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Abstract

We present a novel design of a battery distribution-based snake robot to prolong its
operational time. Unlike traditional snake robot models, which utilize locomotion
algorithms to reduce energy consumption, our design enhances energy capacity by
integrating more batteries in a specific pattern. However, this arrangement increases
the masses of the links, which affects the robot’s dynamics and increases power
consumption. To address this challenge, our design employs battery distribution
along the snake robot's body. Furthermore, we propose a multi-objective
optimization algorithm for optimal battery distribution that minimizes energy
consumption while maximizing power supply capacity. Simulation results
demonstrate the feasibility of the proposed design, showcasing that the power
supply can be increased by 100% with only 30% increase in energy consumption.

Keywords: Energy efficiency, Lithium battery, Multi-objective optimization,
Snhake robot.
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1. Introduction

The field of snake robots is rapidly emerging within the realm of robotics research,
with applications ranging from search and rescue missions to exploration of
hazardous environments. These bio-inspired robots exhibit unique features such as
agile manoeuvring and the ability to navigate through narrow passages and over
rugged terrain [1]. Snake robots commonly utilize a basic undulation to perform a
wave-like motion, enabling rapid crawling, climbing, and various manoeuvring
tasks [2]. Exploiting such remarkable features, researchers have proposed several
models of snake robots in the literature that cover a wide range of applications.
Consequently, different gait models have been proposed, including planar,
sidewinding and 3D gaits [3, 4].

Typically, existing snake robots are comprised of multiple rigid links, which
are manipulated by servomotors to replicate the structure and locomotion gaits of
real snakes [5]. Consequently, several studies have proposed a snake robot
structure that utilizes soft links to achieve the flexible and continuous bending
that emulates the natural movement of snakes [6, 7]. As autonomous robots,
snake robots rely on rechargeable power supplies, such as Lithium-ion batteries,
to facilitate their locomotion.

However, a critical aspect of autonomous snake robots is the limitation of the
energy supply, as they are usually powered by a limited number of batteries. This
limitation directly affects the mobility, operational time, and overall performance
of the snake robot. Hence, the objective of minimizing energy consumption has
mainly been achieved by developing gait algorithms for controlling the movement
of the snake robot [8].

In this paper, we present a novel design for a snake robot that incorporates a
distributed battery system. The primary objective of the proposed design is to
extend the operational time of the snake robot by addressing the power limitations
often encountered in traditional models. The proposed optimization algorithm and
design are for snake robot motion on plane surfaces only. The paper is organized
as follows. Section 2 provides a review of the related research work. Section 3
offers a detailed description of the proposed design, including the mathematical
model and software setup. Section 4 outlines the simulation and experimental
results, along with their analysis. Finally, Section 5 discusses the conclusions drawn
from our findings and highlight potential future research directions.

2. Related Work

The research work in the literature has covered different aspects of snake robots.
The versatility of a snake robot allows it to undertake a broad array of tasks, despite
its simple structure. Consequently, extensive research has been conducted on the
design and control methods employed for snake robots [9].

Recent research in evolutionary robotics [10] has demonstrated that integrating
energy efficiency into robot design can lead to faster and more effective robots with
diverse designs, highlighting the importance of optimized energy distribution.
Another study [7] has shown that employment of plate-springed parallel elastic
actuators can significantly enhance the efficiency of planar snake robots. These
actuators achieve better energy efficiency compared to the traditional designs when
optimizing spring stiffness using dynamic simulations.
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However, the concern of this paper is the prolong the operational time of the
snake robot. That objective can typically be achieved either by the mechanical
design or the gait controller. It was observed that very few studies focused on the
first method, such as the study by Duivon et al. [11]. The researchers proposed a
design a low-cost modular snake robot controlled by elastic actuators. The design,
which was built using Robot Operating System (ROS), included an eddy current
damper and a battery set in each module to increase the total battery capacity, and
hence, prolong the operational time.

However, including those batteries for each module will increase the power
consumption due to the increased mass of the snake robot, which hasn't been
addressed in the study. Furthermore, no experimental results of the proposed model
were included in the study to prove its efficiency.

