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Abstract—As limited sensing and working capability of a
single robot, multiple robots cooperative accomplishing complex
tasks in formation has been a popular topic in recent years.
Energy efficiency is the premise and guarantee for underwater
robot to complete a wide range of task, especially for the small
and bionic amphibious spherical robots with limited energy.
This paper analyzed three formation shapes in the view of
underwater hydrodynamic drag aiming at decreasing the energy
consumption of a multiple robots system. Numerical simulation
based on Computational Fluid Dynamic (CFD) is adopted to
compute the drag of each individual robot and entire systems.
Simulation results show that triangular formation shape can
decrease the total drag. When the serial and parallel formation
are needed, the longitudinal distance and transverse distance
should be short as soon as possible.

Index Terms—-Amphibious spherical robot, Underwater for-
mation , Computational fluid dynamic (CFD).

I. INTRODUCTION

with the increased interest in exploring activities of am-
phibious environment, amphibious robots with multiple sen-
sors have been one of the tools to extend human hands.
Such robots have been used for monitoring, detection of
pollution [1], vision perception [2], and other tasks [3]–[5].
As a limited range of sensing and perception, solo robot can
not accomplish complex task in a wide range of area [6].
Researches of multiple robots have been a focus in recent
years. However, the cruise range and operation endurance
of multiple robots is dictated by their finite energy source.
In order to extend the endurance, minimizing the energy
consumption of both individuals and the entire system is
required.Some simple observations of crowed animals motion
suggest that the drag of an individual may be reduced
by certain formation configurations [7], examples such as,
birds form an echelon formation for long distance migration
[8], fish swimming in schools [9], dolphins in pods [10]
and so on.The effect of human drafting distance on the
drag coefficient in swimming was determined [11], which

highlighted that relative drag coefficient of the back swimmer
was lower (about 56 percentage of the leading swimmer) for
the smallest inter-swimmer distance (0.5 m).

Some studied have demonstrated that specific longitudinal
and transverse offsets of multiples AUVs achieved energy
consumption decreasing. Cooperation of AUV motion is
simulated with CFD to observe the relationship between
drag and longitudinal distance in the literature [12]. The
tetrahedron shape of multiple AUVs formation has some
influence factors on power efficiency, which is researched
in the literature [13]. The influence of the propeller race
on upstream and downstream self-propelled AUVs was in-
vestigated with the commercial RANS code ANSYS CFX
[7]. Rattanasiri discussed the influence of the configuration’s
shape of multiple hulls in the vee and echelon formations
[14].

Amphibious spherical robots are small bionic robots with
much less power than AUVs [15]–[17]. In addition, the
bionic driving mechanism of the robots, vector-jet propulsion,
can cause turbulence and may have influence on the drag
of surrounding other robots. To improve the endurance of
multiple amphibious spherical robots system in the view of
energy, longitudinal and transversal distance of some specific
formation is essential. According to the behavior of fish
swimming, three shapes of planar formation are selected
as the analyzing objects of the paper, serial formation,
parallel formation and triangular formation. Considering the
computation efficiency, each formation shape is composed
with minimum number of robots. Effects of longitudinal
and transversal distance on Drag of individuals and the
entire system are analyzed with the commercial computation
software ANSYS CFX.

The rest of the paper is organized as follows. Section II
depicts the model of multiple amphibious spherical robots.
Numerical settings are detailed in Section III. Simulation
results and discussions are described in Section IV. Finally,



Section V concludes this paper with an outline of future work.

II. MODEL OF MULTIPLE AMPHIBIOUS SPHERICAL
ROBOTS FORMATION

A. An Amphibious Spherical Robot

Fig. 1 shows the amphibious spherical robot, which mainly
consisted of a hemispherical upper hull , a circular mid-
dle plate, a legged water-jet composite driving mechanism,
two quarter-spherical shells, a detachable battery cabin with
13,200 mAh, and sensors, such as pressure sensors, an inertial
measurement unit (IMU), and a stereo camera [18]. The
hemispherical part of the robot is consist of sealed cabin
and adapting-buoyancy cabin. All electronic instruments are
placed in the sealed cabin. The legged water-jet composite
driving mechanism consists four same structure distributed
surrounding the middle plate. The robot can achieve motions
of forward, up-sink and rotating. The research of multiple
robots formation configuration is based on the forward mo-
tion. Fig. 2 depicts the forward motion of the robot. The total
length of the forward model is 57 cm and diameter of the
circular middle plate is 30 cm.

Fig. 1. Prototype of the amphibious spherical robot.

Fig. 2. Forward motion of the amphibious spherical robot.

