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Modeling the light-powered self-rotation of a liquid crystal elastomer fiber-based engine
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Self-oscillating systems possess the ability to convert ambient energy directly into mechanical work, and new
types of self-oscillating systems are worth designing for practical applications in energy harvesters, engines and
actuators. Taking inspiration from the four-stroke engine. A concept for a self-rotating engine is presented on
the basis of photothermally responsive materials, consisting of a liquid crystal elastomer (LCE) fiber, a hinge
and a turnplate, which can self-rotate under steady illumination. Based on the photo-thermal-mechanical model,
a nonlinear theoretical model of the LCE-based engine under steady illumination is proposed to investigate
its self-rotating behaviors. Numerical calculations reveal that the LCE-based engine experiences a supercritical
Hopf bifurcation between the static regime and the self-rotation regime. The self-rotation of the LCE-based
engine originates from the photothermally driven strain of the LCE fiber in illumination, and its continuous
periodic motion is sustained by the correlation between photothermal energy and damping dissipation. The Hopf
bifurcation conditions are also explored in detail, as well as the vital system parameters affecting self-rotation
frequency. Compared to the abundant existing self-oscillating systems, this conceptual self-rotating LCE-based
engine stands out due to its simple and lightweight structure, customizable dimensions and high speed, and it
is expected to offer a broader range of design concepts applicable to soft robotics, energy harvesters, medical

instruments, and so on.
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I. INTRODUCTION

Self-sustained oscillation is a periodic oscillatory phe-
nomenon triggered by steady external excitations [1], which
can be maintained in a continuous periodic manner by means
of periodically absorbing energy from constant external stim-
uli, without the need for additional complex controllers and
portable batteries [2—6]. As a result, to a certain extent, the
complexity of self-oscillating systems is reduced, and interest-
ing applications including portability become possible [7-13].
Furthermore, the self-oscillation frequency generally depends
on the parameters of the system itself and is almost inde-
pendent of the initial conditions, making the system robust
[14,15]. Taking advantage of these benefits in self-oscillation,
self-oscillating systems are becoming attractive candidates for
a variety of practical applications, including active machines
[16-22], autonomous robotics [23], energy-absorbing devices
[24-26], motors [27], etc.

On basis of the stimuli-responsive materials such as liquid
crystal elastomers (LCEs) [28], ionic gels [29,30], hydrogels
[31,32], etc., diverse self-oscillating systems have recently
emerged. In particular, numerous attempts have been made
to construct a large number of self-sustained motion pat-
terns such as vibration [33], bending [34,35], rolling [36-38],
spinning [39], torsion [40], shuttling [41], self-oscillating aux-
etic metamaterials [42], self-floating [43], self-curling [44],
shrinking [45], swimming [46], swinging [16,47], buckling
[48,49], jumping [50,51], rotation [52,53], chaos [54], and
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even synchronized motion of coupled self-oscillators [55].
For these proposed self-oscillating systems, some special
mechanisms are generally required to absorb energy from the
external environment to compensate for the energy dissipation
consumed by system damping [1]. Given different stimuli-
responsive materials, various feedback mechanisms have been
proposed to achieve energy compensation [16,17,56], such as
the coupling mechanism between chemical reaction and large
deformation [29,30], the self-shading mechanism [16,17,57],
and the multiprocess coupling mechanism between droplet
evaporation and movement [58]. These mechanisms are
always accompanied by nonlinear coupling of multiple pro-
cesses and self-oscillatory feedback [56-58].

Among the stimuli-responsive materials that constitute
self-excited oscillatory systems, LCE offers some special ben-
efits. LCE is fabricated by synthesizing anisotropic rodlike
liquid crystal molecules and stretchable long-chain polymers
[59]. When exposed to environmental stimuli, such as light
[21], heat [60], electricity [61], and magnetism [62], the
liquid crystal monomer molecules rotate or undergo phase
transitions, which change their configurations and thereby
produce macroscopic deformations [63]. Among the above
external stimuli, optical stimulation is a preferable choice as
it allows for remote and noncontact operation. Meanwhile,
convenient and precise adjustments of intensity, wavelength,
and polarization directions are permitted. In addition, pho-
tothermal stimulation offers appealing features of abundant
light sources and cleanliness. The photothermally responsive
LCE exhibits rapid response, large intrinsic deformation as
well as reversible deformation. These special properties al-
low for inducing feedback in various approaches, resulting in
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FIG. 1. Schematics of a self-rotating engine, consisting of an
LCE fiber, a hinge and a turnplate. (a) Four-stroke engine. (b) Ref-
erence state (front view). (c) Reference state (end view). (d) Initial
state. (e¢) Non-illuminated state. (f) Illuminated state. Half of the
system is steadily illuminated. The LCE-based engine can maintain
a continuous periodic rotation under steady collimated illumination.

light-induced self-sustained oscillations [64], which in turn
has led to an extensive practical use of LCE-based light-
powered self-oscillating systems [63—65].

