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Abstract: This article proposes a deformable water-mobile robot that can be used for rescue work. The
robot body adopts an open-motion chain structure with two degrees of freedom, including two drive
modules and one main control module. The three modules are connected through deformation
joints, and each drive module is equipped with an underwater thruster. The robot can obtain a
triangle, linear shape, curved shape, and U-shape through deformation and have three types of
motion: linear shape motion, U-shaped motion, and curved shape motion. In the linear shape, a
multi-island genetic algorithm was used to optimize the structural parameters with the minimum
resistance and the maximum volume. Floating state analysis was conducted in the U-shape, and
the structural parameters were reasonably designed. By experimenting with the robot prototype
on water, the robot can achieve oscillating, linear, U-shaped, and horizontal rotary motion, has an
automatic adjustment function, and effective buoyancy meets the required requirements.

Keywords: water-mobile robot; deformable; genetic algorithm

1. Introduction

The number of people killed due to water disasters has increased in recent years. It is
vital to quickly reach the target location and successfully rescue people in the water. At
present, manual rescue not only slows response time, but during the rescue of people in
distress, due to the complexity and danger of the environment, the rescuers may have safety
problems. Many companies and universities at home and abroad have researched water-
mobile robots to meet the various needs of water work. With the comprehensive current
research status, the water-mobile robot can be divided into traditional and non-traditional
hull structures according to the structure. The traditional hull structure is mainly based on
the common hull type modification, such as eVe-1 developed by Kim et al. This unmanned
boat is a catamaran configuration [1]. Le developed a U-shaped unmanned boat based
on the catamaran structure to perform water rescue missions [2]. Zong et al. developed
a special trimaran based on the hull structure. This boat was fitted with T-shaped sails
to improve sailing performance [3]. Goulon et al. developed an unmanned boat on the
water called HARLE, equipped with a fisheries science echosounder for aquatic surveys [4].
Makhsoos et al. developed a water robot called Morvarid by using solar energy as a new
source of energy [5]. Morge et al. developed a compact sailboat to take full advantage
of wind energy, simplifying traditional sailboats” structure and increasing flexibility [6].
Johnston et al. developed a wave-driven unmanned boat called AutoNaut, which can
propel the body forward with alternating waves on the water [7,8]. For non-traditional
hull structures, researchers from various countries have mainly used bionics to conduct
relevant research [9-13]. Nad et al. developed a water robot consisting of four thrusters.
This robot moves more flexibly [14]. Inoue et al. developed a robot called Quince. This
robot has various detection devices to detect conditions such as body temperature [15].
Huang et al. developed a buoyancy-supported water strider robot based on the locomotor
ability of water striders to achieve water walking capability [16].
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The robots of Kim [1] and Zong [3] use a multi-hull structure for traditional hull
structures. Such robots increase overall flexibility and stability but have a single structure
and large size. The U-shaped unmanned boat developed by Le [2] can achieve rescue
but has a high forward resistance due to its structure. Waterborne devices developed by
Makhsoos [5], Morge [6], and Johnston [7,8] have been better developed in the energy
direction. However, none of these studies proposed a suitable structure in terms of rescue.
For non-hull structures, none of such bionic robots developed by Nad [14], Inoue [15], and
Huang [16] have water rescue as their main application scenario.

For the above problems, a deformable water-mobile robot is designed in this paper [17].
This robot can reduce the resistance by deformation. The linear shape and U-shape of
the robot are used as the main motion form. The robot was optimized by linear shape
simulation and U-shaped floating state analysis to find the optimal size solution. Through
experiments, it is verified that the deformable water-mobile robot can achieve the corre-
sponding functions.

