the edge
of the ship should be

us = (d2− d1)+
(

1
2

)
l1. (2)

A coordinate system is established at the bottom pivot
point D of the main crane arm. When the mechanism is
folded, the coordinates of point A on the main crane arm
are

(
Xf

A,Y
f
A
)
; the coordinates of point B are

(
Xf

B,Y
f
B
)
; and

the coordinates of point C are
(
Xf

C,Y
f
C
)
. From the geometric

relationships, it can be determined that


(
Xf

A,Y
f
A
)
=

(
−

1
2 l1, l3

)
(
Xf

B,Y
f
B
)
=
(
Xf

A+ rAB cosα,Y f
A+ rAB sinα

)(
Xf

C,Y
f
C
)
=
(
Xf

B+ rBC cosα,Y f
B+ rBC sinα

) . (3)

Mech. Sci., 16, 273–289, 2025 https://doi.org/10.5194/ms-16-273-2025



D.-J. Zhang et al.: A novel crane-like LAR system for multiple USVs 277

Figure 4. Foldable crane arm for three USVs: (a) folded configuration and (b) deployed configuration.

The length of the connecting rod BD and the folding angle
γ1 of the main crane arm are given by

rBD =

√(
Xf

B
)2
+
(
Y f

B
)2 (4)

γ1 = acos
Xf

B
rBD

. (5)

When the mechanism is deployed, the deployment angle γ2
of the connecting rod BD in the main crane arm is given by

γ2 = acos
− (us+ l2)
rBD

. (6)

In the deployed configuration of the main crane arm, the co-
ordinates of point B are

(
Xe

B,Y
e
B
)
, and the coordinates of

point C are
(
Xe

C,Y
e
C
)
. Let the length of connecting rod BC

be rBC. From the geometric relationships, it can be obtained
that{ (

Xe
B,Y

e
B
)
= (rBD cosγ2, rBD sinγ2)(

Xe
C,Y

e
C
)
=
(
Xe

B+ rBC,Y
e
B
) . (7)

Let the length of connecting rod CE be rCE and the distance
between pivot points D and E be uDE. In the folded state, the
following relationships are{
rCE cosβ1+ uDE =X

f
C

rCE sinβ1 = Y
f
C

. (8)

In the deployed state, the following relationships hold:{
rCE cosβ2+ uDE =X

e
C

rCE sinβ2 = Y
e
C

. (9)

For a given uDE, by solving the system of the four equations
derived above, the values of rBC, rCE, and β1 and β2 can be
obtained, providing the design parameters of the associated
crane arm.

3.2 Parameter optimization

When the crane arm is folded, it is preferable for its height
to be as low as possible. A lower folded height reduces the
center of gravity of the entire LAR system, enhancing safety
and minimizing its footprint. As shown in Fig. 4, the height
of the folded crane arm can be written as

Hf = rCE sinβ1. (10)

Meanwhile, as the mechanism transitions from the folded
configuration to the deployed configuration, the associate
crane rod CE causes the main crane rod AB to rotate from
the initial angle α to a horizontal position. The lever arm for
this rotational torque depends on the length rBC and the in-
cluded angle between rods BC and CE. A larger lever arm
reduces the tension/compression fCE in rod CE, thereby im-
proving the mechanical performance of the crane arm. When
the mechanism is in the folded configuration, the lever arm
of rod BC that generates the rotational torque is

hf = rBC sin(β1−α) . (11)

We define the ratio ϕ1 as

ϕ1 =Hf/hf. (12)

If the height of the folded crane arm decreases or the lever
arm of rod BC increases, the ratio ϕ1 becomes smaller.

Similarly, when the mechanism is in the deployed config-
uration, the lever arm of rod BC is

hd = rBC sinβ2. (13)

And the ratio of the height of the folded crane arm to the
lever arm of rod BC is

ϕ2 =Hf/hd. (14)
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Figure 5. Evaluation function ϕ.