Despite the widespread interest in LCE-based self-
oscillating systems and the resulting construction of many
self-oscillating systems, there is still a need to build self-
oscillating systems with more diverse modes of motion to
meet the demands of various functional applications. A four-
stroke engine is an internal combustion engine that utilizes
four distinct piston strokes to complete one operating cycle,
and mainly consists of piston, spark plug, crankshaft, and
connecting rod. A four-stroke engine undergoes four strokes,
i.e., intake, compression, power, and exhaust, to complete an
operating cycle. During this period, the piston moves back
and forth between the top and bottom dead centers for four
strokes, and the crankshaft rotates for two cycles, as shown in
Fig. 1(a). Inspired by the four-stroke engine and KneZevi¢’s
work [66], a conceptual self-rotating engine is proposed on
the basis of photothermally responsive materials, consisting
of a LCE fiber, a hinge and a turnplate, which can self-rotate
under steady illumination. In contrast to Knezevi¢’s zero-
energy-mode engine [66], our proposed LCE-based engine
exhibits an unsteady self-rotation with periodically varying
angular velocity. The objective of this paper is to present a
conceptual photothermally driven self-rotating LCE-based en-
gine, investigate its dynamic behaviors and provide guidance
for its practical applications in engineering. This self-rotating
system has several unique benefits including simple structure,
customizable size, fast speed, and light weight [67-69], and it
is expected to present a wider array of design concepts suit-
able for various applications, including soft robotics, energy
harvesters, and medical instruments.

The remainder of this paper is structured as follows. In
Sec. II, we first propose a nonlinear dynamic model for the
self-rotating LCE-based engine under steady illumination,
which involves the well-established dynamic LCE model,
and then formulate the corresponding governing equations.

Section III presents the two motion regimes of the LCE-
based engine under steady illumination, and discusses the
mechanism of self-rotation in detail. In Sec. IV, we focus
on the Hopf bifurcation conditions between the static and
self-rotation regimes, as well as the influences of various
system parameters on the self-rotation frequency. Finally, we
conclude our study in Sec. V.

II. MODEL AND FORMULATION

In this section, we first propose a conceptual self-rotating
LCE-based engine under steady illumination upon inspiration
of Knezevi¢’s work [66] and a four-stroke engine shown in
Fig. 1(a). The LCE-based engine, consisting of an LCE fiber,
a hinge and a turnplate, is capable of continuous rotation un-
der steady illumination. Taking the photo-thermal-mechanical
model into account, a dynamic model for the self-rotating
LCE-based engine under steady illumination is established.
The main contents include the rotational dynamics of the self-
rotating engine, the photothermally driven rotational moment,
the tension of the LCE fiber, the nondimensionalization, and
the solution method for the differential governing equations
with variable coefficients.

A. Dynamics of the LCE-based engine

Figure 1 sketches the conceptual photothermally driven
self-rotating LCE-based engine, which consists of an LCE
fiber, a hinge and a turnplate. One end of the LCE fiber is
connected to the fixed end O, and the other end is connected
to point P on the hinge, which is connected to a turnplate with
radius R and an axel of rotation C. The LCE fiber utilized is ei-
ther thiol-acrylate or siloxane LCE, capable of demonstrating
significant elastic strains [70]. For the reference state shown in
Fig. 1(b), the LCE fiber is stress-free with an original length
of Ly. The LCE fiber is in the monodomain state and liquid
crystal mesogens are aligned along the longitudinal direction.
The initial state is depicted in Fig. 1(d), with the yellow area
representing the collimated illumination zone. Half of the
system is steadily illuminated. Initially, the LCE-based engine

acquires an initial angular velocity 6, from the reference state,
and the turnplate starts to rotate. At the beginning of the
rotation, the LCE fiber has not yet entered the illumination
zone [Fig. 1(e)]. Then, as the turnplate rotates to the position
with critical rotational angle, 6, = . When heated up, the
LCE fiber contracts along the longitudinal direction due to
the transition from the nematic phase to the isotropic phase
[Fig. 1(f)].

