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Abstract. In order to obtain an efficient gait, this paper studies the
swimming efficiency of underwater eel robot in different gaits. The opti-
mal gait parameters combination of three gaits is studied by using Non-
dominated Sorting in Genetic algorithm (NSGA-II). The relationship
between input power and velocity in different gait patterns is analyzed,
and the optimal gait parameters combination in each gait patterns is
obtained. The simulation results show that the new gait only need less
input power than the serpentine gait in the same velocity, and the new
gait has faster velocity compared to the eel gait using the same joint input
power. Finally, the above founds have further verified by experiments.
The experiments have proved that the new gait has higher swimming
efficiency. Besides, It is found that both the optimal gait amplitude and
optimal phase shift exist in both the new gait and the serpentine gait.

Keywords: Parameter optimization - Gait pattern - NSGA-II -
Eel robot

1 Introduction

High efficiency gait will help the energy utilization of the robot and prolong the
working time of the robot. One approach to obtain an efficient gait is by deriving
an analytical solution of the optimal gait. However, the eel robot system is a
highly coupled and the number of the system states increases with the increase of
the number of modules, which makes it difficult to obtain the analytical solution
of the optimal gait. An even more main approach called numerical analysis
method [1-3] can be divided into two approaches according to the models of robot
and usually contains a serial of assumptions [4]. One is based on CPG model.
The amphibious snake-like robot adopted a gradient-free online Powell method
combined with CPG model to obtain the optimal gait [5]. The advantages of this
method are low computational cost and fast speed, but the parameters of CPG
model lack physical significance. The other is the gait optimization based on the
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dynamic model, and the physical meaning of the model parameters is obvious.
This paper mainly studies the optimal gait problem based on the dynamic model
of underwater eel-like robot.

The eel-like robot belongs to a chain-like structure robot without a fixed
base. There are many related studies on gait optimization of chain-structured
robot without fixed base on land or amphibious [5-9]. It can be divided into two
categories. The first type uses optimal control method to obtain optimal gait.
Ostrowski [2] elaborated the gait selection and optimal control of nonholonomic
motion system with Lie group symmetry. Lagrange reduction theory was used
to simplify the optimal control problem. Optimal control technology was used
to study the optimal gait and gait shifting, but the computational cost of this
technology is high. In order to reduce the computational complexity, Cortes
[10] studied the optimal control and gait selection of dynamic systems with
group symmetry. The truncated basis function with periodic input was used to
obtain the solution of the approximate optimal control problem, but only the
approximate optimal gait of eel-like robot was studied. The second method is to
obtain the optimal gait parameter combination by using optimization algorithm.
Parodi [11] used Lyapunov method to design the controller to ensure that the
body shape converges to local curvature. The locally optimized gait parameters
ensured rapid system response and efficient propulsion. The evaluation indicator
was used to evaluate the energy and rapid response ability.

In [12,13],The NSGA-II algorithm was used to analyze the optimal gait
parameter combination of land snake-like robot, and only serpentine gait pattern
was analyzed, no attention is paid to other gait patterns. The optimal gait ampli-
tude parameter was concentrated around a ~ 30° and the optimal gait phase
shift was concentrated around 3 ~ 70° of land snake-like robot are obtained.
Compared with the force that the robot receives on the land, hydrodynamic
force that the robot receives under water is more complex, its feasible gait space
is more diverse than the terrestrial environment, and the solution space to be
searched is larger. In [1], the Particle Swarm Optimization (PSO) and genetic
algorithm (GA) were used to optimize the parameter combination of serpen-
tine gait. Multi-objective optimization algorithm MOO was adopted to optimize
the gait parameters combination of serpentine gait [3]. Kelasidi [14] studied the
relationship between gait parameters, forward speed and power consumption in
two gaits (eel gait and serpentine gait), and found that the power consumption
COST per unit mass decreased with the increase of modules, but the average
power used cannot reflect the change of instantaneous power.