For this deployment and recovery mechanism, we aim to
minimize the height of the folded crane arm while maximiz-
ing the lever arm of rod BC when fully folded and extended.
Therefore, we propose an evaluation function:

ϕ = ϕ1+ϕ2. (15)

A smaller value of ϕ indicates that the folded height is
smaller or the lever arm is larger, resulting in better perfor-
mance of the foldable crane arm. Assume the constraint pa-
rameters of the foldable crane arm as shown in Table 1.

The length of the rod rBC is varied from 0.25 to 7 m, and
the variation of the evaluation function ϕ is shown in Fig. 5.

From the evaluation function variation curve, it can be ob-
served that the length of rod rBC approaches 3.5 m, at which
point the ϕ curve becomes nearly horizontal, and the evalu-
ation function value stabilizes at the minimum. In this study,
rBC= 3.5 m is selected for the mechanism design, resulting
in the following mechanism parameters for the foldable crane
arm, as shown below.

When the mechanism is folded, the angle between the as-
sociate crane arm and the ground is β1= 85.81°. When the
mechanism is fully extended, β2= 145.96°.

After determining the fundamental geometric parameters
of the mechanism, we conducted topology optimization de-
sign for the key components. Rod ABC serves as the mov-
ing link in the double rocker mechanism and also connects
three floating brackets, making it a key load-bearing compo-
nent of the LAR system. To reduce the system’s weight, this
paper applies a structural topology optimization method to
rod ABC. Figure 6a shows the initial model of Rod ABC,
which is a solid triangle made of aluminum alloy. After op-
timization, the results are presented in Fig. 6b. To facilitate
manufacturing, we performed post-processing on the shape
in Fig. 6b to obtain the shape in Fig. 6c. As can be seen,
the shape in Fig. 6c is more regular, meeting engineering re-
quirements and ensuring efficient production. Additionally,
the structural weight of the shape in Fig. 6c has been reduced
by 35 % compared to the shape in Fig. 6a.

Based on the optimized parameters mentioned above, a
foldable crane arm was designed for three USVs. The pro-

cess of the foldable crane arm transitioning from fully folded
to fully deployed is shown in Fig. 7.

4 Design of configuration control mechanism

4.1 Hydrodynamic analysis of multi-floating brackets
near the mother ship

During the deployment and recovery processes, multi-
floating brackets operate in close proximity to the mother
ship. The hydrodynamic interactions between the floating
brackets themselves, as well as between the floating brackets
and the mother ship, play a critical role in determining the
success rate of these operations. To better understand these
interactions, we conducted fluid dynamics simulations. Our
investigation focused on the hydrodynamic characteristics
between the mother ship and the floating brackets, as well
as those among the floating brackets, during the deployment
of multiple USVs.

The mother ship is approximately 73 m long, while the
floating brackets measure about 7.1 m× 3.1 m, and the un-
crewed vessels are roughly 6.7 m× 2.2 m in size. To sim-
plify the model and reduce computational complexity, our
study concentrated on the two floating brackets closest to the
mother ship. Assuming x represents the lateral distance be-
tween two adjacent floating brackets (ranging from 0.5 to
1.5 m), y represents the longitudinal distance between two
adjacent floating brackets (ranging from 0 to 2 m). Addition-
ally, the lateral distance between the nearest floating bracket
and the mother ship is fixed at 2 m, and the forward veloc-
ities of both the mother ship and the floating brackets are
1.5 m s−1. The computational model is as illustrated in the
computational model in Fig. 8.

This study investigates the impact of varying x and y on
the hydrodynamic characteristics during the launch and re-
covery of USVs. The velocity distribution of the free-surface
flow field is calculated for nine simulation conditions, with
the results presented in Fig. 9.

The lateral force coefficient (Cy) and yawing moment co-
efficient (Cm) are calculated based on the aforementioned
simulation conditions. As illustrated in Fig. 10, the abso-
lute values of Cy and Cm for bracket 1 and bracket 2 are
notably high under the condition x= 0.5 and y= 0. This is
attributed to the small values of x and y, which intensify the
ship–suction effect.