2. Robot Structure
2.1. Functional Requirements of Robots

According to the characteristics of the water rescue task, the robot needs to enter the
working environment quickly and reach the target location quickly, and return safely after
stably carrying the fallen person. As shown in Figure 1a, the robot designed in this article
can be thrown directly into the water and enter the water environment smoothly. The robot
is triangular when thrown, and the triangular structure is stable to resist the impact of
falling water. As shown in Figure 1b, the robot can be unfolded into a linear form, which
can quickly complete the adjustment of the upper and lower positions of the thrusters
and quickly reach the target site. As shown in Figure 1c, the robot can take advantage of
its structural characteristics to turn into a curved shape when turning, which can reduce
the minimum turning radius. As shown in Figure 1d, the robot turns into a U-shape after
reaching the target location and wraps the person up by differential steering to play the
role of buoyancy support and return safely.

Figure 1. Schematic diagram of robot functions. (a) Throwing state diagram; (b) The linear shape
diagram of the robot; (c) The curved shape diagram of the robot; (d) U-shape diagram of the robot.

2.2. Principle of Configuration

In nature, water snakes are flexible and quick when swimming in water. They can
bend their bodies to smoothly pass through various complex water environments, which is
exactly the mobility characteristics needed for water-mobile robots. Based on the character-
istics of biological water snakes, a new water-mobile robot with a three-link, two-drive joint
open kinematic chain configuration was designed. The body includes a front segment (1), a
middle segment (3), and a rear segment (4). The ends of the middle segment are connected
to the front and rear segments by the deformable segment (2), respectively. The front and
rear segments are fixed to the thruster (5). The schematic diagram and structural diagram
of the mechanism are shown in Figures 2 and 3.
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Figure 2. Sketch of robot mechanism.
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Figure 3. Robot structure diagram.

Many current water-mobile robots with rescue aspects are U-shaped, as in reference [2],
but the shape of such robots is immutable during movement. The robot in this article has
a linear shape when it reaches the target location and a U-shape when it returns. Under
the same structural parameters, the drag analysis is performed for the linear shape in this
article and the U-shape in reference [2]. Water drag can be calculated as Equation (1) [18]:

1
Fq = 5 P va? ACp 1)

where Fj is the water drag, p¢ is the density of water, vq4 is the robot’s speed, A is the
cross-sectional area of the robot, and Cp is the drag coefficient of the robot.

When the structural parameters of the two shapes are the same, assuming that the
density of water and the robot’s speed is certain, the two shapes’ cross-sectional area and
drag coefficient are obviously different. The cross-sectional area and drag coefficient of the
linear shape are smaller than those of the U-shape, so the water drag in the linear shape
will be smaller.

2.3. Structural Design of Robots

As shown in Figure 4, the middle segment includes a middle segment shell, with a
middle hatch cover (9) set at the top of the middle segment shell, a middle segment sealed
chamber (14) inside the middle segment shell, and line pipelines (10) set on both sides
of the middle segment sealed chamber. The middle part of the middle segment sealed
chamber is the controller chamber (13).

The deformable segment (2) includes a sealing tube (8), an upper base (17), a flanged
shaft (18), a bearing (19), a coupling (21), a bracket (22), a steering gear (20), and a lower
base (23). The sealing tube provides a sealing connection between the two rotating sub-
joints. The flange shaft (18) is bolted to one end of the upper base (17) through its flange,
and the outer circular surface of the shaft section of the flanged shaft is coaxially set with
the bracket (22) through the bearing (19). The shaft section of the flange protrudes from the
bearing section and is connected to the steering gear output shaft (20) by a coupling (21).
The steering gear is bolted to one end of the lower base (23), the other end of the steering
gear seat is hinged to the middle segment shell of the middle segment (3), and the steering
gear (20) is connected to the controller via a wire.
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Figure 4. Robot sectional view.

The front segment of the body (1) has the same structure as the rear segment, including
the segmented shell (11). A segmented hatch cover (7) is mounted on the segmented shell,
and a segmented sealed chamber (6) is formed inside the segmented shell. The section of
the segmented shell is shaped to resemble a rotary bullet. The segmented sealed chamber is
divided into an electronic component chamber (15) and an embedded battery chamber (16),
and the electronic component chamber is located near the middle segment (3). A battery is
installed in the embedded battery chamber, and an electronic component chamber has a
built-in electronic governor connecting the battery to the chassis thruster (5). The bottom
of the segmented shell (11) has fins (12) and thruster mounts mounted by bolts, and the
thruster mounts have chassis thrusters mounted on them. The two thrusters are propelled
in the same direction.