When the rotational angle of the turnplate is less than
the critical angle (0 < 6 < 7), the tension in the LCE fiber
and the corresponding rotational moment tend to rotate the
turnplate counterclockwise to its initial state. When the rota-
tional angle of the turnplate exceeds the critical angle (7 <
0 < 2m), the LCE fiber starts to receive steady illumination.
Under steady illumination, the tension in the LCE fiber and
the corresponding rotational moment increase and tend to con-
tinue to rotate the turnplate clockwise, as shown in Fig. 1(e).
When passing through the critical position, the turnplate con-
tinues to rotate due to its own inertia. Finally, under steady
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illumination, the turnplate is able to exhibit continuous peri-
odic rotation.

As described in Fig. 1, the turnplate is subjected to the
rotational moment Mg(¢) and the damping moment My(?).
For simplicity, the damping moment M (¢) is assumed to be
proportional to its rotational angular velocity. The correspond-
ing nonlinear dynamic governing equation for the self-rotating
engine can be derived as

(D

where  is the damping coefficient and J refers to the moment
of inertia of the turnplate about its center point C. In addition,

the initial conditions are given as
0(t) = 6 do() 0y at
= , T — a

0~ ()
Noted that the rotational moment Mg(¢) in Eq. (1) results
from the tension of the LCE fiber, which will be calculated in
the following.

t=0. )

B. Rotational moment

The rotational moment Mg(¢) can be determined from the
tension F (t) of the LCE fiber. For the two cases of nonillumi-
nated state 2nwr < 6 < 7 + 2nm) and illuminated state (7 +
2nmw < 0 < 27 + 2nm) during the rotation of the turnplate,
there are different analytical expressions for the rotational
moment Mg(t). To simplify the formulation, four assumptions
are made: (1) the mass of the LCE fiber is negligible; (2) the
cross-sectional shape of the LCE fiber remains constant under
tension; (3) The friction between LCE fiber is ignored; and (4)
the tension is uniform throughout the entire LCE fiber.

(1) Nonilluminated state

For the nonilluminated state, i.e., 2nm < 0 < 7 + 2n,
the rotational moment Mg(¢) is closely related to the tension
F(t). As depicted in Fig. 1(e), the tension direction of the fiber
is along its center line. Referring to the mature model of rigid
rotation about a fixed axis [71], the rotational moment Mg(t)
in the nonilluminated state is calculated as follows:

Mg(t) = —F(t)d. 3)

(ii) Illuminated state

For the illuminated state, i.e., w + 2nmw < 0 < 27w + 2nm,
as shown in Fig. 1(f), the rotational moment Mg(#) can be
easily calculated as follows:

Me(t) = F(t)d. 4)

The length of the LCE fiber L(¢) in nonilluminated and
illuminated states can be easily obtained from Fig. 1(e) as

L) = \/R2 + (Lo + R)*> — 2R(R + Ly) cos b, (5)
and then the moment arm d can be easily obtained as
_ (Lo +R)Rsinb
B L(t)

d (6)
C. Tension of the LCE fiber

In order to determine the rotational moment Mg(f) in
Egs. (3) and (4), it is necessary to calculate the tension F (¢).

Generally, viscoelasticity of the LCE fiber plays an important
role in the rotation of the LCE-based engine. However, for
highly crosslinked LCE, it is also reasonable to assume that
viscoelasticity is ignored, and the fiber is a linearly elastic
material. For simplicity, the friction and mass of the fiber are
ignored in the calculations, and the tension F'(¢) of the fiber is
assumed to be proportional to the elastic strain &, i.e.,

F(t) = kLog. (1), (7

where k = ZA is the spring constant, with E and A being the
elastic modulus and the cross area of LCE fiber, respectively.
The elastic strain &.(t), the total strain & and the photother-
mally driven strain e in the LCE fiber are homogeneous
and time-dependent. It is noted that the photothermally driven
strain can result in net work during one cycle performed by the
LCE fiber. This compensation effectively counters damping
dissipation, thereby sustaining self-rotation, as elaborated in
Sec. III B.