This paper analyzes the relationship between the input power, velocity and
gait parameters of the underwater eel robot in new gait (found in [15]), eel gait,
serpentine gait. The advantages and disadvantages of the new gait are emphat-
ically analyzed compared with the other two gaits. The energy efficiency of the
three gait is analyzed and compared by using the dynamic model in non-inertial
frame and the multi-objective optimization algorithm NSGA-II. The analytical
dynamic model based on non-inertial frame is used to calculate dynamics, which
can effectively reduce the computation time of dynamics. The multi-objective
optimization NSGA-IT algorithm is used to effectively reduce the calculation
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time and quickly find the Pareto frontier, so as to improve the calculation effi-
ciency. The two optimal objectives are the minimum power input and the maxi-
mum velocity. Taking the sum of the maximum input power plus absolute value
as input power can effectively prevent the situation of excessive instantaneous
power. The simulation results show that the eel-like robot with the new gait
consumes less power than that of the serpentine gait and eel gait at the same
speed, and has faster speed at the same input power. Finally, experiments verify
the efficiency of the new gait, and the relationship between the average speed
and the gait amplitude and the phase shift in the new gait and serpentine gait
is analyzed.

2 The Dynamic Model of the Eel Robot

In this paper, the dynamic model in [17] is adopted, which is based on a special
non-inertial system. Considering only two-dimensional motion, it is assumed that
the eel robot is buoyancy-gravity equilibrium, and that the robot is a slender
body with circular cross-section.

t | nonimdal tntam

X

Inertial -y fame |

Fig. 1. The prototype of underwater Eel-like robot and its kinematic parameters.

The kinematics of the planar eel robot is presented and illustrated in Fig. 1
consisting of n links of length 2/ interconnected by n — 1 active joints. The robot
is defined with respect to the fixed global frame, x — y, and is still defined with
respect to the non-inertial ¢ — n frame, and both of them share the same origin
(Fig. 1). Each link has the same mass m, moment of inertia %ml2 and the x; —y;
frame attached to the mass center of each link. The mathematical symbols are
described in Table 1. The joint angle vector is defined as ¢ = [¢1, P2, ..., Pn_1]T,
and absolute angle in global frame is defined as 8 = [0y, ...0,,]7, orientation
angle is defined as 6y = %ZIL 0;. Correspondingly absolute angle in t-n frame
is @ = [@1,..9,]T. The direction of the t axis is along eel robot tangential or
forward direction, and the direction of the n axis is along the normal direction
of the robot. 8y € R stands for the global frame orientation and is expressed
with respect to the global x axis with counterclockwise positive direction. Other
coefficients are defined by
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Table 1. Definition of mathematical terms

Symbol | Definition

n The number of links

m Link mass

0 Absolute angle vector in global frame

10) Joint angle vector

>
[=)

Orientation angle of Eel robot

Absolute angle vector in global frame

Joint angle vector

Absolute angle vector in t-n frame

Gait amplitude

Gait frequency
Phase shift
The offset of the joint angle
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The fluid force model adopted in this dynamic model considers linear resistance,
additional mass force effect, non-linear resistance and fluid moment. The accel-
eration of the CM in t-n frame can be expressed as

W= Buel - |

|:”[Jt:| _ *Mp [uneTS%,—uneTS¢C¢} (

o ~uneTSeCq,uneTCq| | IKTCsb +IKT S5 "

IKTSp® +IKTCpb> }
1

1200l KTCo® + 63 % IKT cos® + Ol KT sin® eTfn, +vnbo
\ T Q& 1 A2 T 57T )+ Mp | 0|+ ;
+200lK* Se® + 05 x IK* sin® + GolK* cosP e fpn —v¢0p

nm + uneTSé, —u,eT S Cs
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are expressed in matrix form as

—1
where M, = { ] . The torque equations for all links

Jb+ Mad — 7+ Mgely + Wad + W g ebd?

. (2)
+2W 00 + Kpif py + Kpnfp, = D'u
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where Mg, Wy, K p;, K p,, are defined as

Mg =ml>SgV Sg + mi*?CeVCys + u, P K1 K" Sp +u, K \K'Cg,
Wa =ml2SsVCg +mli2CeV S + unPK 1K' Cg — u, P Ko K' S,
A =8S3KS% +CsKS3Cs,Kp, = unl?AreeTmll — u,l2Asee™m21 — IS5 K,
K| = Al +u, A ee” (m1285Cs — m115%) — u, Azee” (m2285Cs — m2153),
Ky =A2—u,AeeT(m1184Cq — leCé) + upAzeeT (m2186Co — m2203;)7
Ay =S KSsCyp + C¢KC§3, Kpp = upl?AieeTml12 — u,l? AseeTm22 + ICs K.

