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Abstract

Through the observation and analysis of the motion trajectory of spiral winding motion for slen-

der legless biological creatures in water, V-REP software is adopted to build a dynamic simulator to

study on the mechanism of spiral winding swimming ( SWS) motion. By using the output of spiral
function( SF') , the dynamic simulation model of slender legless creature (SLC) realizes the SWS

motion in water. The corresponding experiments under the control of different bending angle of SF to

control the dynamic model are also carried out to analyze the water performance of SWS in still wa-

ter. Combined with the output of two different bending angles of the spiral function, the dynamic

model can be used to realize SWS and up/down motion. This work provides technical reserve and

experimental platform for the corresponding study in related fields.

Key words: V-REP, spiral winding swimming (SWS) , motion control, slender legless crea-

ture (SLC)

0 Introduction

Spiral motion is a kind of constant motion form
and phenomenon in nature. For example, in summer,
a whirlwind in the field is a very intuitive spiral mo-
tion. The spiral motion in the magnetic field is more
vibrating and oscillating. These oscillation and wave
phenomena are often related to different physical mo-
tion functions. It is an abstract drawing that draws
wave curve, spiral curve and various circulation lines
with mathematical models of different parameters.

Spiral motion can be a form of dynamic motion for
creature in liquid environments. Based on the spiral
motion of slender legless creature (SLC) in a liquid
environment, some simulation experiments are carried
out to study the mechanism of spiral motion and to ana-
lyze its movement performance. This work can provide
the platform and technical reserves for the study of spi-
ral motion of slender legless bionic snakes and other

creatures in water.

1 Related work

Most researches are related to spiral motion per-
formance analysis of slender legless biological creatures
in liquid, such as the analyses of the bionic mechanism
from aspects, bacteria and sea snakes.

Most bacteria rely on spiral motion to move in the
environment. Ref. [ 1] studied the motion of the cau-
lobacter through tracking technology. The results show
that its body seems to move along an invisible spiral
tube track, which provides the motive force for limbless
microorganisms to move around. Based on the mathe-
matical model of ‘resistance theory’ , the researchers
demonstrated that the thrust of different bacteria can
lead to different movements. For bacteria, spiral mo-
tion is an effective form of motion, and it is found that
the speed of forward motion is faster than backward mo-
tion.

As shown in Fig. 1, some bacteria (e. g. spirobac-

teria) can show unique spiral ( body spiral ) move-
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ments. In addition to crawling or creep buckling on the
solid surface, these organisms can also adjust the axial
fibers around the object to achieve their functions. The
chemical composition of axonemes is very similar to fla-
gella, but they are wrapped in spirochetes rather than

n vitro.

Fig.1 Helix bacilli

Spiral movement can help sea snakes and sea ot-
ters to swim up and down in the ocean, as shown in
Fig. 2. As for the bionic underwater snake-like robot,
the spiral motion is considered to be a new motion for a
wide range of application fields. A series of studies on
the spiral climbing of snake-shaped robots for bridge
cable climbing are conducted in recent years'>®',
which is for demonstrating the practicality of spiral mo-
tion in cable testing. The 3D underwater motion control
of a snake-like robot is developed in simulation'®”’
and the three-dimensional motion gait of snake-shaped
robots, the S-shaped tumbling and spiral tumbling of a

[8]

real snake-like robot in water'*' are systematically stud-

ied. More researchers studied the mechanism design of
snake-shaped robots, as well as their different applica-

tions' >,

Fig.2 Sea snakes swimming

2 Development of SLC model in V-REP

2.1 SLC model

V-REP is adopted as simulation platform to study
the helical motion of SLC model. In V-REP simulation
platform, cylinder is selected as the main spiral motion
model of module. The type of joint is revolute with the
dynamic properties of the force/torque model, so as to

program to drive to control the joint. Sphere is selected
as a carrier of orthogonal joint, as shown in Fig.3,
where the vertical joints and horizontal joints are inde-
pendent movement.

Fig.3 Orthogonal joint

SLC model is developed with 9 modules for the
study of spiral motion simulation, as shown in Fig. 4.
In order to easily distinguish the motion direction, the
outer edge of the head module is set to green, and an-

other side is defined as tail. The dynamics parameters

of the SLC model are shown in Table 1.

Fig.4 SLC model

Table 1 Main parameters in the model
Number Weight Diameter Length Moment
of joint /g /mm /mm /N +m
9 200 100 200 5

2.2 Define the water dynamic in V-REP

The spiral winding swimming ( SWS) motion of
the SLC model is carried out under the condition of still
water, where the environment factors, such as water
waves, water velocity, are not considered. In this
work , mainly two kinds of force are control the simula-
tion model to realize the SWS in the water. One group
force is its own gravity and the buoyancy of water on
the model, the other group is generated by SWS of SL.C
model where the water will produce interaction force
between viscous drag' >,

The following forces will be analyzed for SWS of
SLC model in still water.

(1) The gravity G, of each link in SLC model
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G, = mg (1)
where, m, is the mass of the i-th module, i refers to the
module number, g is the gravitational acceleration.