For simplicity, the elastic strain e.(¢) under small de-
formation can be assumed as a linear combination of the
total strain &y (#) and the photothermally driven strain gy (¢),
i.e., &ot(t) = &o(t) + eL(¢). Therefore, the tension can be
rewritten as

F(1) = kLo[ew(t) — eL(0)], ®)

eL(t) refers to the photothermally driven strain of LCE with an
assumption that it is linearly related to the temperature change
T (t) in the LCE fiber and can be written as

eL(t)=—GT (1), (€))

where Cy is the contraction coefficient. For simplicity, the total
strain is defined as stm(t)z%. Thus, the tension F(¢) in
Eq. (8) can be rewritten as

F(t) = K{[L(t) — Lol + CoLoT (1)}. (10)

D. Temperature of the LCE fiber

To calculate the temperature in Eq. (10), this section de-
scribes the dynamics of temperature of the photothermally
responsive LCE fiber under steady illumination and in dark.
During the self-rotation of the LCE-based engine, there is heat
exchange between the LCE fiber and the environment. We
assume that the radius r of the LCE fiber is much smaller
than the length Ly. For typical values of the heat transfer
coefficient K = 10W/m?/K, the thermal conductivity /& =
0.1W/m/K, and r = 10~°m in the experiments [72], the Biot
number B; = Kr/h is estimated as B; = 1073. Therefore, the
temperature field in the fiber is nearly homogeneous along
its radius. Meanwhile, due to the simultaneous entry of the
LCE fiber into the illuminated state or nonilluminated state,
the temperature of LCE fiber is assumed to be homogeneous
along the longitudinal direction. Under steady illumination,
the temperature of LCE fiber can be governed by

dT  q—KT

— = , 11
T o Y

where pc¢ is the specific heat capacity, and g represents the
heat flux from the steady illumination.

In this paper, the LCE fiber switches between the illumi-
nated and nonilluminated states. For Case I that the LCE fiber
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is in the illuminated state switched from the nonilluminated
state with transient temperature Ty, by solving Eq. (11), the
temperature 7 in the LCE fiber is

T = Ty + (1 — ™) (12)

where T = % denotes the thermal characteristic time, and #;
is the duration of current process.

For Case II that the LCE fiber is in the nonilluminated state
(i.e., ¢ = 0) switched from the illuminated state with transient
temperature Tijum, the temperature 7 in the LCE fiber can be

derived from Eq. (11) as
T = Tiume ™" (13)

where, 1, is the duration of the current process.

E. Nondimensionalization

For convenience, the dimensionless quantities are in-
troduced as follows: 7} =t,/1, f» =t/t, L=L/Ly, R =
R/Ly, d = d /Ly, Mg = Mgt?/J, F = FLyt*/J, B = Bt/J,
k =kt2L}/J, T = T/T, (T, is environmental temperature),
Tium = Tium/Te> Tdark = Taark/Te» ¢ = q/KT,. In turn, the
dimensionless forms for Egs. (1)—(6), and (10)—(13) can be
obtained, as listed below.

The governing equation for the self-rotating LCE-based
engine is rewritten as

P0G —  _do)

e —MF(t)_,BWs (14)
. — do@) = _
o) = Bo. d(:)zeo at 7=0, (15)

where Mg (1) is calculated in two cases as for the nonillumi-
nated state 2nr < 0 < 7 + 2nm),

Mp()=—F(@)d, (16)
and for the illuminated state (7 + 2nw < 6 < 27 + 2nmw),
Mp(t) =F(t)d, (17)
where F (7) is
F (@) = k{[LG) — 11+ GT )}, (18)

and the current moment arm d is
(14+R)Rsind

d= —
L{)

19)

The current fiber length L(7) for nonilluminated and illu-
minated states can be expressed as

L) = \/Tez L+ (14+R)’ —2R(R+ 1)cos6.  (20)

In addition, for case I, the temperature 7 in the LCE fiber
is

T =Tor +q(1 — ™) 1)
and for case II, the temperature 7 in the LCE fiber is
T = Tyume ™ (22)

Equations (14), (21), and (22) govern the self-rotation of
LCE-based engine under steady illumination, in which the

TABLE I. Material properties and geometric parameters.