As x and y increase, the absolute values of Cy and Cm
decrease. Notably, when y is approximately 1 m, bracket 1’s
Cy reaches zero. As y continues to increase, the Cy value
for bracket 1 begins to rise in the opposite direction, while
bracket 2’s Cm continues to decrease. These indicate that
increasing the lateral distance between the floating brackets
and appropriately adjusting the longitudinal distance can ef-
fectively mitigate the mutual interference between the float-
ing brackets during the LAR process.
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Table 1. Constraint parameters of the foldable crane arm.

Parameter name Symbol Value (m)

Width of the floating bracket l1 3.1
Distance from the base of the main crane arm to the ship’s edge l2 3.1
Height of the crane tip A above the deck l3 3.2
Horizontal distance from point A to the ship’s edge l4 1.55
Folded length of the CCM d1 1.9
Extended length of the CCM d2 6.4

Figure 6. Topology optimization for rod ABC: (a) initial shape, (b) topology optimization result, and (c) post-processed result.

Table 2. Length of the foldable crane arm’s rod.

Parameter name Symbol Value (m)

Length of rod AB rAB 10.00
Length of rod BC rBC 3.50
Length of rod BD rBD 11.98
Length of rod CE rCE 13.83
Length of rod DE rDE 5.81

4.2 Design of CCM with double-layer scissor structure

To achieve lateral and longitudinal distance adjustments be-
tween multiple floating brackets, this paper presents the de-
sign of a novel CCM. The CCM consists of a double-layer
scissor structure and two linear actuators, mounted on the
sides of the floating brackets, as shown in Fig. 11.

By controlling the extension and retraction of the two lin-
ear actuators, the CCM can be driven to move in three di-
rections, as illustrated in Fig. 12a. This mechanism enables
three floating brackets to transition from the initial compact
configuration to four distinct deployed configurations: lin-
ear configuration (LC), parallelogram configuration (PC), V-
shaped configuration (VC), and inverted V-shaped configu-
ration (IVC), as shown in Fig. 12b. Enabled by the CCM,
the floating brackets can adapt to various configurations, en-
suring the safe and efficient launch and recovery of multiple
USVs.

5 Autonomous docking control scheme for multiple
USVs during the recovery procedure

Compared to single-USV LAR systems, multi-USV LAR
systems include several USVs. A suitable control strategy
must be implemented to ensure that multiple USVs can au-
tonomously and orderly dock their corresponding floating

brackets. This paper presents a novel multi-USV recovery
control scheme based on a two-stage partitioned guidance
approach.

5.1 Multi-USV recovery control scheme based on
two-stage partitioned guidance

During the multi-USV recovery process, the autonomous
guidance recovery area is defined as a sectoral region with
a 50 m radius and a 60° central angle, centered on three float-
ing brackets: P0, P1, and P2, as illustrated in Fig. 13. This
sector is further divided into two distinct regions:

1. The vision-based docking zone is a 10 m radius zone
centered on P0, P1, and P2, where vision-based guid-
ance techniques are employed to ensure precise docking
of the USVs with their respective floating brackets.

2. The long-range recovery zone is a zone spanning from
10 to 50 m in radius, where GPS positioning, combined
with remote control, assists the USVs in approaching
the floating brackets effectively.

Upon entering the long-range recovery area, the USV
maintains its course toward the floating brackets until it
reaches the vision-based docking zone. Once within the
vision-based docking zone, the USV automatically switches
to the visual recognition positioning system and adjusts its
heading to align with the corresponding floating bracket.

Each USV, labeled asUi(i = 1,2,3) in Fig. 13, is equipped
with an onboard computer and a camera for visual tracking of
the floating bracket. Similarly, each floating bracket carries a
unique docking AprilTag marker, denoted as Pi(i = 1,2,3)
in Fig. 13, which can be identified by the USV. Using its
camera, the USV detects the corresponding AprilTag marker,
computes its relative position and orientation, and adjusts its
heading to approach the floating bracket.
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Figure 7. Simulation of the motion process of the foldable crane arm: (a) fully folded, (b) extending, and (c) fully deployed.

Figure 8. Computational model.