B. Model of Multiple Robots Formation

Wake due to the water-jet propulsion of individual robot
have influence on the surrounding flow that may affects the
hydrodynamic drag of other robots. According to fish swim-
ming school behaviors, serial formation, parallel formation
and triangular formation, as three basic formation shapes,

are chose as the main analyzing objects. The Most simple
model of the serial formation is consist of two robots, as
shown in Fig.3. In the serial formation model, L is the
total length of the robot, which is 57cm (as figure 2). D
is the longitudinal distance between two robots. D is the
only configure setting of serial formation. Fig. 4 depicts that
two robots is considered in the model of parallel. In Fig.
4, D2 is the transverse distance between two robots. Model
of triangular formation containing three robots is shown in
Fig. 5. A leader robot and two follower robots constitute a
isosceles triangle. D3 is the vertical distance from the leader
robot to the line between two follower robots. Θ is the offset
angle of the follower to the leader. Configuration of triangular
formation contains two factors, D3 and Θ.

Fig. 3. Model of serial formation.

Fig. 4. Model of parallel formation.

III. NUMERICAL SETTINGS

In order to improve the endurance of the multiple am-
phibious spherical robots system from the point of energy,
hydrodynamic drag of each individual robot and the entire
robots should be small as soon as possible. The Hydrody-
namic drag is given bt the equation1. At present, research of
hydrodynamic drag based on CFD is relatively mature [19],
[20]. The drag in this paper is calculated at the configuration



Fig. 5. Model of triangular formation.

parameters of different formations with the commercial soft-
ware ANSYS CFX. Reasonable numerical settings is key to
numerical simulation results. Main settings of the numerical
computation are depict in detail.

A. Setting Computational Domain

In order to improve the computational efficiency, some
inessential parts fo the amphibious spherical robot are sim-
plified. The simplified 3D model of the robot is shown in
Fig. 6. The computational domain based on the simplified
robot model should be large enough to avoid the influence of
boundaries. According to the real experimental environment,
shape of the computational domain is set as a cuboid. Size of
the computation domain is set referring to the guidelines in
ITTC 7.5-03-2-03 [21] and ITTC 7.5-03-3-01 [22]. The size
of the cuboid in direction Z is 2.5D, and D is the diameter of
the robot. The other size in direction X and Y is determined
by the formation model. The domain of the serial formation
is described in Fig. 7. Size in direction X is 5L, where L
is the total length of the serial model. Size in direction Y
is 3D. Fig. 8 depicts the domain of the parallel formation,
where the size in direction is 5L and in direction Y is 3W
(W is the total width of the formation model). Size settings
of the triangular formation is same as parallel formation, as
shown in Fig. 9.

Fig. 6. Simplified amphibious spherical robot model.

B. Numerical Grids and Solver Settings

Size and amount of the domain mesh have a impact on the
hydrodynamic computation. Large grids lead low precision,

Fig. 7. Computational domain of the serial formation.

Fig. 8. Computational domain of the parallel formation.

while small grids lead large amount and high computing
cost. The mesh of all domains are produced in the ANSYS-
Mesh software. Finally, all the grids are smoothed and some
particular grids are adjusted in ICEM [18]. Considering the
paper space limited, only mesh of parallel formation is shown
in Fig. 10.

The boundary conditions of the numerical simulation
contains velocity-inlet and opening-outlet. The velocity of
the inlet is set as 0.3 m/s. As the higher accuracy for
hydrodynamic simulation, the shear stress transport (SST)
turbulence model is adopted to compute the hydrodynamic
results. In addition, when the average residuals of RMS (root
mean square) drop to 1×10−4, the computational results are
seen as convergence.

IV. RESULTS AND DISCUSSION

Hydrodynamic drags of each individual robot and multiple
system are calculated based on above numerical settings. For
multiple system owning N robots, non-dimensional parame-
ters are defined as the following equations to observe drags
changes.

C(1) =
Drag1 −Drag

Drag
(1)

C(2) =
Drag2 −Drag

Drag
(2)

C(N) =
DragN −Drag

Drag
(3)

C(T ) =
Drag1 + Drag2 + · · · + DragN −NDrag

NDrag
(4)



Fig. 9. Computational domain of the triangular formation.

Fig. 10. Mesh of the parallel formation.

DragN is the hydrodynamic drag of the N-th robot in the
multiple robots formation system. Drag is the drag of an
individual robot without formation. Varies of above defined
parameters with longitudinal and transverse distance will be
analyzed in the following.

