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This paper is devoted to investigations of the motion of the propellerless aquatic robots. There are 
two models of aquatic robots under consideration that move due to rotation of internal rotors. 
Mathematical models to describe the motion of the robots are proposed. Experiments with different 
control actions for fabricated prototypes to verify mathematical models have been conducted.

1. Introduction

Recently, a lot of effort has gone into investigating autonomous mobile robots with new

principles of motion on solid surfaces and in fluid.1–7 This motion can be implemented by

vibrations or periodic controls. Some studies consider the dynamics of propellerless aquatic

robots. The motion of such vehicles is achieved by periodically moving internal masses

or by rotating rotors.8–12 This method of motion can have advantages in some problems,

for example, in working at great depths with high hydrostatic pressure and in aggressive

environments, since the body can be made completely waterproof and resistant to external

influences. Also, there are problems of investigations and monitoring in a fluid in places that

are difficult for propeller vehicles (high density of aquatic plants), with high environmental

standards.

This paper considers two models of aquatic robots that move by rotation of internal

rotors. Mathematical models of movement for each robot are developed, and results of

experimental investigation are described.

2. Description of the robot design

Two prototypes of propellerless non-deformable aquatic robots were created: a propellerless

underwater robot and a propellerless above-water robot with a sharp edge (see Figure 1).

Below we consider the design of each of the robots.

2.1. Design of the propellerless underwater robot

The propellerless underwater robot has the shape of an ellipsoid of revolution. The body

consists of two semi-shells attached to each other along the equatorial plane. The size of the

ellipsoid on the larger axis is 300 mm, on the smaller axis is 200 mm. Three pairs of rotors

(one large pair and two small ones) are installed inside the shell. The axes of the rotors are

located at an angle of 90◦ to each other. This arrangement of rotors allows to get a certain

vector of the gyrostatic momentum, which is used as a control action. The rotors are driven

by DC gear motors.

There are also two buoyancy modules inside the shell that are used for robot diving.

The robot is equipped with two pressure sensors for depth control. To determine the ori-
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Fig. 1. Propellerless underwater robot without one semi-shell (a). Propellerless aquatic robot with sharp
edge (b).

entation, there is an MPU9250 sensor, which includes an accelerometer, gyroscope, and

magnetometer. In the space between the rotors, the battery and the control board are lo-

cated symmetrically. Data transmission for control movement can be carried out over a

wired or wireless communication channel. The control system is based on a microcontroller

LPC1768, control of the DC motors is carried out using the VNH3SP30 drivers.

Table 1. Values of the parameters of the robot

Parameter Value

Shell mass 2.923 kg

Large rotor mass 0.903 kg

Small rotor mass 0.337 kg
Moment of inertia of large rotor 7.491·10−4 kg·m2

Moment of inertia of small rotor 0.491·10−4 kg·m2

2.2. Design of the propellerless aquatic robot with sharp edge

For experimental investigation the propellerless aquatic robot with internal rotor was de-

signed. The body of the robot has the symmetric shape of a NACA 0040 airfoil profile at

all heights. The robot length is 340 mm, the width is 134 mm, the height is 80 mm. The

foil is made on a 3D printer from PLA plastic, the shell thickness is 2 mm.

The rotor with the motor is fixed inside the foil so that the center of mass of the entire

system is placed as close as possible to the bottom of the robot. The rotor is made of

aluminum and has an external diameter of 100 mm, height of 12 mm. As the actuator the

gear-motor with the encoder is used. Using the encoder, we can get the angular speed of

rotation of the rotor and its angular acceleration in the experiments. Inside there is placed

also a control board with a STM32F303 microcontroller and a power supply. The control

is realized from a personal computer or smartphone via a wireless communication channel

(Bluetooth).

Table 2. Values of the parameters of the robot

Parameter Value

Mass of the robot 0.905 kg
Mass of the rotor 0.327 kg
Axial moment of inertia of robot 0.00844 kg·m2

Axial moment of inertia of rotor 0.00058 kg·m2
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3. Mathematical model of motion

For the robots under consideration the equations of motion are written in the form of

classical Kirchhoff equations:13

d

dt

(
∂T

∂V

)
+ Ω× ∂T

∂V
= 0,

d

dt

(
∂T

∂Ω

)
+ Ω× ∂T

∂Ω
+ V × ∂T

∂V
= 0 (1)

where V and Ω are linear and angular velocity vectors of the body relative to the moving

coordinate system attached to the body; T is the total kinetic energy of the system, which

consists of the kinetic energy of the foil, the kinetic energy of the fluid, and the kinetic

energy of the rotors.