The onboard computer processes images of the docking
marker captured by the camera, calculates the USV’s relative
position and orientation, and sends control commands to the
propulsion controller. The propulsion controller adjusts the
differential rotation of the propellers, enabling the USV to
track and dock with the corresponding floating bracket. The
vision-based docking control process for the USV is illus-
trated in Fig. 14.

5.2 Vision-based docking method

During the autonomous recovery and docking process of
the USV, reliable visual recognition is essential for accu-
rately determining the position and orientation of the floating
bracket, ensuring effective docking operations. To achieve
this, AprilTags are chosen as the identification markers for
the docking process between the USV and the floating
bracket. AprilTags use a dictionary encoding system specif-
ically designed to encode small amounts of data, enhancing
detection range and positioning accuracy. The primary ad-
vantage of AprilTags is their high localization precision. For
distances under 10 m, the positioning error can be kept within
10 cm. Therefore, an AprilTag is highly suitable as an identi-
fication marker for the USV-floating bracket docking opera-
tion.

The higher the pixel count of the AprilTag, the more com-
plex the pattern becomes, which reduces the false-detection
rate and improves recognition stability. Considering the chal-
lenge of adjusting the USV’s direction on the water surface,
this study selects an AprilTag pattern with 8× 8 px to meet
the required docking accuracy. The three AprilTag markers

mounted on the floating bracket are shown in Fig. 15. Each
marker is unique, allowing the camera to correctly identify
and distinguish between them, thus avoiding confusion or
misidentification.

The image recognition algorithm for AprilTag typically
follows these steps:

1. The AprilTag image is captured and converted to
grayscale to reduce computational complexity.

2. Noise filtering is applied, usually using a Gaussian filter,
to enhance image details.

3. The grayscale gradient of the image is calculated, and
edge detection techniques are employed to extract the
image’s edges.

4. Straight edges in the image are fitted using the least-
squares method, and closed quadrilateral regions are
searched for and detected.

5. The detected quadrilateral regions are then processed
through image binarization, where pixel values are con-
verted to either 0 or 1 based on specific rules, resulting
in a binary image.

6. The pixel points of the quadrilateral are encoded and
matched against the system’s preset IDs to verify
whether the detected pattern corresponds to the selected
AprilTag marker.

Using the above visual recognition method, the AprilTag
marker and its feature points can be obtained. These feature
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Figure 9. Velocity distribution of the flow field under nine simulation conditions: (a) x= 0.5 m, y= 0 m; (b) x= 0.5 m, y= 1 m;
(c) x= 0.5 m, y= 2 m; (d) x= 1 m, y= 0 m; (e) x= 1 m, y= 1 m; (f) x= 1 m, y= 2 m; (g) x= 1.5 m, y= 0 m; (h) x= 1.5 m, y= 1 m;
and (i) x= 1.5 m, y= 2 m.

Figure 10. Lateral force coefficient and yawing moment coefficient
for two floating brackets: (a) lateral force coefficient and (b) yawing
moment coefficient.

points are used for position and posture estimation, provid-
ing the relative position and posture information of the USV
with respect to the marker. In this study, a monocular camera
is mounted on the USV, and the Perspective-n-Point (PnP)
method (refer to Qiao et al., 2023) is employed to determine
the position and posture of the USV.

6 Autonomous control for the USV

After obtaining the USV’s position and posture with respect
to the floating bracket, the USV can autonomously navi-
gate into the bracket using autonomous control. The USV
is equipped with a dual-propeller system. For this type of
USV, this section derives the kinematic model and PID con-
trol model to achieve autonomous return navigation.

6.1 Kinematic and dynamic of the USV

In this paper, the USV is equipped with a dual-propeller sys-
tem. The position and motion state of the USV are described
using a combination of the ground coordinate system and the
USV coordinate system, as shown in Fig. 16.

In the ground coordinate system, the position and the ori-
entation of the USV are represented by the vector

η =
[
x y z φ θ ψ

]T
, (16)

where x, y, and z represent the position of the USV in the
longitudinal, lateral, and vertical directions of the ground co-
ordinate system, respectively; φ, θ , and ψ represent the roll
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Figure 11. Configuration control mechanism (CCM).