Firstly, the staff threw the robot in a triangular state into the water. The staff presses the
unfolding button, the front and rear segments of the body rotate in opposite directions, and
both act simultaneously on the middle segment of the body to complete the unfolding action.
After unfolding, it changes from a triangular state to a linear state when the front and rear
segments’ chassis thrusters (5) are in the same line. After throwing in a triangular posture,
the underwater thruster may be exposed to the air. As the robot becomes a linear shape, it is
designed with an offset center of mass. Its special counterweight structure thrusters can be
automatically submerged in the water to enter the movement preparation phase.

Based on the relative position of the robot and the target point, the robot chassis
thruster (5) is controlled to drive rapidly in a linear state in the direction of the target
point. If the robot drifts in the direction midway, the staff presses the adjustment lever
of the controller to control the steering gear (20) at the deformable segment (2) to work.
The steering gear drives the front segment and rear segment (4) to rotate so that the robot
transforms into a curved shape for direction adjustment, thus changing the relative position
of the two chassis thrusters in a non-linear state, and the two chassis thrusters do not share
the same thrust direction to achieve the purpose of motion steering.

After reaching the target point, the staff presses the U-shaped button of the operator,
and the steering gear at the deformable segment works and drives the front and rear
segments to rotate, deforming the robot into a U-shaped state. Currently, the front and rear
segments are in a non-collinear parallel state of the chassis thrusters for the differential
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motion to achieve the robot’s attitude adjustment to avoid directional drift until the stable
return to the safety zone.

3. Shape Optimization Analysis
3.1. Force Analysis

In this article, the force analysis of the robot is performed while in the manned state.
Due to the presence of the human itself discharging the volume of water, the buoyancy force
of the water to the human is F;. The robot discharges the volume of water, the buoyancy
force of the water to the robot is F», m; g is the weight of the human, and m;g is the weight
of the robot, as shown in Figure 5.

Figure 5. Schematic diagram of the forces on the water-mobile robot.

Buoyancy can be calculated as Equation (2):

Fe=prg V¢ )

where F; is the robot’s buoyancy, g is gravity’s acceleration, and V; is the volume of
discharged water.

People on the water can displace about 80-90% of their volume. This article is de-
signed to be able to rescue 75 kg adults as the goal, excluding the buoyancy of the human
displacement volume. The load-bearing weight is reduced by about eight times. The robot
requires a minimum effective load-bearing volume of about 0.0019 m® and an effective
load-bearing capacity of 1.9 kg.

3.2. Fluid Dynamics Control Equations and Turbulence Models

When a robot moves in the water environment, the fluid as a continuous medium
should follow three major laws: the law of conservation of mass, conservation of momen-
tum, and conservation of energy. This article develops the mathematical model using the
CFD method [19]. People for hydrodynamic analysis are usually assumed to be incom-
pressible, so only consider satisfying the mass and momentum conservation equations.

Menter optimized using the standard k-w model and proposed the SST k-w turbulence
model. The SST k-w turbulence model has higher accuracy and credibility, so the SST
k-w turbulence model is chosen as the CFD numerical simulation calculation model in
this article. The control equations for the SST k-w turbulence models are presented in the
literature [19].

3.3. Determination of Objective Function and Constraint Conditions

Because the robot designed in this article is a three-segment robot, to ensure the overall
stability of the robot, the bow and stern adopt a consistent external structure. Huapan et al. [20]
showed that the sailing drag of semi-ellipsoid and semi-ellipse is less, so the bow and stern
both use the semi-ellipsoid structure, and the linear shape control parameters are shown in
Figure 6.
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Figure 6. Linear shape control parameters.