In summary, the equations of motion for the underwater eel robot are given
by Egs. (1) and (2). By introducing the state variables

.. .T
T = [¢T7007pl’7py7pw5907¢ 7’Utavn]T S R2n+4

the model of the Underwater Eel Robot in state space form is rewritten as
& = f(z,u). For further details,please see [17].

3 The Optimization Goal Description and Multi-objective
Optimal Method

3.1 Gait Patterns

There are many gaits for eel robot. Firstly, the definition of general gait is given.

(a) nev;/\ gait (b) serpentine gait (c) eel gait

Fig. 2. Gait patterns.

¢j = ag(n,i)sin(wt + (j —1)8) + v (3)

where gait amplitude «, gait frequency w, and phase shift 3 are considered to
decision variables. Different g(n, i) means different gait pattern. The phase offset
~ control the direction of swimming. Figure 2 shows the pictures of all the joint
angle varies with time in three gait patterns.

The new gait is a new gait pattern found in the tangential velocity tracking
of eel robot based on iterative learning control [15]. See Fig.2(a). This gait is
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characterized by smaller amplitudes near the center of mass and larger ampli-
tudes farther away from the center of mass. In our previous work [15], we found
that new gait always occurs at high speed. The gait is defined as follows

O[((I21:::Jl)) sin(wt+ (j —1)8) +,j > n/2

8 = {a(?rffii) sin(wt + (j — 1)) +7,j <n/2

Serpentine gait is considered to have high propulsion efficiency and is the
most commonly gait pattern in various literature [14,16], see Fig. 2(b), is defined
as follows.

¢j =asin(wt+ (j—1)8)+~v,j=1.n—1. (4)

The eel gait is inspired by Bio-eel’s swimming, see Fig.2(c). This gait is
characterized by smaller head amplitude and larger tail amplitude. Each joint
angle is defined as follows

b :ozz_i_isin(thr(jfl)ﬂ)Jr’y,j: l.n—1. (5)

The new gait have not been analyzed in detail in previous literatures. There
is no comparison between the advantages and disadvantages of the new gait
compared to other gaits. Therefore, this paper analyzes the three gait patterns
mentioned above. In these gaits, the same range of gait parameters can be con-
strained as follows.

0<a<140<w<m0<p<T.

Since the linear relationship between gait frequency w and velocity has been
confirmed by most literatures, we mainly focus on the optimal distribution of
the other two parameters.

3.2 Evaluation Indicator

The indicator to evaluate the gait efficiency is defined as

Pmin
Ji = o (6)
where P,,;, is a function representing the input power of all joints. v; is the
velocity of robot.

The smaller the indicator Jy, the higher the efficiency. If the index is opti-
mized directly, it is easy to cause the velocity to approach zero. Therefore, we
decompose the indicator into two objectives, and then optimize it by multi-
objective optimization algorithm. The optimal parameters «, 3,w are obtained
under the objective of minimum input power and maximum speed. After the
optimization is completed, this indicator is used to evaluate the efficiency. The

input power of all joints is
n—1

Pzn:ZT(rb

i=1
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Different from other literature, this paper takes the sum of the maximum input
power plus absolute value as the input power evaluation function, which can
effectively prevent the situation of excessive instantaneous power. The specific
optimization objective function is expressed as follows.

Vmin = _terﬁoa,};] {vt(t)} (7)
Ppin =min  sum  ( max |7(t). * ¢(t)T\) (8)

i=1,..n—1 "t€[to,t1]

where v; is the tangential velocity of eel-like robot. The initial time and end time
are represented by to, 1 respectively. 7(t) is the input joint torque.  is the joint
angular velocity. Vector dot product is denoted by .x.

It is necessary to select a multi-objective optimization algorithm which can
converge to the pareto surface quickly due to the complexity of the dynamics and
the long time to obtain numerical solutions. In this paper, NSGA-II algorithm
is used to optimize the parameters of eel-like robot. This algorithm does not
require initial values and can reach the optimal solution at a faster speed. It is
a non-dominated sorting genetic algorithm with elite strategy, which can obtain
Pareto surface faster for complex models. The non-dominated sorting genetic
algorithm NSGA-II is proposed based on the Pareto sorting idea.