Parameter Definition Value Unit

B Damping coefficient 0~ 0.001 mg-mm?/s
Co Contraction coefficient [73] 0~0.3 /

q Heat flux [74] 0—7 x 1073 /s

T Thermal characteristic time [74] 1 ~ 100 ms

J Moment inertia of turnplate 0~1 mg - mm?
K Heat transfer coefficient [75] 1 W/m? - K
Ly Original length of LCE fiber 1 m

k Spring constant of LCE fiber 9.5 N/m

R Radius of turnplate 0.05 m

pc Specific heat capacity 0.1 J/kg-K
T, Ambient temperature 300 K

time-dependent temperature is coupled with the angular posi-
tion of the LCE-based engine. In order to solve these complex
differential equations with variable coefficients, the fourth-
order Runge-Kutta method is used and numerical calculations
are carried out in MATLAB software. For the temperature T;
and the position 6; of LCE-based engine at time ;, the current
tension F; of LCE fiber and the current rotational moment M;
can be determined from Eqs. (16) to (20). Then the angular
position 6, at 7, can be calculated from Eq. (14). Mean-
while, the current temperature T; are determined to estimate
the heat flux g from Eqgs. (21) and (22). Thus, the dynamic of
self-rotating LCE-based engine can be numerically obtained
through iteration calculation for given parameters Cy, g, f, k,

0o, R.

III. TWO MOTION REGIMES AND MECHANISM
OF SELF-ROTATION

In this section, based on the solution of the governing
Egs. (15) and (22), we first introduce two typical motion
regimes of the LCE-based engine, i.e., the static regime and
the self-rotation regime. Next, the corresponding mechanism
of self-rotation is investigated in detail.

A. Two motion regimes

To investigate the self-rotating LCE-based engine under
steady illumination, the typical values for the dimensionless
parameters in the model should be determined first. From the
available experiments [73-75], the typical material properties
and geometric parameters are listed in Table I. The corre-
sponding dimensionless parameters are also listed in Table II.
Among these parameters, Cy, T, and K are the key parameters,
which are set according to the related experiments [73-75].
In practice, other geometric and physical parameters can be
easily tuned. It is noted that recent experiments have shown

TABLE II. Dimensionless parameters.

Parameter 6, 6o B q Cy k R

Value 0~100~100~0.10~0.70~0.30~400~0.05
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FIG. 2. Time histories and phase trajectories for the two motion
regimes of the LCE-based engine. (a) and (b) are the self-rotation
regime with g = 0.2; (c) and (d) are the static regime with g =
0.05. The other parameters are Cy = 0.3, k = 40, 8 = 0.02, 6, = 0,
R =0.05, and f = 2. The LCE-based engine under steady illumi-
nation can develop into two motion regimes: the static regime and
the self-rotation regime, which means that the engine experiences a
supercritical Hopf bifurcation as described in Sec. IV.

that the thermal characteristic time of the LCE fiber to pho-
tothermal stimulation is less than 10! s, and several instances
of self-oscillations have been successfully showcased [76,77].

By numerically solving Eqs. (16)-(21), the time histories
and phase trajectories of self-rotation can be obtained, among
which the cases for ¢ = 0.2 and g = 0.05 are shown in Fig. 2
and Video 1 in the Supplemental Material [78]. In the cal-

culation, we set the other parameters as Cy = 0.3, k = 40,

B =002, 6,=0, R=0.05, and 6y = 2. For g = 0.2, the
LCE-based engine starts to rotate from rest, and the rotation
frequency gradually tends to stabilize. Finally, under steady
illumination, the LCE-based engine presents a continuous
periodic rotation, which we refer to as the self-rotation regime
[Figs. 2(a) and 2(b)]. For g = 0.05, the rotation frequency of
the LCE-based engine exhibits a gradual increase with time
due to the damping dissipation, and the LCE-based engine
eventually attains stationary at the equilibrium position, which
is named as the static regime [Figs. 2(c) and 2(d)]. This re-
sult implies that the engine experiences a supercritical Hopf
bifurcation as discussed in Sec. IV. Next, we will further
investigate the mechanism of self-rotation in detail.

B. Mechanism of self-rotation

To investigate the mechanism of self-rotation, Fig. 3 illus-
trates several important physical quantities of the LCE-based
engine for the typical case shown in Figs. 2(a) and 2(b).
Figure 3(a) plots the time history curve of the temperature 7,
reflecting its periodic variation with time. As the LCE fiber
enters the illumination zone, the temperature T increases and

(a)0.3 (b)0.08
In one period In one period
0.2 0.06
=
1&0.1 < 0.04
0.0 0.02
-0.1 0.00
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t t
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FIG. 3. Mechanism of the self-rotation for the typical case in 3
(a) and (b). (a) Time history curve of the temperature 7 in the LCE
fiber. (b) Time history curve of the photothermally induced fiber
length change. (c) Time history curve of the tension of the LCE fiber.
(d) Time history curve of the rotational moment. (e) Relationship
between rotational moment and angular position. (f) Relationship
between damping moment and angular position.