The equation of the curve of the semi-ellipse can be calculated as Equation (3) [20]:

y::l:%\/az—x2 3)

The volume of the body can be calculated as Equation (4):

o 2 a d
V=mnd <3+4> (4)

where d is the maximum cross-sectional diameter, b is the length of the middle section of
the body, a is the length of the semi-ellipse, and x is the distance from the point on the long
axis to the vertex of the ellipse.

In this article, a rectangular computational domain of 4 m x 2 m x 2 m is established
with the middle of the robot as the origin, a dense grid is used near the surface of the
robot, and the final grid number of the whole basin is about 1 million cells. To make the
robot move at a speed of 0.7 m/s when the size structure is optimal, set the water flow
velocity for this speed for the robot drag simulation calculation. The fluid medium is set
to liquid water and air, the inlet condition of the flow field is set to velocity inflow, the
outlet is pressure outlet, and both the robot surface and the flow field boundary are set to a
stationary wall with zero roughness.

In this article, the robot’s size is optimized to improve the robot’s overall performance.
On the one hand, the optimization makes the robot as large as possible, which generates
more buoyancy and leaves more space to carry various electronic devices. On the other
hand, it makes the drag force as small as possible to achieve an energy-efficient design. In
this article, to meet the robot’s functional requirements to prevent the control parameters
from being too small or too large and leading to an unreasonable design, the relevant
dimensions should be limited to determine the upper and lower limits of each parameter.
The optimization objectives, as well as the constraints, are as follows:

. Minimize : Drag
Ob]eCtlve{Maximize : Volume ®)
45 <a <135
Constraints< 750 < b < 1200 (6)
50 < d <275

3.4. Simulation Analysis

Under the constraint of the feasible domain, the 3D surface plots of the independent
and dependent variables (drag) are derived using Matlab simulation software. The interre-
lationships between the respective independent and dependent variables are obtained, as
shown in Figure 7. Figure 7a represents the surface plot of the relationship between the
independent variables a and b and the drag when d = 90. Figure 7b represents the surface
plot of the relationship between the independent variables a and d and the drag when
b =1000. Figure 7c represents the surface plot of the relationship between the independent
variables b and d and the drag when a = 25.
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Figure 7. (a) a Surface graph of the relationship between b and drag; (b) a Surface graph of the
relationship between d and drag; (c) b Surface graph of the relationship between d and drag.

The figure above shows the size of the three parameters a, b, and d directly affecting
drag. The change in the value of d has a significantly larger effect on the drag value than
the change in the values of a and b. The range of d variation is the most sensitive to the
effect of drag.

With the objective function equation of volume above, the 3D surface plots of the
independent and dependent variables (volume) are simulated using Matlab simulation
software under the constraint range. Figure 8a represents the surface plot of the relationship
between the independent variables a and b and the volume when d = 90. Figure 8b
represents the surface plot of the independent variables a and d versus volume when
b = 1000. Figure 8c represents the surface plot of the independent variables b and d versus
volume when a = 125.
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Figure 8. (a) a Surface graph of the relationship between b and volume; (b) a Surface graph of the
relationship between d and volume; (c) b Surface graph of the relationship between d and volume.

The figure above shows the size of the three parameters a, b, and d directly affecting
the volume. The changes in the values of b and d have a significantly larger effect on the
volume taken than the value of a. It can be seen in Figure 8c that when the value of d is
small, the change in the value of b does not have a significant effect on the volume. As the
value of d increases, the value of b becomes more influential on the volume. The degree
of effect of d is larger than that of b. The range of variation of d is most sensitive to the
volume effect.

According to the above objective function and constraints, the volume maximum and
drag minimum are simultaneously used as optimization objectives to find the optimal
solution. The optimization design platform is established, and the optimization flow chart
is shown in Figure 9. First, set the initial values of the 3D model control parameters. The
initial values of each parameter are set as follows: a = 90, b = 1000, and d = 100. The
model is then meshed, and the drag and volume values are calculated. The optimization
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component is then used to regenerate the control parameter values based on the obtained
drag and volume and repeat the above steps until the optimal solution is found.