Similarly, a study by Bianchi et al. [12] on swimming shake robots highlighted
the benefits of a bioinspired design that mimics the locomotion of anguilliform fish.
The study proposed a robot with a modular design that incorporates a battery within
each unit, allowing it to navigate narrow and challenging environments for
extended periods. However, the study did not explore optimizing battery
distribution to further prolong operational time, leaving significant potential for
improvement through more effective battery distribution strategies.

In the same context, recent advancements in flexible battery design, such as the
bidirectional snake-origami lithium-ion batteries proposed by Li et al. [13], have
been applied to bendable robot arms, offering valuable insights for snake robots.
These batteries combine rigid and soft segments to achieve high energy density and
flexibility. This design could be adapted to optimize battery distribution in snake
robots, enhancing energy efficiency and operational time while maintaining
flexibility and minimizing mass.

Generally, most researchers have focused on controlling the gait of the snake
robot to reduce energy consumption and enhance its operational time. However,
some studies have proposed replacing the rigid links of the snake robot with soft
links to decrease the overall mass, leading to reduced power consumption and
improved energy efficiency [6]. Moreover, in other studies, a muscle-driven
mechanism was employed to achieve both energy efficiency and optimal
locomotion for snake robots [14].

The gait control is usually enhanced by applying Artificial Intelligence (Al)
techniques such as machine learning to achieve a gait that minimizes power
consumption. For example, Rebolledo et al. [15] investigated the impact of energy
consumption on the behaviour and morphology of evolved robots, specifically
snake-like ones. Consequently, energy consumption and speed were defined as the
dual objectives for robot evolution, whereas NSGA-II (Non-dominated Sorting
Genetic Algorithm I1) was used for solving the multi-objective problem. The results
of the study demonstrated that integrating energy efficiency into the optimization
process can yield smaller robots maintaining the same speed or faster robots with
the same size.

Utilizing the capabilities of machine learning, a snake robot gait design presented
by Bing et al. [16] employed Reinforcement Learning (RL) to achieve an energy-
efficient gait and adaptive locomotion. The RL-based method demonstrated better
performance in terms of energy efficiency compared to the traditional kinematic-
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based methods. Similarly, Liu and Farimani [17] applied deep reinforcement learning
to develop a snake robot gait to enhance energy utilization. Compared to conventional
control techniques, the proposed method achieved a considerable reduction in energy
consumption and slightly improved the slithering velocity.

Typically, the utilization of snake robots for a specific task, such as navigation,
requires a trade-off between locomotion speed and energy consumption, making
the application of multi-objective algorithms becomes valuable in such scenarios.
Singh et al. [18] combined the capabilities of reinforcement learning and fuzzy
inference system to optimize an energy-efficient gait of a snake robot. The
proposed multi-objective method addressed the challenge of balancing the average
velocity and power consumption through a weighted-sum optimization approach.
The use of a fuzzy inference system provides the advantage of accelerating learning
speed by reducing the number of potential states. The proposed method achieved a
faster steady-state compared to traditional approaches.

Another utilization of a multi-objective framework was introduced by Hannigan
et al. [19] for controlling the gait of snake robots. The proposed method doesn’t
rely on predefined patterns to generate the undulation curve of the snake robot
motion. Instead, the authors employed a model predictive control method to
generate efficient locomotion gaits, which is adapted to the modelled environment
of the snake robot as an integral aspect its dynamics. Furthermore, the study utilized
the Pareto curve to describe the trade-off between achieving the desired speeds and
maintaining the lowest power consumption. However, it is crucial to consider the
reduction of computation time to fulfil the demands of real-time applications.

3. Description of the Proposed Design

This section describes the proposed design of the snake robot, encompassing its
structure, mathematical model, and simulation setup. The primary focus of this
section is to investigate the impact of battery distribution along the body of the
snake robot on energy consumption. Additionally, we will present the optimization
algorithm used for determining the optimal battery distribution.

