
Heliyon 9 (2023) e14447

Available online 10 March 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Self-sustained chaotic floating of a liquid crystal elastomer balloon 
under steady illumination 

Peibao Xu, Haiyang Wu, Yuntong Dai, Kai Li * 

Department of Civil Engineering, Anhui Jianzhu University, Hefei, Anhui 230601, PR China   

A R T I C L E  I N F O   

Keywords: 
Self-sustained oscillation 
Chaos 
Light-powered 
Liquid crystal elastomer 
Balloon 
Floating 

A B S T R A C T   

Self-sustained chaotic system has the capability to maintain its own motion through directly 
absorbing energy from the steady external environment, showing extensive application potential 
in energy harvesters, self-cleaning, biomimetic robots, encrypted communication and other fields. 
In this paper, a novel light-powered chaotic self-floating system is proposed by virtue of a 
nonlinear spring and a liquid crystal elastomer (LCE) balloon, which is capable of self-floating 
under steady illumination due to self-beating. The corresponding theoretical model is formu
lated by combining dynamic LCE model and Newtonian dynamics. Numerical calculations show 
that the periodic self-floating of LCE balloon can occur under steady illumination, which is 
attributed to the light-powered self-beating of LCE balloon with shading coating. Furthermore, 
the chaotic self-floating is presented to be developed from the periodic self-floating through 
period doubling bifurcation. In addition, the effects of system parameters on the self-floating 
behaviors of the system are also investigated. The detailed calculations demonstrate that the 
regime of self-floating LCE balloon depends on a combination of system parameters. The chaotic 
self-floating system of current study may inspire the design of other chaotic self-sustained motion 
based on stimuli-responsive materials, and have guiding significance for energy harvesters, self- 
cleaning, biomimetic robots, encrypted communication and other applications.   

1. Introduction 

Self-sustained motion refers to a system maintaining its own motion in the presence of energy input from a steady external 
environment [1–4]. Generally speaking, a self-sustained motion system obtains energy from the external environment to compensate 
for the damping dissipation during system motion [5–7]. Self-sustained motion generally has strong robustness, with frequency and 
amplitude depending on system parameters [8–12]. The self-control of self-sustained motion is conducive to the design of complex 
controllers [13], which has important application prospects in many fields, such as the mobile robots [14,15], active instruments 
[16–19], energy harvesters [20–23], motors [24], autonomous separation and stirrer [25,26], sensors [27] and biomimetics [28], etc. 
In addition, the study of self-sustained motion contributes to a deeper understanding of non-equilibrium thermodynamic processes 
[29,30]. 

Substantial work has been done to construct a variety of self-sustained motion systems based on active materials, such as liquid 
crystal elastomers (LCEs) [31–34], hydrogels [35,36], polyelectrolyte gels [37,38] and so on. These active materials are responsive to 
different external excitations, such as light [6], heat [39], electric field [40] and magnetic field [41], etc., typically exhibiting changes 
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in shape and motion state. Through these stimuli-responsive materials, various self-sustained motion modes have been introduced, 
such as swing [42], rolling [43], rotation [44], bending [45], bouncing [46–48], twisting [49], vibration [50,51] and swimming [52]. 
These motion modes are originated from different specific mechanisms to maintain the system’s own motion, for example, self-shading 
mechanism [53,54], coupling mechanism between liquid volatilization and membrane deformation [30], and a combination of finite 
deformation and chemical reaction [37,38]. They absorb energy continuously from the environment through responsive deformation 
and movement of the material under external excitation, which makes up for the energy dissipated by system damping. 

At present, most of the constructed self-sustained motion modes are periodic. Recently, the chaotic self-sustained motion based on 
active materials has become an object of considerable attention [55]. Kumar experimentally constructed a self-sustained chaotic 
actuator based on LCE film [55]. This chaotic actuator doped with light-responsive azobenzene enables the polymer film to move 
under steady illumination [56,57]. With the change of light intensity and wavelength, the motion mode of the LCE film can change 
significantly. Conventional chaotic systems are mostly mechanical systems that passively acquire energy to compensate for the energy 
dissipation of system damping [58]. The self-sustained chaotic system of active materials can actively obtain the energy of the external 
system, which is more in line with the movement form of organisms, and can simulate the movement pattern of the natural organisms 
in a more realistic way. Meanwhile, self-sustained chaotic systems are of great significance for the optimization of nonlinear para
metric systems, artificial neural networks [59], nonlinear time series and bionic robot, etc. 

Currently, chaotic self-sustained systems base on active materials are seldom explored [55]. To realize more applications and 
functions, it is necessary to construct more self-sustained chaotic systems based on active materials, reveal their chaotic mechanism 
and behavior, and in turn provide guidance for the realization and control of self-sustained chaos. In fact, the construction of 
self-sustaining chaotic systems based on active materials is a very challenging task. Inspired by the classical Duffing chaotic system [58, 
60], this paper constructs a self-floating system consisting of a nonlinear spring and a liquid crystal elastomer balloon, which is capable 
of self-beating under steady illumination due to self-shading effect [53,54]. Under steady illumination, the LCE balloon can float up 
and down in periodic or chaotic manner, where the joint action of buoyancy force and gravity on the balloon is similar to periodic 
external excitation in the Duffing equation [58,60]. This is a new kind of light-powered self-sustained chaotic system based on 
stimuli-responsive materials, being distinct from the previous periodic self-sustained oscillation system [47,54]. The objective of this 
paper is to construct a new type of chaotic self-sustained system using active material, reveal its self-sustained motion mechanism and 
chaotic mechanism, and provide guidance for the application of self-sustained chaotic motion of active materials in energy harvesters 
[20–23], self-cleaning [55], biomimetic robots [16,30], encrypted communication [60], etc. 

This paper is written as follows. In Section 2, taking into account the well-established dynamic LCE model and ideal gas model, the 
corresponding governing equations of self-floating system and the beating dynamics of the LCE balloon are deduced. In Section 3, two 
motion regimes named static regime and self-floating regime are given by numerical calculation, and the mechanism of self-floating is 
explained. In Section 4, by adjusting the damping coefficient of the system, the evolution of the self-floating system from period to 
chaos is presented. Meanwhile, the time domain analysis and frequency domain analysis are carried out, and the Poincare map is 
drawn, with a more intuitive display of the chaotic evolution process. In Section 5, the influence of different system parameters on the 
self-floating is investigated in details. In Section 6, the conclusions are summarized. 