-
Initial design )

v

Meshing

Y

( CFD )
\__Calculation

+ Parameter
e N A
Volume l variation l
\__calculation )
( Optimize
\__components

f

J

( Output value )

Figure 9. Optimization flow chart.

Optimization is performed according to the parameters given above. The values of
the parameters are continuously changed in the optimization, and the drag values obtained
from the iterative calculations are extracted. In this article, a multi-island genetic algorithm
is chosen as the optimization method to find the optimal solution and avoid getting a
locally optimal solution [21-23]. The population size of the genetic algorithm is chosen as
10, the number of evolutionary generations is 10, the crossover probability is 1, the variation
probability is 0.01, and the migration probability is 0.01, which is calculated 1000 times.
The feasible solutions for volume and drag are shown in Figure 10:

0 20 40 60 80 100
Volume (dm?)

Figure 10. Set of feasible solutions for drag and volume.

The above figure shows the calculation results obtained with the minimum drag and
the maximum volume simultaneously as the optimization objectives. For a robot to increase
its volume, it must reduce some of its drag. Similarly, if a robot profile with optimal drag
performance is sought, then the requirement for a volumetric target needs to be reduced.
No matter how the shape of the rotary body changes at a certain volume value, it will
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not be less than a certain drag value. The minimum drag value increases approximately
linearly with the volume increase. Based on the required volume size of the robot, select
the optimized values for the combination of design parameters as shown in Table 1:

Table 1. Parameter optimization results.

Parameter Name Initial Value Optimization Value
a (mm) 90 103
b (mm) 1000 1100
d (mm) 100 96
Volume (mm?) 8,796,459 8,956,103
Drag (N) 0.512 0.455

The above table shows that the volume of the initial design is 8,796,459 mm?, the drag
is 0.512 N, the optimized volume is 8,956,102 mm?, and the drag is 0.455 N. The optimized
water-mobile robot has 11.1% less drag and 1.8% more volume. As shown in Figure 11, the
wave generated by the initial size and the optimized size are shown.

(a) (b)

Figure 11. (a) Initial wave height; (b) Optimized wave height.

As can be seen from the figure, the waves generated around the optimized size are
significantly smaller than the initial size, and the wave height is reduced by 16.7%. The
optimized wave amplitude of the body likewise reflects the effective improvement of the
body drag [24].

4. U-Shaped Floating State Analysis

The robot needs to become U-shaped when it reaches the target location, and this
form structure is less prone to tipping and has a larger lateral moment of inertia [25]. The
U-shaped body size has a great effect on its smoothness. Angular tilt occurs when the
forces on the left and right sides of the lateral and longitudinal surfaces are not balanced.
Reasonable design of the left and right module spacing can balance the lateral and lon-
gitudinal smoothness. Analyze the impact of the movement of small-weight objects on
the small tilt angles on both sides separately. As shown in Figure 12, the shape control
parameters of this shape include lateral spacing k; and longitudinal spacing k.

ka

Figure 12. U shape control parameter diagram.
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4.1. Center of Gravity Calculation

In the linear shape, the coordinate system is established with the midpoint at the
bottom of the robot’s midsection as the origin O, the direction pointing to the thruster as
the X-axis, the vertical direction as the Z-axis, and the Y-axis perpendicular to the XOZ
plane as shown in Figure 13.

Figure 13. Linear three-dimensional coordinate diagram.

In the U-shape, the coordinate system is established with the midpoint at the bottom
of the robot’s midsection as the origin O, the direction pointing to the thruster as the Y-axis,
the vertical direction as the Z-axis, and the X-axis perpendicular to the YOZ surface as
shown in Figure 14.

Figure 14. U-shaped 3D coordinate diagram.