Studies on snake robots by Chen et al. and Badran et al. [20, 21] have shown
that the torques of the motors near the middle of the snake robot are higher than
those located further away from the middle. Consequently, the energy consumption
of the motors at both ends is lower. Distributing batteries along the links would
disrupt this pattern of energy consumption and lead to unexpected results.

With this hypothesis, we propose a design that follows a common configuration
found in the majority of snake robots, consisting of n identical links joined and
actuated by n-1 servomotors. The main distinguishing feature of this design is that
each link is equipped with a battery housing on its top, capable of holding a varying
number of batteries to serve as a power source for the snake robot, as shown in Fig.
1. However, the masses of those batteries add extra load that should be considered
in the calculations of energy consumption.

Ultimately, it is crucial to highlight the complexity involved in bringing the
proposed design of the snake robot into a physical reality. Commonly, this
implementation  involves utilizing several components, including the
microcontroller board, servomotor drive, connecting wires, passive wheels, and
more. Furthermore, the incorporation of multiple batteries, especially in parallel
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form, requires implementing a battery management system to improve energy
efficiency. However, the detailed discussion of these specific details lies beyond
the scope of this study.

Batteries

B Sl

P - S

e PN

Passive wheels Links

Fig. 1. A schematic 3D view of the proposed design.

3.1. Mathematical model for energy consumption

In snake robot locomotion, most of the energy is primarily consumed by the
servomotors, as they draw a higher current than the electronic boards. Meanwhile,
the microcontroller and the other electronic components consume a small amount
of energy and, hence, will be neglected in this study. However, to obtain a
comprehensive assessment, we will consider the total energy consumption of all
joints in the snake robot throughout its locomotion.

To better understand the kinematic parameters involved, Fig. 2 illustrates the
kinematic model of the snake robot.
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Fig. 2. A kinematic model scheme of the snake robot.

where ¢; represents the absolute angle between each link and the axis along the
snake robot's body, and 6; denotes the relative angle between consecutive links.
These angles play a crucial role in calculating the energy consumption across the
snake robot's joints, while their relation can be determined as follows:

j=i-1

PO = ¢ + Y 6 @)
=1
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The following calculations are based on the proposed model by Chen et al. [20]
and its modified version in our previous study [21], where the detailed derivation
of the mathematical model is illustrated.

Firstly, the total energy consumption by a snake robot when traveling a specific
distance can be calculated as follows:

B, =Z I e de @

where T is the total travelling time, 6 is the angular velocity of link i, and ; is the
torque exerted by the motor at joint i that can be calculated as follows:
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where ¢ is the angular acceleration, while % and ¥ are the accelerations along x-
axis and y-axis respectively.

From the previous equation, it can be noticed that the torque, and thus the
energy consumption, are affected by the mass variation, as it will be apparent in the
following equations.

The first affected variable is the moment of inertia of link i, which is calculated
as follows:
1
=2 (i + (mp13), ) @

where, m; and L, are the mass and the length of link i, while mg and Ly are the
mass and the length of the attached batteries to the same link. However, it should
be noted that the centre of mass of the attached battery(ies) is assumed to be over
the centre of mass of the link itself.

Secondly, the tangential (F;) and lateral (Fy) friction forces are also mass-
dependent and can be calculated as follows:

Fr = —pgr xsign(vy) xm; x g 5)
Fy = —py xsign(vy) xm; x g (6)

where p; and p,y are the tangential and lateral coefficients of friction respectively,
while v, and vy are the tangential and lateral velocities. Considering that m; is the
total mass of link i, it can be defined as follows:

m; =my; + mg; @)

where m; is the mass of link i and mg; is the mass of batteries attached to link i.
Thus, the mass of the attached batteries is included in the mass of the link.

Finally, the above equations can be employed in the optimization algorithm,
where the masses of the links are varied to achieve the optimal battery distribution
for efficient energy consumption. The optimization procedure is further detailed in
the upcoming subsection.
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3.2. Optimization of battery distribution

This section illustrates the optimization process of the proposed design of snake
robot, focusing on battery distribution, as described in Section 3. The
implementation and simulation of the proposed design were carried out using the
MATLAB platform. For research purposes, the snake robot in this study comprises
8 links, and a set of batteries distributed in a specific pattern. Consequently, the
battery distribution (Dg) is defined as a row vector of integer numbers as follows:

Dg = {ny,ny,n3,n4, 5, M6, N7, Mg} (8)
where 0 <n; >4, fori =1,2,...,8.
Similarly, the links’ masses (m;, ) are represented as a set of real numbers as follows:
my = {my, My, M3, My, Mg, Mg, M7, Mg} ©
where m; is the mass of link i, fori =1,2,...,8.