Fig. 1. Schematic of self-floating LCE balloon under steady illumination. (a) The original inflating state of the LCE balloon with painting radius rP; 
(b) The initial state with radius rI through further inflating and (c) The current state of the self-floating LCE balloon with arbitrary radius r(t) under 
the steady illumination. The contraction and expansion of LCE balloon caused by the self-shading effect lead to the self-floating phenomenon. 
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2. Model and theoretical formulation 

In this section, we first propose a light-powered chaotic self-floating system consisting of a nonlinear spring and a liquid crystal 
elastomer balloon, which is capable of self-beating under steady illumination due to self-shading effect. Then, the corresponding 
theoretical models are developed based on Newtonian dynamics and dynamic LCE model, in which it contains the governing equations 
of floating system, beating dynamics of the LCE balloon with shading coating, as well as the nondimensionalization of system pa
rameters and solution method. 

2.1. Governing equations of self-floating system 

Fig. 1 sketches a self-floating system where a LCE balloon is attached to a nonlinear spring fixed on the rigid substrate and placed in 
steady illumination. In general, under light illumination LCE materials contract in the direction of the mesogen and expand in the other 
two directions. In Fig. 1, the balloon is made of a LCE membrane with in-plane isotropic patterning of director and a fine polydomain 
structure [61], so that the LCE balloon contracts in the plane and increases in the direction of thickness under illumination. Initially, 
the LCE balloon in stress-free state with the radius r0 is inflated by n0 mol ideal gas into the painting state with radius rP and painted 
with an opaque power coating, as shown in Fig. 1(a). Then, the LCE balloon is further inflated to the initial state with radius rI as shown 
in Fig. 1(b). In terms of the LCE material, the photochromic liquid crystal molecules can change from straight trans configuration to 
bent cis configuration caused by the light radiation or laser. Therefore, under illumination, the LCE balloon contracts with varying 
radius r(t), as shown in Fig. 1(c). When r(t) > rP, the LCE balloon contracts in response to illumination. When r(t) ≤ rP, the LCE balloon 
expands as the coating layer blocks the light. Finally, under steady illumination, the self-beating of the LCE balloon takes place, which 
is originated from the self-shading effect [53,54]. In the following, a theoretical model will be developed to study the behaviors of this 
self-floating system. 

As illustrated in Fig. 1(c), the LCE balloon is subjected to the air buoyancy Fb, air damping force Ff , spring force Fs and gravity mg. 
The air buoyancy Fb is noted to always change with the radius of self-beating LCE balloon. In the Cartesian coordinate system, the 
governing equation for this self-floating system can be described by 

mẍ=Fb − Ff − Fs − mg, (1)  

where m is the mass of the LCE balloon; ẍ refers to the acceleration of LCE balloon along the x axis and g is the acceleration of gravity. 
Hereon, to simplify the calculation, we assume a linear relationship between the air damping force and the velocity ẋ of the LCE 
balloon with damping coefficient α as 

Ff =αẋ. (2) 

For the sake of calculation, the center of the balloon when Fb = mg is selected as the coordinate origin, as shown in Fig. 1(c). We 
further assume that the spring force of the nonlinear spring is 

Fs = k
(

x − r(t) +

̅̅̅̅̅̅̅̅̅̅
3m

4πρa

3

√ )3

, (3)  

where k is the stiffness coefficient of the spring. 
Considering that the thickness of the LCE balloon is much smaller than its radius, we suppose the buoyancy of the LCE balloon as 

Fig. 2. Schematics of force analysis of LCE balloon. (a) The LCE balloon subjected to internal and external pressures and (b) The force analysis 
diagram of the micro element. The governing equation for periodic deformation of the LCE balloon can be determined under steady light 
illumination. 
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Fb =
4πρag[r(t)]3

3
, (4)  

where ρa is the mass density of air. 
Substituting Eqs. (2)–(4) into Eq. (1), we can obtain 

mẍ=
4πρag[r(t)]

3

3
− αẋ − k

(

x − r(t) +

̅̅̅̅̅̅̅̅̅̅
3m

4πρa

3

√ )3

− mg. (5) 

From Eq. (5), we can calculate the floating of LCE balloon, once the radius r(t) of the beating LCE balloon is given. In the following, 
we further formulate the beating dynamics of the LCE balloon with shading coating. 

2.2. Beating dynamics of the LCE balloon 

Fig. 2 sketches the force analysis diagram of the balloon. Taking into account that the thickness of the LCE balloon is relatively thin, 
the effect of gravity on the LCE balloon deformation is ignored. Hereon, the spherical shell of LCE balloon is subjected to the internal 
gas pressure Pin and the external pressure Pex, as shown in Fig. 2(a). To formulate the governing equation for the self-beating of LCE 
balloon, we take a micro element for the force analysis, in which there also exist the radial damping and Laplace pressure PL from the 
membrane tension (caused by normal stress σ), as shown in Fig. 2(b). Therefore, we can obtain the governing equation for the self- 
beating of the LCE balloon as 

ρLhr̈(t)=Pin − Pex − PL − βṙ(t), (6)  

where r̈ and ṙ represent the radial acceleration and velocity respectively; ρL and h denote the mass density and thickness of the LCE 
balloon respectively; β is the damping coefficient of radial deformation of the LCE balloon. 

Assuming the gas in the LCE balloon to be an ideal gas, the internal pressure can be obtained by the Clapeyron equation 

Pin =
3nRT

4π[r(t)]3
, (7)  

where n, R and T are the amount of substance, gas constant and thermodynamic temperature of the ideal gas, respectively. 
The Laplace pressure induced by membrane tension can be described as 

PL =
2hσ(t)

r(t)
=

2hEε(t)
r(t)

, (8)  

where E and ε(t) are elastic modulus of LCE balloon and elastic strain, respectively; h is the thickness of the LCE balloon. Hereon, for the 
sake of simplification the stress-strain relationship is assumed to be linear, although it is more complex in practice. And h = V/ 4πr2 can 
be obtained through the assumption that LCE material is incompressible with its volume V being constant [54]. 

Substituting Eqs. (7) and (8) into Eq. (6), one can obtain 

ρLhr̈(t)=
3nRT

4π[r(t)]3
− Pex −

2hEε(t)
r(t)

− βṙ(t), (9)  

in which 

ε(t)= r(t) − r0[1 + εL(t)]
r0[1 + εL(t)]

, (10)  

where εL(t) is the effective light-driven strain of the LCE balloon. 
The effective light-driven strain of the LCE balloon is assumed to be linearly as a function of the cis number fraction φ(t) with 

contraction coefficient C, so we can obtain 

εL(t) = − Cφ(t). (11) 

Under the light-driven trans-to-cis excitation, the number fraction of bent cis isomers can be described as [62]. 

∂φ(t)
∂t

= η0I0(1 − φ(t)) −
φ(t)
T0

(12)  

where I0 and η0 are the light intensity and light-absorption constant respectively; T0 is the thermal relaxation time of LCE material from 
cis to trans state. 