4 Simulation and Experiment

The dynamics was calculated using ode45 solver in Matlab with a relative and
absolute error tolerance of 107% and the number of modules n is set to 8.
The control gain of the PD controller in the simulation is designed as K, =
200, K4 = 100. Initial states are set to zero. The NSGA-II algorithm used a
crossover probability of 0.9, a mutation probability of 0.1, a population of 200,
and an evolutionary algebra of 200.

The fluid parameters were set as p = 1000kg/m?, Cpy = 1,Cy = 0.03,Cp =
2,C, = 1,A\ = 7.1905 x 107%, Xy = 1.5 x 1073, A3 = 7.1526 x 10~°. For a
cylindrical body immersed in a flow with a Reynolds number of approximately
Re = 10°. The normal drag coefficient for the environmental force was set to
cn, = 9.3750, and the tangential drag coefficient was set to ¢; = 0.2209, and the
added mass coefficient was set to u,, = 0.5522, u; = 0.

4.1 Analysis of Optimization Results

According to Pareto set obtained by NSGA-II, it is found that optimal phase
shift of eel gait is near 0.5rad, and the optimal amplitude of eel gait is mainly
around 0.5rad. Optimal phase shift of serpentine gait is near 0.5rad, and the
optimal amplitude serpentine gait is mainly 0.1-0.5 rad. The optimization results
of serpentine gait are consistent with the paper [12,13]. The optimal phase shift
of new gait is also near 0.5 rad.

The optimization results are shown in Fig. 3, which describe the relationship
between the optimized velocity and the input power of the three gait pattern.
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Fig. 3. Velocity vs input power.

In Fig. 3, the points corresponding to the same velocity of those gait patterns
are taken, and the corresponding efficiency of each gait are obtained in Table 2.
Eel-like robot with the new gait has smaller input power at the same speed. At
the same input power, eel-like robot with the new gait has faster speed. It can
be seen that the new gait is more efficient (J; is smaller). Although the new
gait has higher energy efficiency, its maximum speed can only reach 0.3961m/s.
More higher speed can be provided by the serpentine gait.

Table 2. Optimal gaits and corresponding gait parameters

Gait ve/(Mm/)$s) | Pmin/(W) |« Jé; w J1
Serpentine gait | 0.299 2.342 0.265 | 0.329 | 1.857 | 7.83
Eel gait 0.297 2.76 0.413 1 0.553 | 3.064 | 9.293
New gait 0.299 1.242 0.367 | 0.388 | 1.931 | 4.154

In summary, compared with serpentine gait and eel gait, the new gait con-
sumes less power at the same speed and has faster speed at the same input power.
Compared with serpentine gait and eel gait, the new gait has higher swimming
efficiency. Next, the serpentine gait and the new gait will be analyzed in detail.

4.2 Simulation and Experimental Analysis

In order to analyze the efficiency of serpentine gait and new gait, and the influ-
ence of amplitude and phase shift on velocity. This section uses the 3D motion
capture system VXtrace to obtain real-time location. All the experimental equip-
ment is shown in Fig. 4. Motion capture system VXtrace is composed of C-trace
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scanner, Calibration rod, Maxshot and Controller. The system can accurately
and timely measure the position and direction of the reflecting target in space.
The visual range of C-Track 780 is 7.8 m3, the horizontal visual range is trape-
zoidal, and the sampling frequency of C-Track 780 is set to 29 Hz.

Fig. 4. Experimental equipments.

The robot consists of 8 modules, the total length is 1.6 m and the total mass is
6.75 Kg (see Fig. 5). The robot is completely submerged in water, and the robot
moves in the horizontal plane. O-ring and silicone are used to ensure the sealing
of the robot. Each modular universal unit MUU has two degrees of freedom of
pitch and yaw.

Serpentine gait

— — —newgait

02 04 06 08 1 12

alrad]

Fig. 5. The underwater eel robot. Fig. 6. Velocity vs amplitude.