A. Results of Serial Formation

In the serial formation system, there are two robots. As
there is acoustic-based communication between two robots,
the longitudinal distance of two robots only varies from 0
to 0.9m. Fig. 11 shows that the trend of non-dimension
parameters in this interval. C(1) is the drag changes of the
leader robot. C(2) is drag changes of the follower robot.
C(T) is the drag of the entire robots. It is found that drag
of the leader robot is larger than that of without formation
and drag of the follower robot is almost same with that of
without formation. This trend is consist with the phenomenon
of dolphins in pods. With the distance increasing, the drags
of leader and follower robot converge towards that without
formation. The total drag of the formation system is little
larger than that of without formation at the outset. With
the distance increasing, the total drag rise gradually. Smaller
longitudinal distance of the serial formation can reduce the

drag.The smaller the distance is, the smaller the hydrody-
namic resistance is. Therefore, when the serial formation is
needed in the multiple robots system, the distance between
two adjacent robots should be smaller as soon as possible.
Above trend can extend the multiple robots system owning
more robots. To observe the distribution of flow intuitively,
velocity contours and pressure contours as the distance is
0.23m are visualized in Fig. 12 and Fig. 13, respectively.

Fig. 11. Drag of the serial formation.

Fig. 12. Drag of the serial formation.

B. Results of parallel Formation
In the parallel formation system, there are also two robots.

The transverse distance of two robots varies from 0 to 0.6m.
Changes of the non-dimension parameters with the transverse
distance are described in Fig. 14. Drag of each robot in
parallel formation is almost same and is little larger than
that of without formation. Compared to serial formation,
this formation shape can not reduce the entire drag and the
distance have less influence on drag of each robot and entire
system. If there is need of this shape formation, the distance
of two robots should be short as soon as possible.To visualize
the flow distribution in parallel formation, Fig.15(a) and (b)
lists the velocity contours and pressure contours when the
distance is 0.4m.



Fig. 13. Drag of the serial formation.

Fig. 14. Drag of the parallel formation.

C. Results of Triangular Formation

In the triangular formation hydrodynamic simulation sys-
tem, there are three robots. The transverse distance of two
follower robots and the vertical longitudinal distance between
the leader and follower are considered as two factors impact
on the individual and entire drag as shown in Fig. 5 in section
II. The transverse distance and the vertical longitudinal both
vary in the range of 0 – 0.6m. Method of Controlling Varies
is adopted to research the transverse and longitudinal distance
influence on hydrodynamic drag. Fig. 16 depicts the changes
of drags with the vertical longitudinal distance when the
transverse distance is controlled at 0.6m, respectively. Drag
of the leader robot is a little smaller than that of without
formation. Drags of two follower robots are almost same
and a little larger than that without formation.As the vertical
longitudinal distance increasing, drag of each robot has little
changes. Compared to above two shapes,the total drag of
this formation configuration decreases, which illustrates that
this formation shape can reduce the entire drag and then
decrease the energy consumption. Fig. 17 describes changes
of the drag with the transverse distance when the vertical
longitudinal distance is controlled at 0.3m.It is found that

Fig. 15. Pressure and velocity contours when the distance is 0.4m. (a)
Pressure contour. (b) Velocity contour.

drags of two follower robots reach the minimum value when
the transverse distance is 0.3m. And the total drag of the
entire system is also minimal at this set.When the longitudinal
distance is 0.3m, pressure contours with transverse distance
0.25m and 0.6m are shown in Fig. 18(a) and (b), and velocity
contours are depict in Fig. 19(a) and (b), respectively.

According to all analysis of triangular formation, it is
illustrated that when tranverse and longtitudinal distance
are set as 0.3m, the multi-robot system suffers minimum
resistance and gets the highest energy efficiency.

Fig. 16. Drag of the triangular formation when transverse distance is 0.6m.

V. CONCLUSION

For the small and bionic amphibious spherical robots,
energy is very limited. In order to improve the endurance in
underwater environment, it is essential to design a suitable
formation shape for multiple robots system. Reducing the
hydrodynamic drag can decrease the energy consumption.
Therefore, hydrodynamic simulation-based drags of each
robot and entire system of three formation shapes were
researched. According to analysis of drags in three formation
shapes, the serial and parallel formation shape can not reduce
the drag of the entire system, while triangular formation



Fig. 17. Drag of the triangular formation when longitudinal distance is
0.3m.

Fig. 18. Pressure contours of the triangular formation at different formation
configurations.(a) Pressure contour of 0.25m transverse distance.(b) Pressure
contour of 0.6m transverse distance

shape can decrease the drags of follower robots and the
entire system. If there is no requirements, multiple robots
had better keep a triangular formation keeping the transverse
and longitudinal distance at 0.3m. If the serial and parallel
formation shape is needed, the longitudinal and transverse
distance should be short as soon as possible to guarantee
relatively small drags.
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