By solving Eq. (12) with considering the initial condition, the number fraction can be obtained as below 

φ(t)=
η0T0I0

η0T0I0 + 1
+

(

φ0 −
η0T0I0

η0T0I0 + 1

)

exp
[

−
t

T0
(η0T0I0 + 1)

]

(13) 
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where φ0 is the initial cis number fraction of photochromic molecules. 
In this paper, the LCE balloon switches between an illumination state and a self-shading state. For Case I corresponding to the LCE 

balloon in the illumination state with initial φ0 = 0, Eq. (13) can be simplified to 

φ(t)=
η0T0I0

η0T0I0 + 1

{

1 − exp
[

− (η0T0I0 + 1)
t1

T0

]}

. (14) 

For Case II corresponding to the LCE balloon in the illumination state switched from self-shading state with transient φ0 = φshade, 
Eq. (13) can be simplified to 

φ(t)=
η0T0I0

η0T0I0 + 1
+

(

φshade −
η0T0I0

η0T0I0 + 1

)

exp
[

− (η0T0I0 + 1)
t2

T0

]

. (15) 

For Case III corresponding to the LCE balloon in the self-shading state (I0 = 0) switched from illumination state with transient φ0 =

φillum, Eq. (13) can be simplified to 

φ(t)=φillum exp
(

−
t3

T0

)

, (16)  

where t1, t2 and t3 are the durations of current process, respectively; φshade and φillum are the number fractions of cis-isomers at the 
switch moments from self-shading state into illumination state, and from illumination state into self-shading state, respectively. 

2.3. Nondimensionalization 

We introduce the following dimensionless parameters ẍ = ẍ
g, ẋ = x̅̅̇̅̅̅gr0

√ , x = x
r0

, r = r
r0

, rP = rP
r0

, ρa =
4πρar3

0
3m , k =

kr3
0

mg, α =
α ̅̅̅r0
√

m ̅̅g√ , t = t
T0

, 

I0 = I0η0T0, n = 3nRT
4πEr3

0
, Pex = Pex

E , ρL =
ρLr2

0
ET2

0
, V = V

4πr3
0 

and β = βr0
ET0

, to rewrite the governing equation Eq. (5) as 

ẍ= ρa[r(t)]
3
− αẋ − k

(

x − r(t) +
1

ρ1/3
a

)3

− 1. (17)  

Substituting these dimensionless parameters into Eqs. 14–16, we can obtain the dimensionless equations of the cis number fraction, 
For Case I, 

φ(t)=
I0

I0 + 1
{1 − exp[ − (I0 + 1)t1]}, (18)  

for Case II, 

φ(t)=
I0

I0 + 1
+

(

φshade −
I0

I0 + 1

)

exp[ − (I0 + 1)t2], (19)  

and for Case III, 

φ(t)=φillum exp(− t3), (20) 

It is noted that the LCE balloon is in self-shading state for r ≤ rP, and in illumination state for r > rP. 
Substituting Eqs. (10) and (11) into Eq. (9), we can get 

Table 1 
Material properties and geometric parameters.  

Parameter Definition Value Units 

r0 Initial radius 1–30 m 
ρa Mass density of air 1.29 kg/m3 

ρL Mass density of LCE 900–1300 kg/m3 

α System damping coefficient 2000–20,000 kg/s 
β Deformation damping coefficient 2000–8000 s ·Pa/m 
k Stiffness coefficient of the spring 1.5–15 kg/m2 · s2 

I0 Light intensity 10–40 kW/m2 

C Contraction coefficient 0.1–0.5 / 
T0 Thermal relaxation time 0.1–0.2 s 
η0 Light-absorption constant 0.00022 m2/s ·W 
E Young’s modulus 1–10 MPa 
Pex External pressure 0.1–1.35 MPa  
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r̈(t) =
n

[r(t)]ρLV
−

pex[r(t)]
2

ρLV
− 2

r(t) − 1 + Cφ(t)
r(t)ρL(1 − Cφ(t))

−
β[r(t)]2

ρLV
ṙ(t). (21) 

From Eqs. 18–21, the radius of the LCE balloon in three cases can be obtained. It should be mentioned here that it is difficult to find 
analytical solutions to the governing equations (17) and (21) with variable coefficient. Hereon, the four-order Runge-Kutta method is 
adopted to solve the above differential equations with the help of Matlab software. Based on the existing experiments [63], Table 1 and 
Table 2 gather the typical values of the required parameters in current paper and the corresponding dimensionless parameters, 
respectively. 

3. Periodic self-floating and its mechanism 

In this section, based on the afore established theoretical models, we further present two typical motion regimes of the light- 
powered floating balloon, i.e., the static regime and self-floating regime. The motion regime of the LCE balloon depends to a great 
extent on the system parameters. Hereon, we will study the floating behaviors of LCE balloon with different painting radii and reveal 
the corresponding motion mechanism. 

3.1. Periodic self-floating 

To study the dynamic behaviors of self-floating system under steady illumination, the time-history and phase diagrams for distinct 
rP are portrayed in Fig. 3, in which the other system dimensionless parameters are selected as follows: ρa = 0.65, ρL = 2.5, k = 0.05, 
α = 0.2, β = 0.1, I0 = 0.2, C = 0.2, n = 0.5, V = 0.8 and Pex = 0.1. Through numerical calculations, two typical motion regimes, i.e., 
static regime and self-floating regime, are found as shown in Fig. 3. For the painting radius rP = 1, the floating balloon ends up in static 
regime. The corresponding time-history and phase trajectory are plotted in Fig. 3(a) and (b), respectively. The floating system finally 
comes to rest due to the damping energy dissipation. Whereas, for the painting radius rP = 1.2, the floating balloon ends up in self- 
floating regime, with the corresponding time-history and phase trajectory displaying in Fig. 3(c) and (d), respectively. The velocity 
point in the phase plane will eventually appear as a limit cycle as shown in Fig. 3(d). This result means that the balloon can self-float up 
and down continuously and periodically under steady illumination. We attribute this to the fact that the damping energy dissipation is 
compensated by the work done by buoyancy of the LCE balloon. The mechanism of this phenomenon will be explained in details by 
calculating several key quantities of the system during self-floating in Section 3.2. 