Each part of the robot is in the O-XYZ coordinate system. The mass of the robot is W
and contains n masses. The mass point’s mass is m; and the position of each mass point is
(x4,¥i,2i). The position of the center of gravity can be calculated as Equations (7)—(9):

oYL mix

_Liymiy;
o Z?:1 mj Z;
6= " )

When the robot is in the linear shape state, the center of gravity coordinates of the
robot is (0, 0, 37.4). In the U-shaped state, the coordinates of the robot’s center of gravity
are (0, K, 37.4), and K is the value associated with kj.

4.2. Buoyancy Center Calculation

The derivation process of the buoyancy center calculation is in Appendix A. When the
robot is in a linear shape, the X and Y directions are symmetrical, sox =0 and y =0, and
the buoyancy center coordinates are (0, 0, 21.3). In the U-shaped state, the x-direction is
symmetric with x = 0, and the buoyancy center coordinates are (0, K, 21.3). The center of
gravity position is higher than the buoyancy center position in both linear shape state and
U-shaped state.
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4.3. Floating State Analysis

The tilt angle resulting from the weight movement is influenced by the parameters k;
and k; in the lateral and longitudinal plane, respectively. Since the total length of the body
remains unchanged, the two parameters are related by the following Equation, and at this
time, the control parameter is only one variable, k;.

k; + 2k, = 1412 (10)

When in the lateral plane, move the p-weight object from point A to point A; along
the lateral horizontal direction. As shown in Figure 15, the robot’s center of gravity moves
from the original point Gyyg to point Gyy1. The body produces a lateral tilt, and the waterline
moves from Wyl to W1L;.

Figure 15. Schematic diagram of lateral movement.

After the object moves, the robot will have a lateral angle tilt, and the derivation
process is shown in Appendix B.

At the longitudinal plane, the p-weight object is moved from point B to point B; along
the longitudinal horizontal direction, as shown in Figure 16.

Mz

Figure 16. Schematic diagram of longitudinal movement.

After the object is moved, the robot will have a longitudinal angle tilt, and the deriva-
tion process is shown in Appendix C.

When the p-weight object is 0.3 kg, the image of k; against the lateral tilt angle o« and
the longitudinal tilt angle {3 is obtained, as shown in Figure 17.

The above figure shows that when the moving weight is certain, with the increase of
ki, the overall tendency of the lateral tilt angle decreases, and the overall tendency of the
longitudinal tilt angle increases. When k; is about 0.5 mm, the two curves cross, and the
lateral and longitudinal inclination angles are equal. When k; is less than 0.5 mm, the trend
of decreasing the lateral tilt angle is more drastic, and the longitudinal tilt angle also shows
a slow decreasing trend. When k; is larger than 0.5 mm, the decreasing lateral tilt angle
trend is more moderate, and the increasing longitudinal tilt angle trend is more drastic.
Considering the actual needs, the final choice of k; is 0.4 mm.
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Figure 17. Diagram of the influence of parameter k; on inclination angle.

5. Robot Prototype Experiment
5.1. Robot Prototype

In this article, platform test experiments of the robot were conducted on the water
to verify the effectiveness of the robot prototype functions based on whether the robot
can achieve the corresponding motion by experimenting with the effective load-carrying
capacity, the automatic adjustment function, and different motion states. The model number
of the remote control is FOSS FS-i6, the model number of the receiver is FS-iA6, the model
number of the thruster is T60, the model number of the electronic governor is SHARK-
50A, the model number of the servo is S91775V, and the model number of the gyroscope
angle sensor is WT901WIFL The technical data of the experimental prototype are shown in
Table 2, and the schematic diagram of each attitude of the solid prototype after assembly is
shown in Figure 18.

Table 2. Robot function prototype parameters.