approaches the maximum value, while it decreases gradually
in the dark zone. Figures 3(b) and 3(c), respectively present
the time history curves for the fiber length change AL and the
tension F of the LCE fiber induced purely by illumination,
both of which exhibit periodic behaviors due to the periodic
change in temperature T. Figure 3(d) depicts the time history
curve of rotational moment Mg. Figure 3(e) further reveals
the relationship between rotational moment My and angular
position #. The rotational moment M. is jointly determined
by tension F and angular position @, as expressed in Egs. (16),
(17), and (19). The area enclosed by the curve in Fig. 3(e)
represents the positive net work done by the LCE fiber, which
is numerically calculated to be 0.12385. Figure 3(f) shows
the relationship between damping moment My and angular
position 8, with the area enclosed by the curve representing
the damping dissipation, which is numerically calculated to
be 0.12385. The net work done by the LCE fiber is ex-
actly identical to the damping dissipation, implying that the
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FIG. 4. Snapshots of the self-rotation of the LCE-based engine within one cycle for the typical case in Figs. 2(a) and 2(b). Under steady
illumination, the LCE-based engine will exhibit a continuous periodic rotation.

self-rotation results from the competition between the net
work done by the LCE fiber and the damping dissipation.
Figure 4 depicts the movement of the LCE-based engine over
one cycle.

IV. INFLUENCES OF SYSTEM PARAMETERS
ON THE SELF-ROTATION

In the above mechanical model of the self-rotation, there

are six dimensionless system parameters, including Cy, k, g,
E, R, and 6. The current section will focus on the influences

of these system parameters on the Hopf bifurcation conditions
and the frequency of self-rotation.

A. Influence of heat flux

Figure 5 and Video 2 [78] describe the influence of heat
flux g on the self-rotation of the LCE-based engine. In the
calculation, we set Cy = 0.3, k = 40, 0o = 2, E =0.02,R =
0.05, and Ay = 0. There exists a critical heat flux of approx-
imately 0.06 to trigger the self-rotation, which indicates that
the LCE-based engine experiences a supercritical Hopf bifur-
cation at the critical heat flux. When g < 0.06, the engine

(b)o.16

0.75m 0.257
<0 0.12
0.5
0.08
0.0 - 1.007 0.00m ~
0.04
0.00 Static
1.25n 1.75n
— -0.04
1.50n 0.00 0.05 0.10 0.15 0.20

FIG. 5. Influence of heat flux on the self-rotation, for C, = 0.3,

k=40,0,=2, 8 =0.02, R =0.05, and 0, = 0. (a) Limit cycles.
(b) Frequency variation with heat flux. There exists a critical heat
flux of g =~ 0.06 for the supercritical Hopf bifurcation between the
static regime and the self-rotation regime. With the increase of heat
flux g, the frequency of self-rotation presents an upward trend.

always stops at an equilibrium position, referring to a static
regime, whereas the self-rotation regime can be triggered
when g = 0.1, 0.15, 0.2. Figure 5(a) plots the limit cycles,
while Fig. 5(b) presents the influence of heat flux g on the
self-rotation frequency. The frequency increases significantly
with the increasing heat flux. Self-rotation is the result of
light energy being absorbed and converted into mechanical
energy, and as the heat flux increases, the more energy is con-
verted, resulting in a shorter duration of self-rotation within
one cycle.

B. Influence of contraction coefficient

Figure 6 and Video 3 [78] illustrate the influence of con-
traction coefficient Cy on the self-rotation of the LCE-based

engine. In the calculation, we set g = 0.2, k = 40, 0o =2,
B =0.02, R =0.05, and 6, = 0. Similarly, the critical con-
traction coefficient Cy for the supercritical Hopf bifurcation
is found to be approximately 0.1. The LCE-based engine
remains static when Cy < 0.1, and for Cy = 0.2, 0.25, 0.3, the
self-rotation can be triggered, with their limit cycles being
depicted in Fig. 6(a). Figure 6(b) displays the variation of
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Co=0.2 0.04 :
Static :
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0 Co
FIG. 6. Influence of contraction coefficient on the self-rotation,

for g=0.2, k =40, 6, =2, B =0.02, R =0.05, and 6, = 0. (a)
Limit cycles. (b) Frequency variation with contraction coefficient.
A critical contraction coefficient of Cy ~ 0.1 is present for the
supercritical Hopf bifurcation between the static regime and the
self-rotation regime. As the contraction coefficient C, increases,
the frequency of self-rotation tends to increase.
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FIG. 7. Influence of damping coefficient on the self-rotation, for