3.2. Mechanism of self-floating 

To reveal the self-floating mechanism of LCE balloon system, Fig. 4 plots the relations among the number fraction, radius, buoyancy 
and displacement of the LCE balloon with the dimensionless parameters: rP = 1.2; ρa = 0.65, ρL = 2.5, k = 0.05, α = 0.2, β = 0.1, 
I0 = 0.2, C = 0.2, n = 0.5, V = 0.8 and Pex = 0.1, in which the yellow shaded area denotes the LCE balloon in the illumination state, i. 
e., r > rP = 1.2. Fig. 4(a) plots the time dependence of the cis number fraction φ in the LCE balloon. The cis number fraction φ is 
observed to vary periodically between the illumination state and self-shading state. This periodic change of number fraction results in a 
periodic change in the balloon radius as shown in Fig. 4(b). Meanwhile, the change of the radius leads to the change in its volume, 
which in turn causes the periodic change in buoyancy as shown in Fig. 4(c). In the process of self-floating, sufficient external energy 
must be supplied to the system to offset the energy dissipated by damping to maintain the self-sustained motion of the system. Fig. 4(d) 
shows the displacement dependence of the buoyancy of LCE balloon, in which the red grid area surrounded by a closed loop represents 
the work done by the buoyancy of LCE balloon. Actually, this net energy arises from the periodic expansion/contraction of the beating 
LCE balloon under steady illumination. Based on this self-shading-expansion mechanism [53,54], the LCE balloon will present a 
continuous self-sustained floating, as long as the net energy input to the system with proper parameters can compensate for the energy 
dissipated by the damping. 

4. Evolution of chaotic self-floating 

In the previous section, the LCE balloon system can maintain a periodic and continuous floating under steady illumination. 
Actually, the balloon system is also able to undergo a chaotic self-sustained floating under steady illumination. In this section, we will 
further illustrate the evolution process of self-sustained chaotic floating through single-period, double-period and multi-period self- 
floating, by the continuous adjustment of the damping coefficient α in details. 

Table 2 
Dimensionless parameters.  

Parameter ρa ρL α β k I0 n V Pex 

Value 0.1–0.8 1–10 0–0.2 0–0.2 0.02–0.2 0–0.5 0.4–0.6 0.02–1 0–0.15  
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4.1. Single-period self-floating 

Fig. 5 portrays the time-history curve, limit cycle, frequency spectrum and Poincare map of the single-period self-floating of the LCE 
balloon for damping coefficient α = 0.2, in which the other dimensionless parameters are selected as follows: ρa = 0.65, ρL = 2.5, k =

0.05, β = 0.1, I0 = 0.2, C = 0.2, n = 0.5, V = 0.8 and Pex = 0.1. With the observation of Fig. 5(a), the LCE balloon develops into self- 
floating with constant amplitude and frequency. This is a simple case where the LCE balloon floats with a single period. Fig. 5(b) plots 

Fig. 3. Two typical regimes: static regime and self-floating regime. (a) Time-history of the displacement with rP = 1.0; (b) Phase diagram with rP =

1.0; (c) Time-history of the displacement with rP = 1.2 and (d) Phase diagram with rP = 1.2. 

Fig. 4. Explanatory mechanism diagrams of self-floating of LCE balloon. (a) Time dependence of the number fraction; (b) Time dependence of the 
balloon radius; (c) Time dependence of the buoyancy of the balloon and (d) Displacement dependence of the buoyancy of the balloon. The self- 
floating mechanism can be summarized simply as the work done by buoyancy compensating the damping energy dissipation. 
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the corresponding limit cycle of this single-period self-floating. As can be seen, there is only one limit cycle in the steady self-floating 
state. This also means that the self-floating of LCE balloon is a single period. Hereon, the frequency spectra and Poincare map are 
further depicted for the behavior study of self-floating. Fig. 5(c) plots the frequency spectrum of the self-floating of the LCE balloon. 
There is one sharp power spectra, indicating that the LCE balloon floats periodically. Fig. 5(d) plots the Poincare map of self-floating, in 
which the plane with r = 1.2 is chosen as the Poincare section. A fixed point (1.01, − 0.4415) on the Poincare section at this time, 
further confirms that this is a single-period floating. Generally, for a single-period floating regime of the LCE balloon, the floating 
period can be easily identified by using time-history curve or phase diagram, but for complex floating states, it is necessary to judge the 

Fig. 5. Single-period self-floating regime of LCE balloon. (a) Time-history curve; (b) Limit cycle in the phase diagram; (c) Frequency spectrum and 
(d) Poincare map. Results show that the self-sustained floating of LCE balloon is single-period under the present dimensionless parameters. 

Fig. 6. Double-period self-floating regime of LCE balloon. (a) Time-history curve; (b) Limit cycle in the phase diagram; (c) Frequency spectrum and 
(d) Poincare map. Results show that the self-floating of LCE balloon is double-period under the present dimensionless parameters. 
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floating behaviors, such as chaos, with the help of frequency spectrum or Poincare map. 

4.2. Double-period self-floating 

With the further research, new self-sustained floating phenomena are found by reducing the damping coefficient. Hereon, the time- 
history curve, limit cycle, frequency spectrum and Poincare map of the self-floating of LCE balloon for α = 0.1 are portrayed in Fig. 6, 
in which the other dimensionless parameters are selected as follows: ρa = 0.65, ρL = 2.5, k = 0.05, β = 0.1, I0 = 0.2, C = 0.2, n =

0.5, V = 0.8 and Pex = 0.1. Fig. 6(a) plots the time-history curve of the self-sustained floating, in which we look closely to find that the 
LCE balloon floats with two different amplitudes. This means that the LCE balloon is self-floating with a double period. Fig. 6(b) plots 
the limit cycle of the self-sustained floating. Clearly seen that the limit cycle is a closed two-turn coil, also indicating that the self- 
sustained floating of LCE balloon is double-period. Hereon, the frequency spectra and Poincare map are also plotted to investigate 
the behaviors of self-sustained floating. Fig. 6(c) plots the frequency spectrum of self-sustained floating of the LCE balloon. Although a 
secondary frequency is generated in addition to the primary frequency, they are sharp and separated, suggesting that the self-sustained 
floating of the LCE balloon is still periodic. Fig. 6(d) plots the Poincare map of self-sustained floating, in which the plane with r = 1.2 is 
chosen as the Poincare section. There exist two fixed points (0.5862, − 0.0755) and (0.9741, − 0.8513) on the Poincare section at this 
time, which further confirms the double-period floating. For the double-period floating regime of the LCE balloon, to judge the floating 
period by using phase diagram or Poincare map is a better approach than the time history or frequency spectrum. 

Similar to the single-period self-floating (Fig. 4(d)), Fig. 7 shows the displacement dependences of the buoyancy of LCE balloon for 
the double-period self-floating and four-period self-floating, in which the red grid area and blue grid area represent the positive work 
and negative work respectively, and the numbers of 1 to 4 or 1 to 8 represent the cyclic path of buoyancy. It is seen that the work done 
by the double-period self-floating differs from that done by the single-period by comparing Figs. 7(a) and Fig. 4(d). The law of work 
done by four-period self-floating is similar to that of work done by double-period self-floating as shown in Fig. 7(b). For the double- 
period or four-period self-floating, the net work resulting from the superposition of positive and negative work is inputted to the system 
to compensate the damping dissipation and maintain the self-floating under steady illumination. For the following multi-period or 
chaotic self-floating, the energy compensation mechanism is similar to that of the double-period or four-period self-floating. 