Parameter Name Optimization Value
Size (mm) 1306 x 96 x 168
Weight (kg) 35
Movement speed (m/s) 0.678
Control range (m) 500
Effective bearing capacity (kg) 34

” y . A:_UQ FIgEE. o L 365
A M
% e o2

Triangle Linear shape

U=shape Curved shape

Figure 18. Schematic diagram of the pose of the experimental robot prototype.
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5.2. Bearing Capacity Test Experiment

Experiment on the effective load-carrying capacity of the experimental robot prototype.
When the robot is in U-shape, the dumbbell piece is used to simulate the actual weight,
and the weight is bound to the front and rear segments to imitate the human arm, and this
state can enclose the weight and play the role of buoyancy support. When the weight is
3 kg, the horizontal surface reaches the state shown in Figure 19, and the robot is about to
miss the horizontal surface. The robot sinks underwater when the weight is added to 4 kg.
The effective load-carrying capacity is 3—4 kg, which meets the initial performance index
requirements.

Figure 19. The effective load-carrying capacity test diagram.

5.3. Robot-Throwing Expansion Experiment

The staff threw the robot in the triangle state into the water and pressed the button
of the handheld operator to convert the triangle into a linear shape. The front and rear
segments of the body rotate in opposite directions, and the middle segment of the body is
relatively fixed to complete the unfolding experiment, as shown in Figure 20.

Figure 20. Throwing unfolding experiment. (a) Triangular shape of the robot; (b) U-shape of the
robot; (c) Curved shape of the robot 1; (d) Curved shape of the robot 2; (e) Linear shape of the robot.

5.4. Automatic Attitude Adjustment Experiment

Since the robot can be thrown to the surface at will, it is important to ensure that
the robot can automatically adjust so that the thrusters remain underwater. During the
adjustment process, when the robot is tilted at a certain angle, a recovery torque is generated
to return the robot to a positive floating state. The vertical submerged state of the thruster
is set to 0°, and the vertical exposure of the thruster to air is set to —180°. Theoretically, the
recovery torque is 0 for robot tilt angles of 0° and —180°. Experimentation on the functional
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prototype of the robot when the thruster is —180°. The effect is shown in Figure 21A, and
the real-time data of the robot tilt angle is shown in Figure 21B.

50

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Time(s)

(A) (B)

Figure 21. (A) Automatic adjustment experiment effect diagram. (a) Robot tilt angle of —180°
diagram; (b) Robot tilt angle of —120° diagram; (c) Robot tilt angle of —60° diagram; (d) Robot tilt
angle of 0° diagram; (B) Real-time data diagram of robot tilt angle.

When the tilt angle is —180°, the recovery moment is 0. However, in the actual
situation, the left and right forces of the robot on the water surface cannot be perfectly
balanced. As shown above, the thrusters can be automatically submerged in real situations.

5.5. Oscillating Motion Experiment

Due to the special structural form of robots, they can rely on their own structural
characteristics for swinging motion. Figure 22 shows the motion of the robot in the swing
state. The remote control controls the steering gear to make the rear segment swing from 0
to 40°. The robot moves flexibly during the swing state and has low motion noise.

Figure 22. Swing experiment. (a) t=0s; (b)t=1s;(c)t=1.5s.

5.6. Direct Flight Motion Test

Conduct experiments on linear-shaped and U-shaped direct sailing movements on the
water. Only longitudinal thrust is applied to the robot to ensure straight navigation of the
robot, and the ground angle is put in the pool as a position reference. Figure 23 shows the
direct sailing movements state of the robot.

The robot starts from a standstill, and observing the position of the reference object
and the robot shows that the motion trajectory is straight, which indicates that the robot
has a good stability of motion posture on the water surface.
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Figure 23. Direct sailing movement. (A) Direct sailing movement in linear shape. (al) t=0s; (b1)t=1s;
(c1) t = 2.1 s; (B) Direct sailing movement in U-shape. (a2) t=0s; (b2) t=2s; (c2) t=3.2s.

5.7. Horizontal Rotary Motion Experiment

In the U-shape, the rotation speed of the left and right propellers is adjusted so there
is a certain difference in their output power, and the robot will appear to steer, as shown in
Figure 24A. When the remote control controls the steering gear at the deformable section of
the robot, the front and back segments swing opposite to 55° and turn into a curved shape.
Under the action of the thruster, the motion trajectory is also horizontal rotary, as shown in
Figure 24B.