Figure 12. Configuring multiple floating brackets for USV launch and recovery: (a) CCM moving in three directions and (b) four distinct
deployed configurations.

angle, pitch angle, and yaw angle of the USV in the ground
coordinate system, respectively.

In the USV coordinate system, the velocity of the USV is
represented by the vector

ν =
[
u v ω p q r

]T
, (17)

where u, v, and ω represent the surge, sway, and heave veloc-
ities of the USV, respectively; p, q, and r represent the roll,
pitch, and yaw angular velocities of the USV, respectively.

Therefore, the kinematic equations of the USV are

η̇ = J(η)ν , (18)

where J(η) is invertible transformation matrix between the
ground coordinate and the USV coordinate. Since this pa-
per primarily focuses on the autonomous navigation of un-
deractuated USVs on a horizontal plane, it is unnecessary to
consider the full six-degrees-of-freedom model. Instead, only
three degrees of freedom on the horizontal plane – surge,
sway, and yaw – are retained, leading to a simplified hori-

zontal plane kinematic model.

η̇s = J(ψ)νs , (19)

where η̇s=
[
ẋ ẏ ψ̇

]T and νs =
[
u v r

]T.
In the dynamic modeling, this paper assumes that the re-

sistance acting on the USV is linearly proportional to its ve-
locity. Therefore, the dynamics of the USV can be described
by the following equations.

Mν̇s+D (vs)vs+C (vs)vs = τ +w (20)

Here, M represents the inertia matrix of the USV; D (v) is the
hydrodynamic damping matrix; C (v) denotes the centripetal
and Coriolis force coefficient matrix; τ is the thrust and mo-
ment vector of the USV; and w represents the environmen-
tal disturbance force/moment vector. This paper considers a
USV equipped with dual propellers, with its dynamic control
input given by

τ =

τxτy
τn

=
 f1+ f2

0
B(f1− f2)/2

 , (21)
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Figure 13. Schematic diagram of USV two-stage partition recov-
ery.

Figure 14. USV vision-based docking control.

where f1 represents the force generated by the left propeller,
f2 represents the force generated by the right propeller, and
B is the width between the two propellers. Since the thrust
generated by the propellers is related to the rotational speed
of the propellers, the classical thrust model of the propeller
can be adopted in this paper:

fi =Kiρn
2
iD

4 (i = 1,2) , (22)

where fi is thrust, ρ is fluid density, ni is propeller rotational
speed, D is propeller diameter, and Ki is thrust coefficient.

6.2 PID controller

PID control is the most widely used control algorithm in
practical engineering applications. Based on its output type,
it can be classified into position-based PID and incremen-
tal PID. Since USV heading control requires real-time ad-
justments, this paper uses an incremental PID controller to
achieve heading control. Incremental PID does not require
knowledge of the current position; it only calculates the
change in the control action based on the deviation variation,

Figure 15. Marker mounted on a floating bracket.

Figure 16. Schematic diagram of the ground coordinate system and
the USV coordinate system.

and its formula is

1u(k)= u(k)− u (k− 1)

=Kp [e(k)− e (k− 1)]+Kie(k)
+Kd [e(k)− 2e (k− 1)+ e (k− 2)] . (23)

Compared to position-based PID, incremental PID only con-
siders the deviation values from the last three sampling peri-
ods. When a large error occurs due to a brief system failure,
the incremental PID controller can eliminate the impact of
the error within three sampling periods, ensuring stable and
reliable operation of the USV heading control system.

The heading deviation 1ψ of the USV is used as the in-
put to the PID controller. The control signal calculated by
the PID controller is mapped into pulse-width modulation
signals for controlling the electronic speed regulators of the
left and right propellers. By adjusting the differential rotation
speed of the propellers, precise heading control of the USV is
achieved. The core of this control system is the PID heading
controller, and its control process is shown in Fig. 17.