Finally, the resultant vector (my) represents the total masses of the links and
can be expressed as follows:

my = (Dp O mg) +my (10)

where © denotes element-wise multiplication, while mg is a scalar value that
represents the mass of a single battery.

3.2.1. Muli-objective optimization

In this research, our primary aim is to prolong the operational time of the snake
robot. To achieve this goal, we have two main objectives: the first is to increase the
capacity of the power supply by employing a greater number of batteries. However,
increasing the number of batteries also results in additional power demands due to
an increase in mass. Therefore, we need to optimize the distribution of batteries
along the body of the snake robot to achieve our second objective, which is
minimizing the total energy consumption.

To address these objectives and strike a suitable trade-off, we applied a Multi-
Objective Optimization (MOO) algorithm as proposed in our previous study [22].
The optimization process considers various parameters, including number of
batteries, battery mass, link mass, and energy consumption. The procedure of the
Multi-Objective Optimization Algorithm is provided in the following pseudocode,
while the overall process can be found in Fig. 3.

Pseudocode for Multi-Objective Optimization Algorithm

/I Step 1: Define Objective Functions
fi = max(B)
f> = min(E)

I/ Step 2: Define Constraints
C = sum(B;) >= 8, for i = 1 to 8 // to ensure a sufficient number of batteries

/I Step 3: Initialize Parameters
n = 8 // number of links
Bax = 4 Il per link

mg = 30 g // battery mass
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M, =100 g // link mass

Dy =3 m// travelling distance

D =[12233 22 1] // battery distribution
Cau = Birax I calculate combinations

// Step 4: Optimization Process
while not optimal_distribution_found do
for each Dg in C,y; do
E = calculate_energy_consumption(Dg) // call fitness function

/I Step 5: Evaluate Objective Functions
F; = evaluate(f;)
F, = evaluate(f;)

I/ Step 6: Check Optimality
if (F; is maximized and F, is minimized) and C is satisfied then
optimal_distribution_found = true
break
end if
end for
adjust(Dg) // adjust battery distribution
end while

[l Step 7: Output Optimal Solution
output optimal_battery_distribution

The first step is to define our objective functions: the first one is to maximize
the number of employed batteries, which is indicated as f;, while the second one is
to minimize energy consumption, indicated as f,. Hence, the objective functions
can be expressed as follows:

fi = max(B) (11)
fa = min(E) (12)

where B and E are the number of batteries and total energy consumption respectively.

Define the initial values: [Vary battery distribution
number of links, number of batteries for Optimization
link mass, battery mass,
traveling distance

|

Distribute batteries }

along the body of the snake robot

Calculate
energy consumption

Fig. 3. Flowchart of the optimization process.
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On the other hand, constraints need to be defined for the optimization process
to address the limitations of the snake robot's parameters. In this study, we consider
two constraints €; and C,. The first constraint ensures that the total number of
batteries is at least 8, providing sufficient energy for multiple servomotors. The
second constraint limits the maximum number of batteries per link to 4 to prevent
overloading. Mathematically, these constraints can be expressed as follows:

Ci:B>8 (13)
Cpib;<4,i=1,2,..,8 (14)

where B is the total number of batteries, and b; is the number of batteries placed on
a specific link i.

By referring to our previous study [21], the total energy consumption of a snake
robot journey is mainly affected by the initial acceleration and the winding angle.
However, the main concern of this paper is about the effect of mass variation on
energy consumption based on battery distribution. Therefore, the initial
acceleration and the winding angle will remain fixed, while the links' masses will
be varied by varying the number of batteries in each link. This type of arrangement
leads to a total number of different combinations of battery distribution that can be
calculated as follows:

Ctotas = B™ (15)

Here, B is the number of batteries, while n is the number links. For example, a
snake robot of eight links equipped with a maximum of four batteries per link yields
390625 possible combinations of battery arrangement. Such a considerable number
of combinations demands an optimization algorithm to efficiently reduce the
number of simulations and aid in finding the optimal battery arrangement.