For the propellerless underwater robot the system of equations describing motion has

the form:

CV̇ + BΩ̇ =
(
CV + BΩ

)
×Ω,

BT V̇ + IΩ̇ + K̇(t) =
(
BTV + IΩ +K(t)

)
×Ω +

(
CV + BΩ

)
× V = 0

α̇ = α×Ω, β̇ = β ×Ω, γ̇ = γ ×Ω,

ṙ = QTV .

(2)

where matrix I takes into account the moments of inertia of the shell and rotors, the added

moment of inertia; matrix B takes into account location of the system’s center of mass;

matrix C takes into account added masses; r =
(
x, y, z

)
are coordinates of the geometric

center of the shell in a fixed coordinate system; α, β, γ are unit vectors of fixed axes referred

to the moving axes; Q = (α,β,γ) is the matrix of transition from the fixed coordinate

system to the moving one; K(t) is the gyrostatic momentum vector, which is the control

action.

The added masses and the added moment of inertia for the shape of ellipsoid of revolution

were calculated using reference materials. A detailed derivation of the equations of motion

can be found in.14

For the propellerless aquatic robot with sharp edge a model of plane-parallel motion is

considered, which takes into account the resistance of the liquid. The system of equations

describing motion has the form:

(m+ λ11)v̇1 = (m+ λ22)v2ω + λ23ω
2 − c1v1|v1|,

(m+ λ22)v̇2 + λ23ω̇ = −(m+ λ11)v1ω − c2v2|v2|,

λ23,lv̇2 + (I + λ33)ω̇ = (λ11 − λ22)v1v2 − λ23,rv1ω − c3ω|ω| − k̇(t),

ẋ = v1 cosα− v2 sinα, ẏ = v1 sinα+ v2 cosα, α̇ = ω.

(3)

where x and y are the center of mass coordinates; m – mass of the robot; α – the angle that 
determines the robot’s orientation; v1, v2 are the projections of the linear velocity vector 
on the axes of the moving coordinate system, ω is the angular velocity of the foil; c1, c2, c3 

are the drag coefficients; λ11, λ22 are the added masses, λ33 is the added moment of inertia, 
and λ23 is the coefficient due to disalignment of the buoyancy center and the center of mass; 
k(t) is the gyrostatic moment, which is the control action.

In equations (3) coefficients λij and ci were determined using the numerical solution of 
the Navier-Stokes equations using the experimental data obtained by the symmetric control 
action. A detailed derivation of the equations of motion can be found in.15
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4. Experimental investigations

4.1. Experiments with propellerless underwater robot

Three series of experiments were conducted with a screwless underwater robot to determine

the motion patterns with various control actions. In the each experiments the rotors were

accelerated to a maximum speed of 590 rpm, which was maintained for 3 seconds. The

experiments were conducted in a pool of 3 x 1.5 x 1.5 meters. The trajectories were tracked

using the Vicon motion capture system.

1. Rotation of a pair of large rotors. The gyrostatic momentum vector is K =

(2i1ωmax, 0, 0). In the Figure 2a, the solid line shows the theoretical trajectory of the move-

ment, and the dashed line shows the experimental trajectories.

a) b)

Fig. 2. Theoretical and experimental trajectory of moving of propellerless underwater robot for K =

(2i1ωmax, 0, 0) (a) and K = (0, 2i2ωmax, 0) (b)

A comparison of the values of the robot’s movement and the angles that determine the

robot’s orientation is shown in the table 3.

Table 3. A comparison of experimental and modelling results for
K = (2i1ωmax, 0, 0)

∆x, ∆y, ∆z, |rt|, ∆θ ∆ψ ∆ϕ

Modelling 0.275 0 0 0.275 0◦ 0◦ 738.2◦

Experiment 0.115 0.010 0.055 0.128 4◦ 10◦ 121◦

2. Rotation of a pair of small rotors. The gyrostatic momentum vector is K =

(0, 2i2ωmax, 0). In the Figure 2b, the solid line shows the theoretical trajectory of the move-

ment, and the dashed line shows the experimental trajectories.

A comparison of the values of the robot’s movement and the angles that determine the

robot’s orientation is shown in the table 4.

3.Rotation of a pair of small rotors and a pair of large rotors. The gyrostatic momentum

vector is K = (2i1ωmax, 2i2ωmax, 0). In the Figure 3, the solid line shows the theoretical

trajectory of the movement, and the dashed line shows the experimental trajectories.

A comparison of the values of the robot’s movement and the angles that determine the
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Table 4. A comparison of experimental and modelling results for

K = (0, 2i2ωmax, 0)

∆x, ∆y, ∆z, |rt|, ∆θ ∆ψ ∆ϕ

Modelling 0 0.005 0 0.005 35◦ 0◦ 0◦

Experiment 0.054 0.008 0.068 0.087 61◦ 62◦ 10◦

Fig. 3. Theoretical and experimental trajectory of moving of propellerless underwater robot for K =
(2i1ωmax, 2i2ωmax, 0)

robot’s orientation is shown in the table 5.