If the current heading of the USV has a large deviation
from the desired heading 1ψ (for the method used to solve
the desired heading, refer to Wang and Han, 2016; Dong et
al., 2020), the PID heading control will generate a deviation
control value. By adjusting the differential speed of the two
propellers, the USV will quickly align with the correspond-
ing floating bracket. In this process, the current heading an-
gle of the USV will gradually approach the desired heading
angle, and the heading deviation 1ψ will decrease gradu-
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Figure 17. Flowchart of PID heading control.

ally. Through continuous adjustment, as long as the heading
deviation 1ψ exists, a corresponding control action will be
generated to reduce the deviation, until the heading devia-
tion 1ψ approaches zero, enabling the USV to continuously
align with the floating bracket.

7 Prototype and experimental validation

7.1 Prototype

7.1.1 Prototype of a crane-like LAR system for multiple
USVs

A scaled-down prototype of a crane-like LAR system for
multiple USVs was designed and manufactured, with a scale
ratio of 1 : 5. The prototype is made of aluminum, and the
control box utilizes an STM32 control board. The crane’s de-
ployment and retraction are driven by linear actuators, while
the stepper motors drive the three docking floats to move up
or down. The prototype is shown in Fig. 18.

During operation, the scaled-down prototype’s foldable
crane arm extends through the linear actuators, transitioning
from a retracted state to a fully deployed state, enabling the
deployment of USVs, as shown in Fig. 19a–c. Subsequently,
the linear actuators retract, causing the foldable crane arm
to move from the fully deployed state back to the retracted
state, facilitating the recovery of USVs. The motion process
is illustrated in Fig. 19d–e.

In the initial retracted state of the floating bracket assem-
bly, the distance between the floating brackets is 0.4 m, as
shown in Fig. 20a. By controlling the four linear actuators of
CCM, the system can smoothly transition among four con-
figurations: linear configuration (LC), parallelogram config-
uration (PC), V-shaped configuration (VC), and inverted V-
shaped configuration (IVC). The maximum lateral extension
distance of the two floating brackets is 1 m, with a longitu-
dinal distance of 0 between the brackets in this configura-
tion, as shown in Fig. 20b. When the floating brackets are
configured in parallelogram extension, V-shaped, or inverted
V-shaped, the maximum lateral extension distance is 0.7 m,
and the maximum longitudinal extension distance is 0.25 m,
as illustrated in Fig. 20c, d, and e. These different configura-
tions correspond to various deployment and recovery states

of USVs, enabling the LAR system to flexibly and accurately
perform operations under different circumstances.

7.1.2 Dual-motor dual-propeller USV prototype

The USV prototype used in this study has dimensions of
660× 300× 170 mm. The internal hardware layout of the
prototype is shown in Fig. 21. The USV prototype is pow-
ered by a dual-motor dual-propeller propulsion system.

The main control board of the USV prototype adopts an
STM32F405RG circuit board. It features a 168 MHz main
frequency and an integrated IMU chip, the MPU6050. A
camera is installed at the bow of the USV. This camera has
a resolution of 5 MP and an effective recognition distance of
approximately 7 m. When the USV camera detects an April-
Tag marker, it calculates the position and posture information
of the marker relative to the camera. After receiving the po-
sition and posture data, the main control board computes the
voltage difference for the two propulsion motors at the stern
using a control model and converts this into corresponding
control commands, which are then transmitted to the motor
drive module. The motor drive module, upon receiving the
commands, drives the motors to perform differential rotation.
This enables the USV to correct its heading and ensures that
it always moves toward the direction of the corresponding
floating bracket.

7.2 Experimental validation

The scaled-down prototype of the multi-USV LAR system
conducted the lake tests. The tests focused on evaluating the
system’s functions and performance. This included verifying
deployment and recovery of the LAR system and the depar-
ture and docking of the USVs with the floating brackets.