3.2.2. Simulation setup

In this study, we encounter two conflicting objectives: the first one is to maximize
the number of employed batteries, while the second is to minimize energy
consumption. To address this conflict, we utilized the gamultiobj function in
MATLAB, which is based on the NSGA-II algorithm. This powerful multi-
objective optimization algorithm was applied to the snake robot, where the energy
consumption served as the fitness function. A description of the parameters utilized
in the optimization process is provided in Table 1.

Table 1. Parameters of optimization algorithm.

Parameter Value
Length of the link 0.1m
Mass of the link 0.1kg
Number of links 8
Length of the battery 0.05m
Mass of the battery 0.03 kg
Number of batteries for asingle link  0to4
Traveling distance 3m
Winding angle 30°
Initial acceleration 1.5 m/s?

The simulation process of snake robot locomotion with different battery
distributions was carried out in two phases. In the first stage, the goal was to
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examine the effect of different battery distributions on the total energy consumption
when the snake robot travels a specific distance. To achieve this, we tested the
proposed design based on selected patterns of battery distribution for assessment
purposes. These patterns encompassed various arrangements, such as increasing
the number of batteries and changing the order of the same number of batteries.

The second phase involved the implementation of multi-objective optimization
to determine the optimal battery distribution that guarantees sufficient power
supply, while keeping power consumption as minimal as possible. The simulation
results are presented in the next section.

4. Results and Discussion

This section presents the simulation results that demonstrate the effect of different
battery distributions on the energy consumption of an eight-link snake robot when
traveling a 3-meter distance. Firstly, we tested the proposed design using selected
patterns of battery distribution for evaluation purposes. These patterns included
different arrangements, such as increasing the number of batteries or distributing
the same number of batteries with different orders as illustrated in Fig. 4.

Fig. 4. Battery distribution along the snake robot’s body.

The simulation results shown in Table 2 are sorted in ascending order based on
energy consumption. It should be noted that the numbers in the column headers
represent the links of the snake robot, while the vertical bars represent the number
of batteries attached to the respective link. For instance, the symbol () indicates 2
batteries, whereas the symbol () denotes 3 batteries, and so on.

Table 2. Effect of battery distribution on energy consumption.
Battery distribution along Energy consumption (J)

Elz?)ttern the eight links (tail to head) Battery mass
1 23 4 5 67 8 20g 30g 50g 60g
P1 1 11 1 1 11 1 436 471 542 577

P, mnmnmummnmumnmmmb506 577 718 7.88
P3 I IO Hn T e m 577 6.82 8.94 10.00

P4 — - nmnmn- — 425 458 557 6.19
Ps —mnmnm - —nmn - 609 783 1226 14.88
Ps mumim 1 1 immmb588 7.03 9.34 1051
Pz I Imm mmun m53 616 7.85 8.69
Ps — Immmnmmm — 758 11.01 21.12 27.51
Po I N m mimmn 57 687 931 1057

Based on the results in Table 2, it is evident that increasing the number of
batteries in each link leads to higher energy consumption as observed in the
first three rows. In these patterns, the number of attached batteries, and thus the
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mass, was first doubled and then trebled, resulting in an almost linear increase
in energy consumption.

However, it is worth noting that patterns p,, p,, and ps have the same number
of batteries (a total of 8 batteries), yet they lead to different values of energy
consumption. The same observation applies to patterns pg, p;, and pg, where a total
of 20 batteries are distributed in different patterns.

Additionally, despite increasing the number of batteries in pattern py (22
batteries), the energy consumption was reduced by approximately 38% compared
to pattern pg (20 batteries), when using batteries with a mass of 30 g each. This
reduction became more significant as the battery mass increased, demonstrating
that the optimized distribution in pattern p, led to improved efficiency even with a
higher total battery count.