4.3. Multi-period self-floating 

Through further reduction of the damping coefficient, the self-sustained floating of LCE balloon is found to appear a multi-period 
situation. Similarly, the time-history curve, limit cycle, frequency spectrum and Poincare map of the self-floating of the LCE balloon for 
α = 0.028 are portrayed in Fig. 8, in which the other dimensionless parameters are selected as follows: ρa = 0.65, ρL = 2.5, k = 0.05, 
β = 0.1, I0 = 0.2, C = 0.2, n = 0.5, V = 0.8 and Pex = 0.1. Fig. 8(a) plots the time-history curve of self-sustained floating, in which the 
amplitude changes slightly with a certain regularity. In this case, the LCE balloon shows a multi-period floating. Fig. 8(b) plots the 
corresponding limit cycle of self-sustained floating. The limit cycle is observed to change into a closed multi-turn coil, referring to the 
multi-period self-floating. Hereon, the frequency spectra and Poincare map are further plotted to study the behaviors of self-floating. 
Fig. 8(c) plots the frequency spectrum of self-sustained floating of the LCE balloon. With the increase of the period, except for the 
primary frequency, the floating frequency of the balloon alters continuously in the lower amplitude region, which indicates that the 
self-floating of the LCE balloon at current time will be the beginning of chaos [58]. Fig. 8(d) plots the corresponding Poincare map of 
self-floating, in which the plane with r = 1.2 is chosen as the Poincare section. There is a small area on the section of Poincare at this 
time, suggesting that the number of floating periods is increasing, and the self-floating of the balloon gradually evolves towards chaos. 
This further confirms that the self-sustained floating is the multi-period floating. 

Fig. 7. The displacement dependences of the buoyancy of LCE balloon for (a) double-period self-floating and (b) four-period self-floating. The net 
work resulting from the superposition of positive and negative work is inputted to the system to compensate the damping dissipation and maintain 
the self-floating under steady illumination. 
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4.4. Chaotic self-floating 

By further reducing the damping coefficient, we find that the self-floating of LCE balloon exhibits chaotic phenomenon. We still 
portray the time-history curve, attractor, frequency spectrum and Poincare map of the self-floating of the LCE balloon for α = 0.02 in 
Fig. 9, where the other dimensionless parameters are selected as follows: ρa = 0.65, ρL = 2.5, k = 0.05, β = 0.1, I0 = 0.2, C = 0.2, 
n = 0.5, V = 0.8 and Pex = 0.1. Fig. 9(a) plots the time-history curve of self-sustained floating, in which the curve becomes 
complicated and irregular. In this case, the floating of LCE balloon is obviously chaotic. Fig. 9(b) plots the attractor of self-sustained 

Fig. 8. Multi-period self-floating regime of LCE balloon. (a) Time-history curve; (b) Limit cycle in the phase diagram; (c) Frequency spectrum and 
(d) Poincare map. Results show that the self-floating of LCE balloon is multi-period under the present dimensionless parameters. 

Fig. 9. Chaotic phenomena of LCE balloon. (a) Time-history curve; (b) Attractor in the phase diagram; (c) Frequency spectrum and (d) Poincare 
map. Results show that the self-floating of LCE balloon is the chaotic floating under the present dimensionless parameters. 
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floating. The attractor becomes complex, and the floating no longer has a periodic trajectory, indicating that the floating of the balloon 
at this time is chaotic. The fractal structure appears on the attractor, which is an important characteristic of chaos [64]. Hereon, the 
frequency spectra and Poincare map are further portrayed for the behavior research of self-sustained floating. Fig. 9(c) plots the 
frequency spectrum of self-sustained floating of the LCE balloon. More peaks and continuous frequencies appear in the frequency 
spectrum, reflecting the aperiodic nature of the chaos phenomenon. Fig. 9(d) plots the Poincare map of self-sustained floating, in which 
the plane with r = 1.2 is chosen as the Poincare section. The Poincare section has a more complex pattern, and a distinct attraction 
domain emerges. This further confirms that the self-sustained floating is the chaotic floating. 

It should be mentioned here that one-dimensional bifurcation diagram is further plotted to explore the dynamic evolution of the 
chaotic phenomenon of self-floating with continuously changing damping coefficients, as shown in Fig. 10. For α > 0.184, the self- 
floating of LCE balloon is a single-period motion. For 0.064 < α < 0.184, the self-floating of LCE balloon is a double-period mo
tion. For 0.033 < α < 0.064, the self-floating of LCE balloon is a four-period motion. For α < 0.033, the self-floating of LCE balloon is a 
chaotic system. This system is observed to be typically period-doubling bifurcated into chaos. The chaotic phenomenon found in 
current study is investigated based on different damping parameters, and the effect of other parameters on the floating regime of the 
LCE balloon will be discussed in Section 5. 

5. Effect of system parameters on self-floating 

To focus on the study of chaotic phenomena, this section only discusses the self-sustained floating regime, and the selected pa
rameters have certain pertinence, that is, all the selected parameters can make the system reach the self-sustained floating regime. 
Meanwhile, due to the emergence of multi-period and chaotic phenomena, the floating amplitude of time-history curve is not unique. 
Therefore, in order to better describe the floating behavior, we introduce the concept of average amplitude [65]. In the following, we 
will discuss the influence of each parameter on chaos one by one. 

5.1. Effect of the air mass density 

This section mainly discusses the effect of air mass density on chaotic phenomena of self-sustained floating. Hereon, the time- 
history curve, phase diagram and Poincare map for different ρa are portrayed in Fig. 11, in which the other dimensionless parame
ters are selected as follows: ρL = 2.5, k = 0.05, α = 0.02, β = 0.1, I0 = 0.2, C = 0.3, n = 0.5, V = 0.6 and Pex = 0.1. The value of air 
mass density is found to affect the appearance of chaotic phenomenon. By comparing Fig. 11(a), (d) and (g), it can be found that with 
the increase of air mass density ρa, the time-history curve changes from order to disorder, and then to order again, in addition, the 
floating amplitude becomes smaller with positions moving up due to the increased buoyancy. By comparing Fig. 11(b), (e) and (h), it 
can be also found that with the increase of ρa, the phase diagram varies from simple to complex, and then to simple again. These results 
demonstrate that neither too small nor too large air mass density will cause chaotic phenomenon. In the comparison of Fig. 11(c), (f) 
and (i), with the increase of ρa, the points on the Poincare diagram evolve from single to multiple, and then back to single. The Poincare 
map in Fig. 11(f) shows that chaotic phenomenon of the self-sustained floating system appears with the dimensionless parameter ρa =

0.6. Further calculations reveal that chaotic phenomenon will occur when the dimensionless density parameter is in the interval of 
0.599–0.605. This may be attributable to the fact that too small air density is unable to generate enough driving force caused by 
buoyancy to promote the system to produce chaotic phenomena, and finally the LCE balloon will self-float near the low potential well 
(Fig. 11(a)). Conversely, if the air density is too large, the buoyancy of the system will be much larger than the damping force, so that 
the motion of the entire system is limited by the buoyancy, and finally the LCE balloon will self-float near the high potential well 
(Fig. 11(g)). 