In order to obtain the forward velocity of the robot, the Savitzky-Golay filter
in MATLAB is used to estimate the velocity of the robot. The window length
of the filter is set to 19, and the mean filter method is used when the filter is
invalid. The most important feature of this filter is that it can keep the shape
and width of the signal unchanged while filtering out the noise. In addition, the
initial state of the experiment is consistent.
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Velocity Vs Amplitude. In Fig. 6, the simulation of the two gaits is obtained
by changing the amplitude under the condition of constant frequency (0.5 Hz)
and phase (0.8rad). The simulation results show that speed of both gaits
increases and then decreases with the increase of the amplitude. The new gait
and serpentine gait exists the optimal amplitude to maximize the velocity. After
repeated experiments, these points near the optimal amplitude of the serpentine
gait and new gait are selected as Tables 3 and 4. Table4 shows that in the new
gait, as the increase of the amplitude, the power consumption P;, increases, the
average power increases, the swimming efficiency decreases (J; increases), and
there is an optimal amplitude to maximize the average speed of the experiment.
Compared to Table 3 and 4, At the same input power, the experimental average
speed of serpentine gait is lower than that of new gait, and the average input
power of new gait is lower than that of serpentine gait (except for v = 0.8).
When the average speed is the same, the J; of the new gait is lower than that of
the serpentine gait, so the efficiency of the new gait is higher. There is a slight
difference between the individual results of the experiment (o = 0.8) and the
simulation results. The possible reason is that the robot was subject to extra
resistance produced by dragging of wires due to the large swing of the tail. In
addition, the actual shape different from the simulation hypothesis. In fact, the
simulation model can not fully reflect some characteristics of the actual pro-
totype. For example, the simulation robot is completely symmetrical, while the
robot prototype is not completely symmetrical. The simulation assumes that the
cross-section of the prototype is a cylinder, while the actual cross-section of the
prototype is not a complete cylinder.

Table 3. Simulation and experimental of serpentine gait

a/(rad) | Average power/(W) | Average speed/(m/s) | J1

0.5 0.0193 0.0197 0.9797
0.6 0.0244 0.0234 1.0427
0.7 0.0304 0.0208 1.4615
0.8 0.0375 0.0258 1.4535

Table 4. Simulation and experimental of new gait

a/(rad) | Average power/(W) | Average speed/(m/s) | J1

0.5 0.0149 0.0179 0.8324
0.6 0.0190 0.0197 0.9645
0.7 0.0235 0.0242 0.9711

0.8 0.0285 0.0178 1.6011
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Fig. 7. Velocity vs phase shift.

Velocity vs Phase Shift. The influence of phase shift on velocity is analyzed
by changing phase shift under the condition of constant amplitude (0.6 rad) and
frequency (0.5 Hz). The variation trend of velocity with phase shift is shown in
Fig.7. It can be seen that the phase shift between the two gaits also has an
optimal value (near 0.2-0.3rad). Several points are selected from the figure, and
the experimental result of the serpentine gait and new gait are shown in Tables 5
and 6 respectively. The average power is decreasing with the increase of phase
shift by analysing the Tables5 and 6. In addition, as the phase shift increases,
the indicator J; of the new gait decreases, and the efficiency of the new gait
increases. Comparing simulation and experiment, it is found that optimal phase
of the new gait and the serpentine gait exists for maximum speed. Overall, the
experimental results are consistent with the optimization results of the NSGA-IT
algorithm.

Table 5. Simulation and experimental of serpentine gait

B/(rad) | Average power/(W) | Average speed/(m/s) | Ji

0.3 0.1842 0.0287 6.4181
0.4 0.1380 0.0256 5.3906
0.5 0.0905 0.0284 3.1866
0.6 0.0554 0.0270 2.0519
0.7 0.0346 0.0218 1.5872
0.8 0.0244 0.0234 1.0427
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Table 6. Simulation and experimental of new gait

B/(rad) | Average power/(W) | Average speed/(m/s) | J1

0.3 0.1181 0.0323 3.6563
0.4 0.0734 0.0309 2.3754
0.5 0.0411 0.0254 1.6181
0.6 0.0257 0.0257 1.0000
0.7 0.0211 0.0219 0.9635
0.8 0.0190 0.0197 0.9645

5 Conclusions

The optimal gait parameter combination of three different gait patterns was
analyzed by multi-objective optimization algorithm NSGA-II to obtain high effi-
ciency swimming gait, and the swimming efficiency of three gait patterns was
evaluated by efficiency indicator J;. The simulation results show that the new
gait has faster speed at the same input power, and consumes less input power at
the same speed. That is, the new gait has higher swimming efficiency than the
serpentine gait and eel gait. Then, experiments are carried out to verify that the
new gait is more efficient. In addition, optimal gait amplitude and the optimal
phase shift exist that make the velocity maximum in both the new gait and the
serpentine gait. In future research, we will analyze the influence of additional
resistance caused by dragging wires.
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