However, it is crucial that the mass of the batteries remains within the limits of
the servomotor’s capability. Overall, the general trend of energy consumption
remains consistent across different battery masses, as shown in Fig. 5, indicating
that while the distribution pattern significantly impacts efficiency, the battery mass
itself does not alter the fundamental trend of energy consumption.

w
o

=
g 25 Battery mass
-g 20 —o—20 gm
Z 15 30 gm
8
> 10 50 gm
20
S g ‘/‘F—.\M 60 gm
=]
&3]

(=}

1 2 3 4 5 6 7 8 9
Battery distribution pattern

Fig. 5. Impact of battery distribution on energy
consumption using different battery masses.

Further simulations were conducted to assess the impact on energy consumption
when using the same total number of batteries. Results of a total of 8 batteries
distributed in pairs are presented in Table 3, while results for a total of 20 batteries,
symmetrically distributed, are presented in Table 4.

Table 3 displays the results obtained using four pairs of batteries distributed
along the eight links. Meanwhile, the results of using 1 to 4 symmetrically
distributed batteries are shown in Table 4. The simulation included all possible
combinations of battery distribution; however, only a few results are presented
here, which are sufficient to demonstrate the trend of the effect of battery
distribution on energy consumption.

It is noted from the results in Table 3 that the concentration of batteries at the
first half of the snake robot (next to the tail) in addition to the last link, tends to
decrease power consumption, as seen in rows 1 to 3. Meanwhile, it is also noted
that battery concentration on the second half of the snake robot (next to the head)
demonstrates the highest values of energy consumption, as seen in the last row of
Table 3. However, even a slight shift of the battery distribution may lead to a
noticeable increase in energy consumption as seen in rows 2 and 69.
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Table 3. Effect of distributing a similar
number of batteries on energy consumption.

Battery distribution along

Pattern - - - Energy
No - tge e|g3ht Ilzks (t5a|I t06heac;) < cons 0)
P1 nun - n - — — 1 2.56
P2 nnn - - — — 1 2.70
P3 nun - - n - — 1 2.80
Pa n - nmn - — — 1 2.82
Ps - — nnmnn - - 292
Peo nnnn - - - - 617
Pe1 nnn - n - - - 623
Des nnn - — n - — 665
De6 nn - - — nn - 670
Pe7 - — — mh nmn — nu 6.78
Des nnnmn - - — nm - 6489
Peo - — — W — m nn 6.95
P70 - — — — h m nn 7.84

Table 4. Effect of distributing a variant
number of batteries on energy consumption.

Pattern Battery d_istribut_ion along
No the eight links (tail to head)

1 2 3 4 5 6 7 8
P1 1 I mmummn.i 3.87
P2 mm 1 1 mmm 417
P3 m m m 1 1 nmm 424
P4 m un m 1 1 I nmn 425
Ps mm 1 nm m 1 nmm 426
Pe I 1 nmum mm 4.28

Energy
cons. (J)

P17 I Immmiummn .1 4.34
Pis m w1 mwmm 1 nmm 45
P19 m 1 m n nwm 1 1 465
P20 mim n 1 1 nmmm 47
P21 m 1w mm w1 m 489
P22 I m n mmm1i 5.35
D23 1 1 n mm mimi 5.39
P24 I 1 m n mmim.i 5.93

On the other hand, the analysis of Table 4 shows that energy consumption is
lowest with a symmetrical battery distribution centred around the middle of the
snake robot, as seen in p; (3.87 J). Concentrating batteries heavily in the middle or
at the ends generally increases energy consumption, with patterns like p,, 10 py,4
showing higher values. Overall, a balanced, moderate distribution of batteries is
most effective for minimizing energy consumption.

For further assessment, the proposed design was tested using the same battery
distribution across different conditions. In the first test, initial acceleration (acc)
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was fixed, while the winding angle () varied. In the second test, the winding angle
was fixed, while the initial acceleration varied as follows:

e Casel:a=30°acc=15m/s?
e Case2: a=45° acc = 1.5m/s?
e Case3:a=30°acc =1.2m/s?