Fig. 10. One-dimensional bifurcation diagram of the self-floating system. The chaos of the self-floating comes from period-doubling bifurcation.  
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Fig. 11. Self-sustained floating behaviors of LCE balloon with different dimensionless air densities. (a) Time-history curve, (b) Limit cycle in the 
phase diagram, and (c) Poincare map with ρa = 0.5;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map with ρa = 0.6; 
(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with ρa = 0.7. 

Fig. 12. Self-sustained floating behaviors of LCE balloon with different dimensionless spring stiffness coefficients. (a) Time-history curve, (b) Limit 
cycle in the phase diagram, and (c) Poincare map with k = 0.03;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map 
with k = 0.07;(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with k = 0.2. 
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5.2. Effect of the spring stiffness coefficient 

This section mainly studies the spring stiffness coefficient affecting chaotic phenomena of self-sustained floating. Hereon, Fig. 12 
displays the time-history curve, phase diagram and Poincare map for different k, where the other dimensionless parameters are 
selected as follows: ρa = 0.6, ρL = 2.5, α = 0.02, β = 0.1, I0 = 0.2, C = 0.3, n = 0.5, V = 0.6 and Pex = 0.1. Easily observed that the 
value of stiffness coefficient has an impact on the occurrence of chaotic phenomenon. The comparison among Fig. 12(a), (d) and (g) 
turns out that with the increase of stiffness coefficient, the time-history curve changes from order to disorder, and then to order again, 
furthermore, the floating amplitude of the LCE balloon becomes larger and larger, and the floating positions move down due to the 
increase of spring restoring force. By comparing Fig. 12(b), (e) and (h), the phase diagram is found to change from simple to complex, 
and then to simple again with the increase of stiffness coefficient. Concluded from the comparison of Fig. 12(c), (f) and (i), the points on 
the Poincare diagram change from single to multiple, and then to single with the increase of stiffness coefficient. The Poincare map in 
Fig. 12(f) shows that chaotic phenomenon of the self-sustained floating system occurs at k = 0.07. Through the numerical calculations, 
it is found that when the dimensionless stiffness coefficient parameter is in the range of 0.05–0.17, chaotic phenomenon of the self- 
sustained floating will appear. For too small or too large stiffness coefficient of the spring, the system will not exhibit chaotic phe
nomenon. The reason is that the generation of chaos requires switching between high and low potential wells. For too small or too large 
stiffness coefficient, buoyancy or spring force plays a dominant role, thus chaotic phenomenon will not occur. 

5.3. Effect of the light intensity 

This section presents a mainly discussion on the effect of light intensity on chaotic phenomena of self-sustained floating. Hereon, 
the time-history curve, phase diagram and Poincare map for different I0 are portrayed in Fig. 13, in which the other dimensionless 
parameters are selected as follows: ρa = 0.6, ρL = 2.5, k = 0.05, α = 0.02, β = 0.05, C = 0.2, n = 0.5, V = 0.7 and Pex = 0.1. It can be 
found from Fig. 13 that the appearance of chaotic phenomenon is affected by the value of light intensity. By comparing Fig. 13(a), (d) 
and (g), the time-history curve undergoes a change from order to disorder, and then to order again with the increase of light intensity. 
Furthermore, the floating amplitude is increased since the increase of the light intensity promotes the change of buoyancy. Similarly, 
by comparing Fig. 13(b), (e) and (h), the phase diagram displays a variation from simple to complex, and then to simple again with the 
increase of light intensity. Combined Fig. 13(c), (f) and (i), the number of points on the Poincare diagram alters from single to multiple, 
and then to single with the increase of light intensity. The Poincare map in Fig. 13(f) reveals that chaotic phenomenon of the self- 
sustained floating system appears at I0 = 0.17. It is concluded by numerical calculations that when the light intensity is in the 
range of 0.12–0.22, chaotic phenomenon of the self-sustained floating will take place. The results demonstrate that neither too small 

Fig. 13. Self-sustained floating behaviors of LCE balloon with different dimensionless light intensities. (a) Time-history curve, (b) Limit cycle in the 
phase diagram, and (c) Poincare map with I0 = 0.1; (d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map with I0 =

0.17; (g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with I0 = 0.25. 
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nor too large light intensity will result in chaotic phenomenon. This phenomenon can be understood by analogy with the influence of 
spring modulus. For too small or too large light intensity, spring force or buoyancy is dominant, thus chaotic phenomenon will not take 
place. 

5.4. Effect of the contraction coefficient 

This section mainly discusses the effect of contraction coefficient on chaotic phenomena of self-sustained floating. Hereon, the time- 
history curve, phase diagram and Poincare map for different C are presented in Fig. 14, where the other dimensionless parameters are 
selected as follows: ρa = 0.6, ρL = 2.5, k = 0.05, α = 0.02, β = 0.07, I0 = 0.2, n = 0.5, V = 0.7 and Pex = 0.1. Fig. 14 indicates that 
the value of contraction coefficient affects the appearance of chaotic phenomenon. Summarized from the comparison among Fig. 14 
(a), (d) and (g), the time-history curve experiences a change from order to disorder, and then to order again along with the increased 
contraction coefficient. Moreover, the floating amplitude is getting larger since the change of buoyancy is promoted owing to the 
increase of the contraction coefficient. Similarly, the comparison among Fig. 14(b), (e) and (h) turns out that the phase diagram varies 
from simple to complex, and then to simple again with the increase of contraction coefficient. For Fig. 14(c), (f) and (i), the points on 
the Poincare diagram exhibit a number variation from single to multiple, and then to single with the increase of contraction coefficient. 
The Poincare map in Fig. 14(f) shows that chaotic phenomenon of the self-exited floating system occurs at C = 0.25. Numerical 
calculations lead to the conclusion that when the contraction coefficient is between 0.18 and 0.31, chaotic phenomenon of the self- 
sustained floating will emerge. For too small or too large contraction coefficient, the system will not appear chaotic phenomenon. 
This is similarly attributed to the fact that for too small or too large contraction coefficient, spring force or buoyancy plays a cardinal 
role, thus the LCE balloon finally self-floats near the low or high potential wells. 