(2) The buoyancy F; of each link in SLC model
There is no actual surface in the simulation envi-
ronment, so it is needed to call the SimAddForce func-
tion of the software to add a simulation model for the
module, so that the reverse direction of gravity is simi-
lar to the buoyancy of the actual water environment.
Considering that the buoyancy cannot be calculated di-
rectly according to the submerged volume, here in each
module ( perpendicular to the horizontal plane), the
approximate position of the centroid of Z axis is relative
to the horizontal plane (Z =0) plus the buoyancy F,.
50 - Z,

F 100

In this system of the still water, if Z is less than

cmg 7. <50 (2)

- 50, it can be determined by the approximate buoy-
ancy.

(3) The simulation model of the viscous drag f

When the simulation model moves on the water,
each module will be affected by the viscous resistance
of the water. The viscous resistance model in X, Y, Z
coordinate system is analyzed. The resistance is related
to the velocity of the model. In the simulation, the V-
REP resistance coefficient is set to a negative value,
and the component resistances on the X, Y and Z axes

are
ﬁ,,z =0, cmp s, c G
f;'.} :vi,y.mi.sc'ci (3)
fz:,z =0, 0mp s, 0 ¢

where, v, , v, and v, are the three velocity components

of the module speed in the direction of axis x, y, z; s,
is viscous resistance coefficient which is determined by
the fluid state and the surface roughness of the rigid
body; m, is the mass for each module; ¢, depends on
the height of mass center coordinates relative to the
horizontal plane for each module.

3 Control function for SWS motion

In order to achieve the spiral motion control, the
Serpenoid curve function proposed to synthesize snake
shaped is adopted to generate rhythm of the rotation an-
gle of each joint'"*'%).

This function after extension can be used to con-
trol spiral motion of SLC model as shown in Fig. 5.

Serpentine curve curvature equation is shown as

p = — absin(bs) (4)
where, a is the initial amplitude curveting radian, b is
the proportionality constant, s is the arc length of the

serpentine curves.

0(s) = acos(bs) (5)
where, 0(s) is the angle in the tangent direction along
the serpentine curves arc length s.

Fig.5 Serpentine curve

According to Eq. (5), the joint angle ¢ for con-
necting adjacent joints of the SLC model is shown as

¢ =0(s+1) —0(s —1) =—-2asin(bl)sin(bs)

(6)

where 2/ is the length of the connecting rod of a single
model.

According to Eq. (6) to control SLC model to
generate the spiral motion, the discretization of the ad-
jacent joints of the formula is shown as

rad[i] = (=2) -a-sin(kn]\.[ﬂ)
.Sin(Z-kn-w-S+2-kn-1T-i)
L N

(7)
where, i is joint number of the SLC model, « is start-
ing angle, kn is s-wave number in the body, S is dis-
placement of the simulation model along the axis direc-
tion, L is the total length of model, N is the module
number, rad[i] is the corresponding i-th joint rotation
angle in radian. The corresponding simulation model of
each connecting rod module at a certain moment in the
process of movement state is shown in Fig. 6.

Fig.6 Connecting rod swing state

In Fig. 6, n,, n,, -+, n, are respectively simula-
tion model connecting rod module; 8,, 6,,---,0; are
respectively the angle between the adjacent link module
from head to tail; the serpentine curve is discrete by
linkage mass m; with fixed length 21.

SWS motion of SL.C model in still water is realized
by the rotation of the orthogonal connection joint mech-
anism, which is a kind of three-dimensional movement

gait coupled by vertical and horizontal rotation. lts im-
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plementation requires a combination of vertical joints
and horizontal joints, which can be obtained from

Eq. (7) with the following control function ;

e[l = (=2) ~a, - sin(M o)
cin(2 kS 2k ey
L N
. .k
o, li] = (=2) ~a, »sin(7T)
2« knmw+S 2<kn-m-i
- cos( + )

L N

(8)
where, ¢, [ i] is the vertical deflection angle of the i-th
joint, @,[i] is the horizontal deflection angle of i-th
joint, and the phase difference of curve function is
/2, a, and «, are starting angles of serpentine curves
respectively applied to vertical joints and horizontal
joints.

4 Performance analysis of SWS motion

4.1 Performance analysis of spiral shape

In terms of screw motion control function, the dif-
ferent combinations of initial angle a, and «, determine
the configuration of initial state simulation model of
screw motion and the size of screw radius.

The parameter kn in the control function deter-
mines the number of S waves in the SLC model, and
also determines the number of spirals in the model.
The change speed of parameter s determines the speed
of spirals. @, and @, are set as the same values, the ex-
periments are carried out under different screw configu-
rations, as shown in Fig. 7.

(a)a, =7/8,0, =7/8 (b)a, =7/6,a, =1/6

(c)a, =n/4,a, =7/4 (Do, =1/2,0, =7/2
Fig.7 «, and «, under different radius of a spiral

When a, and a, are set as different values, two
kinds of situations are discussed. When o, > «,, SLC
model will generate the spiral winding along the hori-
zontal (X) direction. When the value of angle of o, is
set very small, the simulation model will generate a
spiral winding motion alone the horizontal ( X) direc-
tion. When o, < «,, the simulation model will gener-
ate the spiral winding along the vertical (Y) direction,
the movement is also called the spiral dive up/down
swimming. The experiments under different kn spiral
coil number are shown in Fig. 8.