Table 5. A comparison of experimental and modelling results for

K = (2i1ωmax, 2i2ωmax, 0)

∆x, ∆y, ∆z, |rt|, ∆θ ∆ψ ∆ϕ
Modelling 0.275 0 0 0.275 35◦ 0◦ 738.2◦

Experiment 0.106 0.050 0.053 0.189 17◦ 92◦ 51◦

Conclusions:

• The controlled movement of the robot continues as long as the accelerated rotation of the

rotors is provided.

• Acceleration of the rotors to the maximum speed takes a certain time, which is not taken

into account in the theoretical model but has influence on the trajectory of the robot.

• The theoretical model is developed using an model with ideal viscosity that also explains

discrepancies between the theoretical and real trajectory of movement.

• The movement of the robot is accompanied by the formation of vortex structures. It is

difficult to provide a vortex-free movement using rotors, as the theory requires.

• The model describes movement qualitatively, but quantitative agreement is affected by

the accuracy of determining a large number of parameters. Movement is possible, but its

effectiveness is not high.

Based on the conclusions made above, the following points were taken into account in

the work on the propellerless aquatic robot with a sharp edge:

• A plane-parallel motion on the surface of a fluid is considered.

• Using the shape of a shell with a sharp edge, the formating vortices do not hinder the

progress, but help it.
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• The motion model takes into account the accelerated rotation of the rotor, as well as the

viscous friction of the fluid

• The rotation of the rotor occurs according to the periodic law.

4.2. Experiments with propellerless aquatic robot with a sharp edge

For the presented robot model, a simplified finite-dimensional motion model was developed,

which allows one to determine the shape of the motion paths under various control actions.

To test the theoretical model, experimental investigations were conducted in a 2 x 1.2 meter

pool. The trajectories were tracked using the Vicon motion capture system.

We define the function of the rotor’s rotation, Ω(t), by a piecewise continuous periodic

function (see Figure 4).

Fig. 4. A graph of the angular rotational speed of the rotor versus time in general form. T is the period of

control action, t1, t3 define time intervals with constant angular rotational speeds of the rotor, ω1 and ω2,
respectively, and t2, t4 are the intervals of uniformly accelerated rotation of the rotor

Below we consider the results of modelling and experimental investigations for straight-

line motion, motion in a circle and motion in a complex trajectory.

To move in a straight line it is necessary that the control action be of symmetric form,

so that t2 = t4 ≈ 0.1 s., t1 = t3 = 0.5(T − 2t2). Several experiments were carried out these

conditions ω1 = ωmax, ω2 = −ωmax, the period of control action T was changed. The results

of the experiments are shown in accordance with Figure 5.

Fig. 5. Trajectories of the robot for ω1 = ωmax, ω2 = −ωmax and different control actions. The solid
lines indicate the trajectories obtained from the results of numerical simulation, and the dashed lines denote

experimental trajectories.

While maintaining the conditions t2 = t4, t1 = t3 and for ω1−ω2 = const and ω1−ω2 6=
2ωmax robot also moves in a straight line. At the beginning of the movement, the robot

turns at a certain angle, which depends on the value ω1−ω2. An example of control actions

and corresponding motion paths is shown in the Figure 6.
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a) b)

Fig. 6. Asymmetric control actions at ω1 − ω2 = const (a) and corresponding trajectories of the aquatic

robot (b)

For t1 6= t3 or t2 6= t4 robot moves along a circle. Two experiments were performed with

the following parameters: t1 6= t3, t2 = t4; results of experiment are shown in Figure 7a.

t1 = t3, t2 6= t4; results of experiment are shown in Figure 7b.

a) b)

Fig. 7. Trajectory of propellerless aquatic robot with sharp edge along a circle for t1 6= t3, t2 = t4 (a)
and t1 = t3, t2 6= t4 (b). The solid lines indicate the trajectories obtained from the results of numerical

simulation, and the dashed lines denote experimental trajectories.

Combining the considered control actions, it is possible to realize movement along com-

plex trajectories. An example of movement along this trajectory is shown in the Figure 8.

Fig. 8. Complex trajectory of the robot. The solid lines indicate the trajectories obtained from the results 
of numerical simulation, and the dashed lines denote experimental trajectories.

We can conclude that the theoretical model qualitatively describes the robot’s movement 
correctly.

5. Conclusions

It is experimentally shown that the movement of propellerless aquatic robots controlled by 
the rotation of internal rotors is possible. A theoretical model based on equations of motion 
in an ideal fluid does not describe motion qualitative well enough. For a good qualitative and 
quantitative agreement, it is necessary to supplement the motion models with viscous coeffi-
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cients, take into account the fluid circulation, and more accurately determine the coefficients

of the added masses.
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