5.5. Effect of the external pressure 

In this section, the effect of external pressure on chaotic phenomena of self-sustained floating is investigated. Hereon, Fig. 15 
presents the time-history curve, phase diagram and Poincare map for different Pex, in which the other dimensionless parameters are 
selected as follows: ρa = 0.6, ρL = 2.5, k = 0.05, α = 0.02, β = 0.1, I0 = 0.2, C = 0.3, n = 0.5 and V = 0.6. The value of external 
pressure is observed to have an influence on the occurrence of chaotic phenomenon. Observed from the comparison among Fig. 15(a), 
(d) and (g), the time-history curve alters from order to disorder, and then to order again with the increasing external pressure. In 
addition, the floating amplitude becomes decreased since the increase of external pressure restrains the change of buoyancy. By 
comparing Fig. 15(b), (e) and (h), it can be also found that the phase diagram changes from simple to complex, and then to simple again 

Fig. 14. Self-sustained floating behaviors of LCE balloon with different dimensionless contraction coefficients. (a) Time-history curve, (b) Limit 
cycle in the phase diagram, and (c) Poincare map with C = 0.15;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map 
with C = 0.25;(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with C = 0.4. 
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with the increasing external pressure. Fig. 15(c), (f) and (i) show that the number of points on the Poincare diagram varies from single 
to multiple, and then to single with the increasing external pressure. The Poincare map in Fig. 15(f) suggests that chaotic phenomenon 
of the self-exited floating system emerges at Pex = 0.1. It is summarized by numerical calculations that when the external pressure is in 
the interval of 0.099–0.102, chaotic phenomenon of the self-sustained floating will appear. For too small or too large external pressure, 
the system will not display chaotic phenomenon. Similarly, this is because that the spring force or buoyancy acts dominant for too 
small or too large external pressure, which causes the LCE balloon to self-float near the low or high potential wells. 

5.6. Effect of beating damping coefficient 

This section mainly presents a discussion on the deformation beating damping coefficient affecting chaotic phenomena of self- 
sustained floating. Hereon, the time-history curve, phase diagram and Poincare map of the floating behaviors of the LCE balloon 
for β are portrayed in Fig. 16, in which the other dimensionless parameters are selected as follows: ρa = 0.6, ρL = 2.5, k = 0.05, α =

0.02, I0 = 0.2, C = 0.3, n = 0.5, V = 0.6 and Pex = 0.1. The value of beating damping coefficient is found to influence the appearance 
of chaotic phenomenon. Summarized from the comparison among Fig. 16(a), (d) and (g), with the increase of deformation beating 
damping coefficient, the time-history curve undergoes a variation from order to disorder, and then to order again. Whereas, the 
floating amplitude exhibits a decline trend since the increase of beating damping coefficient restrains the change of buoyancy. By 
comparing Fig. 16(b), (e) and (h), the phase diagram displays a change from simple to complex, and then to simple again with the 
increase of deformation damping coefficient. In the comparison of Fig. 16(c), (f) and (i), as the beating damping coefficient increases, a 
number variation from single to multiple, and then to single happens to the points on the Poincare diagram. The Poincare map in 
Fig. 16(f) shows that chaotic phenomenon of the self-exited floating system takes place at β = 0.08. Concluded from the numerical 
calculations, chaotic phenomenon of the self-sustained floating will take place when the deformation damping coefficient of LCE 
balloon is in the range of 0.06–0.1. For too small or too large deformation damping coefficient, the system will not appear chaotic 
phenomenon. Similarly, the reason for this phenomenon is that for too small or too large deformation damping coefficient, buoyancy 
or spring force plays a leading role, thus the LCE balloon exhibits a final self-floating near the low or high potential wells. 

5.7. Effect of the amount of substance 

This section mainly discusses the effect of amount of substance on chaotic phenomena of self-sustained floating. Hereon, Fig. 17 
gives the time-history curve, phase diagram and Poincare map of the floating behaviors of the LCE balloon for different n, where the 
other dimensionless parameters are selected as follows: ρa = 0.6, ρL = 2.5, k = 0.05, α = 0.02, β = 0.1, I0 = 0.2, C = 0.3, V = 0.6 

Fig. 15. Self-sustained floating behaviors of LCE balloon with different dimensionless external pressures. (a) Time-history curve, (b) Limit cycle in 
the phase diagram, and (c) Poincare map with Pex = 0.08;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map with 
Pex = 0.1;(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with Pex = 0.15. 

P. Xu et al.                                                                                                                                                                                                              



Heliyon 9 (2023) e14447

16

Fig. 16. Self-sustained floating behaviors of LCE balloon with different dimensionless beating damping coefficients. (a) Time-history curve, (b) 
Limit cycle in the phase diagram, and (c) Poincare map with β = 0.05;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare 
map with β = 0.08;(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with β = 0.15. 

Fig. 17. Self-sustained floating behaviors of LCE balloon with different dimensionless amounts of substance. (a) Time-history curve, (b) Limit cycle 
in the phase diagram, and (c) Poincare map with n = 0.46;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map with n =

0.5;(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with n = 0.52. 
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and Pex = 0.1. It can be intuitively seen from Fig. 17 that the value of amount of substance has an impact on the appearance of chaotic 
phenomenon. Through the comparison among Fig. 17(a), (d) and (g), it can be found that the time-history curve changes from order to 
disorder, and then to order again as the amount of substance increases. In addition, the floating amplitude is enlarged as a result of the 
increasing amount of substance promoting the change of buoyancy. Similarly, the comparison of Fig. 17(b), (e) and (h) figures out that 
the phase diagram changes from simple to complex, and then to simple again with the increasing amount of substance. Fig. 17(c), (f) 
and (i) show that the number of points on the Poincare diagram alters from single to multiple, and then to single with the increasing 
amount of substance. The Poincare map in Fig. 17(f) presents that chaotic phenomenon of the self-exited floating system appears at 
n = 0.5. Summarized from the numerical calculations, when the amount of substance of ideal gas is between 0.496 and 0.511, chaotic 
phenomenon of the self-sustained floating will occur. For too small or too large amount of substance, the system will not appear chaotic 
phenomenon. This phenomenon can be understood by analogy with the influence of external pressure. For too small or too large 
amount of substance, spring force or buoyancy is dominant, thus chaotic phenomenon will not occur. 