7=0.2k=40,0,=2,C,=0.3,R=0.05 and 8, = 0. (a) Limit
cycles. (b) Frequency variation with damping coefficient. A critical
damping coefficient of 8 & 0.055 exists for the supercritical Hopf
bifurcation between the static regime and the self-rotation regime.
The increase of damping coefficient 8 results in the decline of the
self-rotation frequency.

self-rotation frequency with contraction coefficient. As the
contraction coefficient Cy increases, the frequency tends to
increase. Equation (9) provides evidence that increasing the
contraction coefficient leads to an increase in the photother-
mally driven strain, which corresponds to an increase in the
absorbed photothermal energy. This implies that increasing
the contraction coefficient of LCE material can enhance the
effective conversion of photothermal energy into mechanical
energy.

C. Influence of damping coefficient

The influence of damping coefficient 8 on the self-rotation
of the LCE-based engine is presented in Fig. 7 and Video 4
[78]. Figure 7(a) depicts the limit cycles for different damp-
ing coefficients, while Fig. 7(b) expresses the self-rotation
frequency as a function of damping coefficient B. In the
calculation, the other parameters are set as g = 0.2, k = 40,

0y =2,Co=0.3,R =0.05, and 6, = 0. The critical value of
damping coefficient B for the supercritical Hopf bifurcation
is approximately equal to 0.055. When B > 0.055, the energy
dissipation due to damping is too large and the energy input
from the external environment is not sufficient to compensate
for this dissipation, resulting in a static regime. However, for
B =0.02, B =0.03, and B = 0.04, the self-rotation regime
can be triggered. An increase in the damping coefficient leads
to a decrease in the frequency of self-rotation. According to
the previous derivation, the larger the damping coefficient,
the more energy dissipation occurs, leading to an increase in
frequency and a longer duration of self-rotation within one
cycle.

D. Influence of spring constant

Figure 8 and Video 5 [78] describe the influence of spring
constant k on the self-rotation of the LCE-based engine.
The limit cycles for different spring constants are plotted in
Fig. 8(a), while Fig. 8(b) represents the functional relationship
between spring constant k and self-rotation frequency. In the
calculation, we set the other parameters as g = 0.2, E =0.02,

0o =2,Co=0.3, R=0.05 and 8, = 0. A critical value of
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FIG. 8. Influence of spring constant on the self-rotation, for Cy =

0.3, 8=0.02, 3=0.2, 6p =0, R=0.05, and 6, = 2. (a) Limit
cycles. (b) Frequency variation with spring constant. There is a
critical spring constant of k & 4 for the supercritical Hopf bifurcation
between the static regime and the self-rotation regime. With the
increase of spring constant k, the frequency of self-rotation displays
an increasing trend.

spring constant k approximately equal to 4 is present for
the supercritical Hopf bifurcation. When k < 4, the lower
tension of the LCE fiber results in smaller net work done
by the rotational moment, and therefore cannot compensate
for the damping dissipation to maintain the self-rotation. The
increasing trend of self-rotation frequency as the spring con-
stant k increases is depicted in Fig. 8(b). Given the above
derivation, the tension and rotational moment of the LCE fiber
also increase with the increasing spring constant k, leading to
an increase in the net work done by the rotational moment
in one cycle. Considering the physical significance of spring
constant k, increasing the spring constant of the LCE fiber
helps to improve the efficiency of converting photothermal
energy into mechanical energy for engineering applications.

E. Influence of turnplate radius

The influence of turnplate radius R on the self-rotation
of the LCE-based engine is presented in Fig. 9 and Video 6
[78]. Figure 9(a) provides the limit cycles for different turn-
plate radius, and the frequency variation with turnplate radius
is plotted in Fig. 9(b). In the calculation, we set g = 0.2,
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FIG. 9. Influence of turnplate radius on the self-rotation, for

Co=03,k=40,§=02,8=0.020,=0,and 6, = 2. (a) Limit
cycles. (b) Frequency variation with turnplate radius. A critical
turnplate radius of R ~ 0.01 is present for the supercritical Hopf
bifurcation between the static regime and the self-rotation regime.
As the turnplate radius R increases, the frequency of self-rotation
increases.
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FIG. 10; Influence of inigal velocity on the self-r(itation, for
Cy=03, k=40, g=02, 8 =0.02, R=0.05, and 6y = 0. (a)
Limit cycles. (b) Frequency variation with initial velocity. A critical
initial velocity of 6 ~ 0.67 exists for triggering the self-rotation,

while the initial velocity 8y has no effect on the frequency of self-
rotation.