(A) (B)

Figure 24. (A) U-shaped horizontal rotation motion. (al) Rotate 0° horizontally; (b1) Rotate 90°
horizontally; (c1) Rotate 180° horizontally; (d1) Rotate 270° horizontally; (B) Curved shape horizontal
rotation motion. (a2) Rotate 0° horizontally; (b2) Rotate 90° horizontally; (c2) Rotate 180° horizontally;
(d2) Rotate 270° horizontally.

In the U-shape, the robot can achieve slewing motion under the action of thrust and
bow moment when there is a certain deviation between the left and right propeller speed.
In the U-shape, when the propeller speed is the same, and the output power is equal, the
robot can also achieve rotary motion, which aligns with the general rule of horizontal rotary
motion of water-mobile robots.

6. Conclusions

A deformable water-mobile robot is proposed for the specific needs of water rescue
equipment. The robot has a two-degree-of-freedom chain structure that can be deformed to
respond to different work requirements. The robot has a two-degrees-of-freedom chain
structure that can be deformed to respond to different work requirements. Compared with
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the traditional U-shaped water-mobile robot, this robot can quickly reach the target location
by morphing into a linear shape. An optimization design platform is established in linear
shape to optimize the robot’s shape parameters based on a multi-island genetic algorithm
with the objectives of minimum drag and maximum volume. Additionally, the floating
state analysis was carried out in U-shaped to get the best shape structure. Finally, the
robot prototype was experimented on the water surface. The robot’s effective load-carrying
capacity meets the design requirements and can be deployed smoothly after throwing. The
thruster can automatically sink underwater according to its adjustment function, which
is better for achieving different movement functions. A deformable water-mobile robot
is proposed to solve the current life-saving equipment structure of a single, large water
drag and other shortcomings. Subsequently, it is necessary to introduce dynamics models,
add precise control systems, and cooperate with vision and other systems for autonomous
navigation control.
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Appendix A

This article uses the segmentation method to calculate the position coordinates of the
robot’s buoyancy center. Parallel to the coordinate plane YOZ, a thin slice is taken in part
below the draft line, and its thin microvolume can be calculated as Equation (Al):

dV = Agdx (A1)

The static moment of the thin film microvolume to the coordinate plane can be calcu-
lated as Equations (A2)-(A4):

dMyoz = Xa As dx (A2)
dMyoz = Ya As dx (A3)
dMyox = 2, As dx (A4)

The coordinates of the center of buoyancy can be calculated as Equations (A5)—(A7):

Myo,
— A
XB v, (A5)
M
Yg = % (A6)
M
Zp = —> (A7)
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Appendix B

When the object moves, the robot tilts at a lateral angle. The buoyancy center Byyy will
make a circular motion with the point of steady center My as the center and the radius
Hpy as the steady lateral center. The lateral stability center radius Hpy can be calculated
as Equation (AS8) [26]:

I
Hpy = (A8)

where Iy is the lateral moment of inertia.
The high Hgy of lateral stability in this state can be calculated as Equation (A9):

Hem = Hpm— Hgg (A9)

The cross-tilt angle « of the robot after the lateral movement of the weight p can be
calculated as Equation (A10):

- Pk
x = arctan( AHGM) (A10)

where A is the discharge volume.

Appendix C

When the object moves, the robot tilts at a longitudinal angle. The longitudinal stability
center radius Zgy can be calculated as Equation (A11) [26]:

IZ — AW X%

7, (Al1)

Zgm =
where Iz is the longitudinal moment of inertia, A is the waterline surface area at Z from
the base plane, and x; is the longitudinal coordinate of the waterline surface area Ay shape
center at Z from the base plane.

The high Zg)y of longitudinal stability can be calculated as Equation (A12):

Zom = Zpm— ZBG (A12)

The longitudinal inclination angle (3 of the robot after the longitudinal movement of
the weight p can be calculated as Equation (A13):

p ( 1412 — k)
= arctan| ¥——+—=% Al3
B (e (A13)
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