5.8. Effect of the LCE mass density 

The effect of LCE mass density on chaotic phenomena of self-sustained floating is discussed in current section. Hereon, the time- 
history curve, phase diagram and Poincare map of the floating behaviors of the LCE balloon for different ρL are portrayed in Fig. 18, in 
which the other dimensionless parameters are selected as follows: ρa = 0.6, k = 0.05, α = 0.02, β = 0.1, I0 = 0.2, C = 0.3, n = 0.5, 
V = 0.6 and Pex = 0.1. Clearly seen from Fig. 18 that the value of LCE density has an influence on the appearance of chaotic phe
nomenon. By comparing Fig. 18(a), (d) and (g), it can be summarized that the time-history curve follows the law of change from order 
to disorder to order again with the increase of LCE mass density. Furthermore, the floating amplitude of the LCE balloon exhibits an 
increasing trend with the increase of LCE density, and the floating position moves down due to the increasing gravity. The comparison 
among Fig. 18(b), (e) and (h) reveals that the phase diagrams change from simple to complex to simple again with the increase of LCE 
density. By comparing Fig. 18(c), (f) and (i), the points number on the Poincare diagram is found to change from single to multiple to 
single again with the increase of LCE density. The Poincare map in Fig. 18(f) demonstrates that chaotic phenomenon of the self-exited 
floating system emerges at ρL = 3.3. It is found by numerical calculations that chaotic phenomenon will come into being when the 
dimensionless LCE density parameter locates between 2.5 and 3.5. For too small or too large LCE density, the system will not appear 
chaotic phenomenon. This phenomenon can be understood by analogy with the influence of air mass density. For too small or too large 
LCE mass density, buoyancy or spring force acts dominant, thus chaotic phenomenon will not come into being. 

Fig. 18. Self-sustained floating behaviors of LCE balloon with different dimensionless LCE mass densities. (a) Time-history curve, (b) Limit cycle in 
the phase diagram, and (c) Poincare map with ρL = 2.3;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map with ρL =

3.3;(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with ρL = 4. 
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5.9. Effect of the LCE volume 

This section mainly focuses on the effect of LCE volume on chaotic phenomena of self-sustained floating. Hereon, the time-history 
curve, phase diagram and Poincare map of the floating behaviors of the LCE balloon for different V are portrayed in Fig. 19, where the 
other dimensionless parameters are selected as follows: ρa = 0.6, ρL = 2.5, k = 0.05, α = 0.02, β = 0.1, I0 = 0.2, C = 0.3, n = 0.5 and 
Pex = 0.1. The value of LCE volume is found to have effect on the occurrence of chaotic phenomenon. Conclusions can be drawn from 
the comparison of Fig. 19(a), (d) and (g) that as the LCE volume experiences an increase, the time-history curve changes from order to 
disorder, and then to order again. A similar comparison is conducted to Fig. 19(b), (e) and (h), the phase diagram is observed to display 
a variation from simple to complex, and then to simple again with the increasing LCE volume. It can be also concluded by comparing 
Fig. 19(c), (f) and (i) that the points on the Poincare diagram change from single to multiple, and then to single with the increasing LCE 
volume. The Poincare map in Fig. 19(f) shows that chaotic phenomenon of the self-sustained floating system appears at V = 0.6. 
Summary could be obtained from numerical calculations that chaotic phenomenon will appear when the dimensionless LCE volume 
parameter is in the interval of 0.598–0.613. For too small or too large LCE volume, the chaotic phenomenon will not take place. This 
phenomenon can be understood by analogy with the influence of the amount of substance. For too small or too large LCE volume, 
buoyancy or spring force displays a cardinal role, thus chaotic phenomenon will not take place. 

6. Conclusions 

Self-sustained chaotic system has the capability to maintain its own motion through directly absorbing energy from the steady 
external environment, and has shown extensive application potential in energy harvesters, self-cleaning, biomimetic robots, encrypted 
communication and other fields. In current paper, we propose a novel light-powered chaotic self-floating system, which is comprised 
by a nonlinear spring and a LCE balloon. The proposed system is capable of self-beating under steady illumination due to self-shading 
effect. Combined the Newtonian dynamics with dynamic LCE model, the corresponding theoretical model is formulated. Numerical 
calculations show that the periodic self-floating of LCE balloon can occur under steady illumination, which originates from the light- 
powered self-beating of LCE balloon with shading coating. The self-floating is maintained by compensating the damping energy 
dissipation through the net work done by the buoyancy of LCE balloon. Furthermore, the chaotic self-floating is presented to be 
developed from the periodic self-floating through period-doubling bifurcation. Besides, different system parameters involving light 
intensity, LCE contraction coefficient, air density, LCE density and volume, stiffness coefficient of the spring, external pressure, motion 
and deformation damping coefficient, will affect the amplitude, equilibrium position and chaotic behavior of the new self-sustained 
chaotic system. It is expected that someone can realize this experimentally in the future, and the power spectrum measured 

Fig. 19. Self-sustained floating behaviors of LCE balloon with different dimensionless LCE volumes. (a) Time-history curve, (b) Limit cycle in the 
phase diagram, and (c) Poincare map with V = 0.54;(d) Time-history curve, (e) Attractor in the phase diagram, and (f) Poincare map with V = 0.6; 
(g) Time-history curve, (h) Limit cycle in the phase diagram, and (i) Poincare map with V = 0.85. 
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experimentally can be considered to be compared with the present numerical results. In addition, the chaotic self-floating system of 
current study may inspire the design of other chaotic self-sustained motion based on stimuli-responsive materials, and have guiding 
significance for energy harvesters, self-cleaning, biomimetic robots, encrypted communication and other applications. 
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[55] K. Kumar, C. Knie, D. Bléger, M.A. Peletier, H. Friedrich, S. Hecht, D. Broer, M.G. Debije, A. Schening, A chaotic self-oscillating sunlight-driven polymer 

actuator, Nat. Commun. 7 (2016), 11975. 
[56] H. Yu, T. Ikeda, Photocontrollable liquid-crystalline actuators, Adv. Mater. 23 (2011) 2149–2180. 
[57] C. Li, Y. Liu, X. Huang, H. Jiang, Direct sun-driven artificial heliotropism for solar energy harvesting based on a photo-thermomechanical liquid-crystal 

elastomer nanocomposite, Adv. Funct. Mater. 22 (2022) 5166–5174. 
[58] A. Bobtsov, A. Pyrkin, N. Nikolaev, O. Slita, Adaptive observer design for a chaotic Duffing system, Int J Robust Nonlin 19 (2009) 829–841. 
[59] S. Liao, X. Li, Y. Yang, Three-body problem - from Newton to supercomputer plus machine learning, N. Astron. 96 (2022), 101850. 
[60] C. Li, G. Luo, C. Li, A parallel image encryption algorithm based on chaotic Duffing oscillators, Multimed. Tool. Appl. 77 (2018) 19193–19208. 
[61] Q. Cheng, W. Cheng, Y. Dai, K. Li, Self-oscillating floating of a spherical liquid crystal elastomer balloon under steady illumination, Int. J. Mech. Sci. 241 (2023), 

107985. 
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