B =0.02,00 =2, Cy=0.3, k=40, and 6y = 0. A critical
value of turnplate radius R approximately equal to 0.01 ex-
ists for the supercritical Hopf bifurcation. When R < 0.01,
the smaller turnplate radius induces smaller rotational mo-
ment, which in turn results in smaller net work done by
the rotational moment, and hence an inability to compen-
sate for the damping dissipation to maintain the self-rotation.
Figure 9(b) gives the increasing variation of self-rotation fre-
quency with the increasing turnplate radius R. It is evident
from Eqgs. (16)-(20) that the rotational moment M increases
with the increase of turnplate radius R. This finding suggests
that increasing the turnplate radius facilitates the improvement
in the self-rotation of the LCE-based engine under steady
illumination.

F. Influence of initial velocity
Figure 10 and Video 7 [78] show the influence of initial

velocity 6 on the self-rotation of the LCE-based engine. In
the calculation, the other parameters are set to Cy = 0.3, k =
40,3 =0.2, B =0.02, R = 0.05, and 6y = 0. Figure 10(a)
plots the limit cycle with different initial velocities and
Fig. 10(b) provides the relationship between the frequency

of self-rotation and initial velocity 6. A critical initial ve-

locity 6 of approximately 0.67 exists in the phase transition
between the static regime and the self-rotation regime. The
self-rotation regime is triggered at initial velocities of 1, 2,
3. Clearly observed that the initial velocity has no effect on
the limit cycle and the frequency of self-rotation. Considering
the equivalence of kinetic energy and potential energy in the

conversion, the initial conditions 8, always have no effect on
the frequency of self-rotation, which is an inherent property
of self-oscillation [36].

V. CONCLUSIONS

Self-oscillating systems have the ability to continuously
convert ambient energy into mechanical work. The design

of more self-oscillating systems lays the foundation for their
widespread applications in engineering. Taking inspiration
from the four-stroke engine, a conceptual self-rotating engine
is proposed on the basis of photothermally responsive ma-
terials, consisting of a LCE fiber, a hinge and a turnplate,
which can self-rotate under collimated steady illumination.
Taking into account the photo-thermal-mechanical model, we
propose a theoretical framework for the LCE-based engine
under steady collimated illumination to investigate its self-
oscillatory behaviors. Numerical calculations demonstrate
that the LCE-based engine experiences a supercritical Hopf
bifurcation between the static regime and the self-rotation
regime. The self-rotation of the LCE-based engine can be in-
terpreted as the photothermally driven strain of the LCE fiber
under illumination. Attributed to the competition between
photothermal energy and damping dissipation, it behaves in
a continuous periodic manner.

Furthermore, the frequency of self-rotation depends pri-
marily on several system parameters. Increasing the system
parameters, including turnplate radius R, contraction coeffi-
cient Cy, heat flux g and spring constant k, can improve the
self-rotation frequency, while an increase in damping coef-
ficient B leads to a decrease in the self-rotation frequency.
These qualitative behaviors of the self-rotating LCE-based
engine revealed by the model in current article are consistent
with physical intuition. In practice, various complex factors
can contribute to quantitative deviations from the actual con-
ditions. These factors include the inertia of the LCE fiber,
the nonlinear constitutive law, the viscoelastic properties, the
bending stiffness, as well as the friction between the fiber,
the hinge, and the turnplate. Hence, it is important to account
for these factors to accurately capture the actual behavior and
performance of the system.

It is worthwhile to further validate the self-rotation behav-
iors by designing a prototype of the LCE-based engine in
future work. To diminish the deviations of the experimental
results from the ideal theoretical situation, the LCE fiber in the
experiment should be thin enough to reduce its own inertia and
bending stiffness. It is also recommended to fabricate LCE
fibers with larger contraction coefficient and to utilize larger
heat flux in experiments. In addition, the friction of the turn-
plate should be very small to reduce the damping dissipation
so as to trigger the self-rotation. The conceptual self-rotating
LCE-based engine proposed in current paper presents supe-
riority in terms of ease of preparation, lightweight structure,
customizable dimension and rapid response, and it is ex-
pected to offer a broader range of design concepts applicable
to soft robotics, energy harvesters, medical instruments, and
SO on.
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