The results of these tests are presented in Table 5. The purpose of this
assessment is to explore the impact of battery distribution on energy consumption
when varying parameters such as winding angle and initial acceleration (which
influences the average speed). The test encompassed all possible combinations of
4 pairs of batteries across the eight links of the snake robot. However, due to space
constraints, only selected results are presented here. Nevertheless, the displayed
results are sufficient to demonstrate the overall tendency.

Table 5. Effect of battery distribution on energy
consumption using different winding angles and average speeds.

Battery distribution along

pattern the eight links (tail to head) Energy consumption (J)
1 2 3 4 5 6 7 8 Casel Case2 Case3
p1 M0 - 0l - — — m 25 599 227
P2 W n N - — — — W 270 637 244
p3 M - — 0 - — W 280 646 241
s W - 0 0 - — — m 28 577 253
Ps — —momomm - — 29 638 241
Pe m - 0 - 0 - — m 306 623 278
Pz M N — N — — N — 625 1229 527
Ps M N — — N — N — 628 1259 533
P4 - — — N N — W W 65 1045 608
Pes M N N - — N — — 665 1321 574
Pes M N — — — W N — 670 1344 575
P& - — — M N N — W 678 1059 639
Pes M N M - — — N - 68 1355 587
Peo - - - N — N N W 695 1109 640
Pe - - - — N N N W 78 1219 731

Results shown in Table 5 were sorted in ascending order based on Case 1 for
comparison purposes. It can be observed that the lowest energy consumption is
achieved using pattern p, in both Case 1 and Case 3. Similarly, pattern p,, yielded
the highest energy consumption in both cases. The other patterns have a nearly
similar effect on energy consumption, indicating that changing the average speed
did not significantly alter the general impact of battery distribution for the same
winding angle.

On the other hand, when the winding angle increases from 30° to 45° while
maintaining the same average speed (Case 1 vs. Case 2), energy consumption
generally rises across all battery distributions. The extent of this increase varies,
showing that the impact of battery distribution on energy consumption is influenced
by changes in the winding angle. Some distributions lead to a more pronounced
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increase in energy consumption than others, suggesting that certain distributions
are less optimal at higher winding angles.

However, while the effect of winding angle and average speed on energy
consumption has been extensively explored in our previous work [21], this paper
focuses specifically on optimizing battery distribution for efficient energy
consumption. The findings underscore the critical importance of optimizing battery
distribution patterns to achieve energy efficiency across different operating
conditions. By carefully selecting and optimizing these patterns, it is possible to
minimize energy usage and extend the operational time of the snake robot.

The results shown previously in this paper discussed the effect of preselected
patterns of battery distribution on energy consumption. However, the process of
finding the optimal battery distribution is a tricky task, especially when the number
of batteries is undefined. Furthermore, the simulation result of the multi-objective
optimization is shown in Fig. 6 as a set of points forming a Pareto optimality curve.
The graph effectively visualizes the trade-offs between battery distribution patterns
and energy consumption.
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Fig. 6. Pareto optimality curve of battery
distribution patterns vs. energy consumption.

It should be noted that the integer numbers along the x-axis in Fig. 6 indicate
the summation of batteries for a specific pattern, while the negative sign is
employed for optimization purposes. Each point on the curve in Fig. 6 depicts an
optimal solution that strikes a different balance between the two objectives. The
Pareto optimality curve provides valuable insights into the trade-offs between
conflicting objectives, including solutions that cannot be improved in one objective
without sacrificing the other. However, there are some techniques, such as the
weighted sum method, that help in selecting the best solution, which is beyond the
scope of this study.

To conduct further analysis, the battery distribution patterns were extracted
from the results shown in the Pareto optimality curve and subsequently transferred
to Table 6.
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Table 6. Solutions obtained by Pareto optimality curve.