(a)kn=0.5 (b)kn=1.0
(c)kn=1.5 (d)kn=2.0

Fig.8 Experimental results under different kn

4.2 Performance analysis of starting angle

In the control function, when different values of o,
and «, are given, different screw models will be formed.
Under the condition of spiral winding gait, given that a,
is equal to a; , choose o, =1/2, o, =1/2 to carry out
SWS experiment analysis, and the movement process is
shown in Fig. 9.

In the spiral winding swimming process, accord-
ing to the recorded torque information of the vertical
and horizontal joints of SLC model, the simulation re-
sults are obtained, as shown in Fig. 10 and Fig. 11.

In the experiment of spiral winding swimming, ac-
cording to the torque diagram in Fig. 10 and Fig. 11, in
the vertical direction of the dynamic model, joint 4 and
joint 5 need larger torque compared with other joints;
in the horizontal direction, joint 4 and joint 5 need
smaller torque compared with other joints. In the simu-
lation model of spiral configuration, module 4 and
module 5 are in two reverse spiral arc joints. In order
to maintain the spiral configuration, the torque changes

of joint 4 and joint 5 are different from other joints in
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the vertical and horizontal directions.

(a) t=0s (b) t=30s (c) t=60s
Fig.9 SWS motion (o, =7/2, a, =7/2)
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Fig.11 Torque of the horizontal joints

During the experiment, the head module center of
mass of the dynamic model moves along the X and Y
directions in the process of spiral winding, as shown in
Fig. 12, basically in a straight line direction; mean-
while, the three-dimensional tracks of the model in the
X, Y and Z directions are shown in Fig. 13.

It can be seen that the trajectory of SLC model
under the driving excitation is a spiral roll with lateral

Z displacement/m
|
o

Y displacement/m -1 -5

X displacement/m

Fig. 13 3D trajectory of SWS

resistance. Choose a, = «,, give different starting an-
gle of helix to carry out the experiment, and the rela-
tionship between the spiral winding speed and the start-
ing angle of helix can be obtained, as shown in Fig. 14.

The experimental results show that the smaller the
initial helix angle is, the smaller the helix radius is,
and the lower the helix velocity is. When the initial an-
gle of the spiral is very small gradually, the simulation
model can still slowly complete the small radius circu-
lar spiral action and move forward. From the point of
view of energy consumption, the larger the start angle
of the screw controlling the excitation input, the larger
the spatial circumferential radius of the screw structure
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of the SLC model, which will also lead to the greater
the joint torque change and the increase of energy con-

sumption.
a,=a,

0.08

0.06
E
S 0.04
<
&

0.02

0 L L L
0 0.5 1 15 2

Spiral starting angle/rad
Fig.14 o, =«, for different spiral starting angles

In the simulation model of spiral winding, when
a, =a,, it is like a circle helical screw configuration.
When a, # «,, it is like oval ring spiral screw configu-
ration. If we consider the application in water or on
land for similar robots, for this kind of configuration,
the simulation model of the helical winding can realize
more given direction motion in water, such as spiral
rise, and spiral dive in water. This kind of movement
gait is not only unstable, but also difficult to control to
switch from other movement gaits, such as serpentine
locomotion on land and other applications'7*"!. The
control method of spiral winding is more suitable for the
application in water.

When a, = /2, o

process is shown in Fig. 15. Its movement form embod-

= m/8, spiral winding

ies mainly the swimming along the vertical direction of

spiral dive and buoyancy.

(a) t=0s

(b) t=10s

(c) t=20s

Fig.15 Spiral winding process (o, =m/2,a, =7/8)

The experimental results of spiral winding, where
a, =m/8,a, =w/2, are shown in Fig. 16, which is
the forward movement of spiral winding along the hori-
zontal direction.

According to the movement experiment results of
the model given different initial angle input of spiral
winding, it can be seen that due to the lack of suffi-

(a) t=0s

(b) t=2s
Fig.16 Spiral winding process (o, =7/8, o, =1/2)

cient water support force, when the vertical and hori-
zontal initial angle of SWS is smaller, the movement
effect of SWS is poorer, the efficiency is lower, and
the rolling is carried out in situ. The simulation model
can realize arbitrary coiling of space without consider-
ing the phenomenon of rollover. Its main disadvantages
are uncontrollable direction and low efficiency.

(c) t=4s
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5 conclusions

Inspired by the spiral motions of different living
creature and natural tornado phenomenon, a SWS mo-
tion of SLC in water is developed. Firstly, through the
mechanism analysis, the spiral motion can be an effec-
tive motion of SLC in water. Secondly, the spiral heli-
cal radius and the body turns the morphology of spiral
motion are analyzed with a math function output con-
trolled the dynamic model of the legless creature.
Thirdly, under different bending angle of spiral math
function, the performance of SWS motion of the dy-
namic model is also analyzed. Finally, through chan-
ging the value of bending angle of the spiral function,
the dynamic model of SLC can realize SWS together
with the up and down function.
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