Firstly, the deployment and recovery of the prototype were
verified. The prototype was initially set up on the shore in
the folded state of the crane arm, as shown in Fig. 22a. Once
the system was beginning to deploy, the crane arm gradually
unfolded until the arm became parallel to the water surface,
as illustrated in Fig. 22b and c. During this process, the ca-
bles and CCM extended in sync with the unfolding speed
of the crane arm, controlling the floating brackets to transi-
tion from their folded state to the linear configuration. Ulti-
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Figure 18. Prototype of a crane-like LAR system for multiple USVs.

Figure 19. Motion of the prototype’s foldable crane arm: (a) retracted state, (b) deploying, (c) fully deployed state, (d) retracting, and
(e) back to retracted state.

mately, the floating brackets were successfully deployed, as
shown in Fig. 22d. After the floating brackets were deployed
to the water surface, three USVs sailed out and departed from
their respective floating brackets, as shown in Fig. 22e and f.
The entire deployment operation was smooth and stable, with

all components working in coordinated harmony. The exper-
imental results aligned well with the design expectations.

When the USVs were required for recovery, their control
mode was switched to autorecovery navigation. The USV
then gradually approached the vision-based docking area.
Once it entered into the vision-based docking area, the con-
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Figure 20. Motion of the CCM: (a) initial retracted state, (b) LC, (c) PC, (d) VC, and (e) IVC.

Figure 21. Internal hardware layout of the USV prototype.

trol mode was switched to vision-based autonomous guid-
ance. The USV’s camera system was activated to identify
the corresponding markers. Upon successful recognition, the
USV adjusted its heading accordingly and completed the
docking and recovery process for all three vehicles, as illus-
trated in Fig. 23a, b, and c.

Once all three USVs entered their respective floating
brackets, the prototype system was activated. Six cables were
simultaneously retracted to lift the floating brackets, as de-
picted in Fig. 24a. Until the floating brackets were raised
back to the recovery position, as shown in Fig. 24b, the crane
arm began folding gradually, as illustrated in Fig. 24c. Fi-
nally, the cables were lowered to put the floating brackets
onto the support frame. The recovery process for multiple

USVs was completed, as shown in Fig. 24d. The experimen-
tal results demonstrated that the entire operation was smooth
and stable, successfully recovering all three USVs. The re-
sults aligned well with the design expectations.

8 Conclusion

This paper proposes a novel crane-like LAR system capable
of deploying and recovering multiple USVs. The system con-
sists of several key components, including a foldable crane
arm, three floating brackets, two configuration control mech-
anisms(CCMs), and a lifting and lowering mechanism. The
novel foldable crane arm for three USVs is designed, and
its optimized parameters are obtained. It offers compactness,
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Figure 22. Deployment of multiple USVs: (a) folded LAR system, (b) deploying, (c) fully deployed, (d) lowing floating brackets, (e) USVs
sailing out, and (f) USVs departing.

Figure 23. Autonomous guidance and docking of USVs: (a) USV 1 autonomous docking, (b) USV 2 autonomous docking, and (c) USV 3
autonomous docking.
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Figure 24. Recovery of multiple USVs: (a) floating brackets lifted out of the water, (b) brackets to the recovery position, (c) crane arm
folding gradually, and (d) recovery process completed.

a large extension range, and smooth motion. Additionally,
the fluid dynamics of the multi-floating brackets near the
mother ship are simulated. The simulation results indicate
that increasing the lateral distance and appropriately adjust-
ing the longitudinal distance between the floating brackets
can effectively reduce mutual interference during the LAR
process. Based on these findings, a CCM, consisting of a
double-layer scissor structure and two linear actuators, is de-
signed and mounted on the sides of the floating brackets.
The CCMs enable adjustments to the lateral and longitudi-
nal distances between multiple floating brackets, minimiz-
ing flow field disturbances. To ensure orderly entry of the
USVs into their respective floating brackets, an autonomous
docking control scheme for multiple USVs is proposed, and a
visual-based docking method is investigated. Finally, a proto-
type was developed, and comprehensive experiments demon-
strated that the system successfully recovers all three USVs
with a smooth and stable motion. This research presents a
novel solution for the reliable deployment and recovery of
multiple USVs from the mother ship.
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