Battery distribution along the eight

Pattern - B Total Ener
No T 2 ":? ks (Ltla" tg heag) 7 8 batteries cons. g(]3/)
P1 nnunnmi 1 — 01 12 2.72
P2 nnunmnmnmi — 1 13 2.77
P3 mm nn i1 — — I 14 2.81

P4 m m n m n - m 16 2.83
Ps mim nmun 1 — m 17 2.97
Ps m m m mn 1 — m 18 3.00
Pz m m m mm 1 — m 19 3.04
Ps m m m mmmn — m 20 3.18
Po mm mim 1 - m 21 3.20
P1o mmm i m 1 - mm 22 3.21
P11 miummmmun — m 23 3.36
P12 moum m m m m — m 24 3.53
P13 mommmmmmun 1 m 25 3.60
P1a mommmmmm n nm 26 3.82
Pis mommmmmmm nm 27 3.99
P16 momm m m mumm mmm 28 4.60

The solutions presented in Table 6 utilize various numbers of batteries and
diverse patterns. However, the majority of these solutions suggest no batteries on
link 6 and a minimal number for link 6. Essentially, all the solutions in Table 6 are
acceptable; however, some solutions offer better results. For instance, when
comparing patterns p, (with 12 batteries) and p,, (with 24 batteries), we notice that
the number of batteries was twice that of pattern p,, while the energy consumption
increased by only 30%. In simple terms, by utilizing this arrangement, we can
double the capacity of the power supply at the cost of only 30% of extra energy
consumption. Consequently, the battery distribution of pattern p,, demonstrates
more efficient utilization of energy compared to pattern p;.

5. Conclusion

In this paper, a novel design for a snake robot with a battery distribution along its
body is proposed. The main contribution of this work is introducing an innovative
approach to leverage the snake body in increasing the power supply capacity by
adding more batteries, thereby significantly prolonging the operational time of the
snake robot. The simulation results demonstrate that the proposed design
effectively improves the efficiency of the snake robot by optimizing the battery
distribution along its body. Notably, different distributions of the same total number
of batteries may reduce energy consumption by approximately 38%. Moreover, the
simulations consistently revealed that battery concentration near the middle of the
snake robot consumes less energy compared to concentration near the ends.

Furthermore, a multi-objective optimization based on the NSGA-II algorithm
was applied to derive the optimal battery distribution, resulting in a Pareto
optimality curve that accounts for the trade-offs between the number of batteries
and energy consumption. Notably, we observed that certain arrangements of battery
distribution can effectively double the capacity of the power supply with just an
additional 30% of energy consumption.
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A potential limitation of the design is finding batteries of the appropriate size
that fit the snake robot and are optimally placed without affecting its balance.
Addressing this issue will involve exploring suitable battery sizes and optimizing
their placement. Looking ahead, potential future work may focus on optimizing the
link size and number of links to achieve a snake robot design that extends
operational time by minimizing total energy consumption. Additionally, machine
learning techniques hold promise for modelling the snake robot based on battery
distribution, presenting exciting possibilities for further advancements in this field.

Future research could explore optimizing battery distribution in various
scenarios and integrating advanced control systems. Practical applications include
search and rescue, environmental monitoring, and industrial inspections.

Nomenclatures

acc Initial acceleration, m/s?

B Number of batteries

Crotal Total number of different combinations of battery distribution
Dy Row vector of battery distribution
Er Total energy consumption, J

E, Lateral friction force, N

F, Tangential friction force, N

g Gravitational acceleration, m/s?

G Centre of gravity, m

I Moment of inertia, kg.m?

Lg Length of battery, m

L, Length of the link, m

mg Mass of battery, kg

my Mass of the link, kg

n Number of links

D1, D2y or Pattern numbers of different battery distributions
X Acceleration along x-axis, m/s?

¥ Acceleration along y-axis, m/s?
Greek Symbols

a Winding angle, deg.

0 Relative angle, deg.

Uy Coefficient of lateral friction

Ur Coefficient of tangential friction
T Joint torque, N.m

¢ Absolute angle, deg.

é Angular acceleration, rad/s?
Abbreviations

Al Artificial Intelligence

MOO Multi-Objective Optimization
NSGA-II  Non-dominated Sorting Genetic Algorithm 11
RL Reinforcement Learning

ROS Robot Operating System
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