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Modeling of a light-fueled self-paddling boat with a liquid crystal elastomer-based motor
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Active materials possess unique properties of being able to respond autonomously to external stimuli, yet
realizing and regulating the motion behavior of active machines remains a major challenge. Conventional
control approaches, including sensor control and external device control, are both complex and difficult to
implement. In contrast, active materials—based self-oscillators offer distinct properties such as periodic motion
and ease of regulation. Inspired by paddle boats, we have proposed a conceptual light-fueled self-paddling
boat with a photothermally responsive liquid crystal elastomer (LCE)-based motor that operates under steady
illumination and incorporates an LCE fiber. Based on the well-established dynamic LCE model and rotation
dynamics, the dynamic equations for governing the self-paddling of the LCE-steered boat are derived, and
the driving torque of the LCE-based motor and the paddling velocity of the LCE-steered boat are formulated
successively. The numerical results show that two motion modes of the boat under steady illumination: the
static mode and the self-paddling mode. The self-paddling regime arises from the competition between the
light-fueled driving torque and the frictional torque. Moreover, the critical conditions required to trigger the
self-paddling are quantitatively examined as well as the significant system parameters affecting the driving
torque, angular velocity, and paddling velocity. The proposed conceptual light-fueled self-paddling LCE-steered
boat exhibits benefits including customizable size and being untethered and ambient powered, which provides
valuable insights into the design and application of micromachines, soft robotics, energy harvesters, and beyond.
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I. INTRODUCTION

Active materials constitute a class of materials with a dis-
tinctive nature that enables them to respond autonomously to
external stimuli [1]. These materials can convert various forms
of energy such as light [2], heat [3], and magnetic [4] and
electrical energy [5] into mechanical energy, leading to their
own deformation and motion, which finds significant applica-
tions in fields of autonomous robotics [6—12] and autonomous
controllers. Meanwhile, a diverse range of active materials
including hydrogels [13,14], ionogels [15,16], piezoelectric
materials [17], shape memory alloys [18], and liquid crys-
tal elastomers (LCEs) [19-21] has gained research attention
owing to their characteristics of structural integration, con-
trollable weight, low noise, environmental friendliness, and
recoverability. Consequently, they hold great promise in smart
structures [6], bionic organs [12], aerospace [22], and beyond.

Conventional control approaches include sensor control
and external device control, where sensors are utilized to
perceive the states of active machines [23] and their sur-
roundings [24]. Subsequently, feedback control algorithms
are employed to adjust the response of active materials in
time to achieve precise control. With the rapid development
of artificial intelligence, electronic information technology,
machine learning, and network technology are expected to
further facilitate the intelligent control of active machines
[25]. Nevertheless, most of these control approaches require
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a complex control center, akin to the control of the human
body by the brain [26,27]. This complexity and the demand
for accuracy present a formidable challenge that impedes the
design and application of active machines.

Self-oscillations have great potential and advantages in
controlling active machines [25]. Self-oscillating systems are
systems that absorb energy from a steady external environ-
ment to maintain their own motion [28,29]. Attributed to their
distinctive nature, there has been a surge of research interest
in active materials—based self-oscillators [30]. Self-oscillating
systems can autonomously generate periodic and continuous
vibrations without any external excitation or input because
of their internal feedback mechanisms and inherent nonlinear
properties. Self-oscillations are manifested in various sys-
tems, such as the swing of a pendulum, electronic oscillating
circuits, and the rhythmic beating of a heart, where the system
energy is continuously converted and periodically dissipated
to sustain the oscillatory state [31]. Simple structures often
enable the realization of these periodic motion modes [32,33],
thus facilitating the design of self-oscillating machines. Addi-
tionally, self-oscillating systems demonstrate robustness [34],
with amplitudes and frequencies being dependent upon sys-
tem parameters and independent of initial conditions, thereby
aiding in the realization and regulation of active machines
[35-37]. The numerous benefits of self-oscillators make them
an attractive source of inspiration for applications in active
machines [6,7], energy harvesting [38,39], engines [40], and
autonomous robotics [41].

A great variety of self-oscillating systems [42] has been
constructed employing active materials like LCEs, ionic
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gels, and hydrogels. These systems exhibit a range of self-
oscillatory modes, including oscillating [43,44], spinning
[45], rolling [46], bending [47,48], jumping [49], chaos [50],
synchronization [51], and floating [52]. Several feedback
mechanisms have been devised to acquire stable energy for
self-oscillating systems, including the self-masking mecha-
nism [53], chemical reaction coupled with large deformation
[16], liquid volatilization coupled with deformation [54],
and the photothermal surface tension gradient mechanism
[55]. Among various stimulus-responsive materials [56],
LCEs [19-21,57] have garnered substantial attention due
to their remarkable features, such as large and reversible
deformation, rapid response, and easy control. LCEs can re-
spond to various stimuli such as light [58,59], heat [60—63],
and electricity [64,65]. The photothermally responsive LCE
exhibits fast response, environmental friendliness, easy ac-
cessibility, noiselessness, and precise control [36,43]. These
self-oscillating systems hold significant promise in the do-
mains of bionic instrumentation [66,67], energy harvesting
[38,39], and autonomous robotics [68,69].

While self-oscillating units based on active materials have
demonstrated notable achievements, there is still a need to
construct various active machines using these units to unlock
additional functions and applications. The origins of this type
of motor can be traced back to Steinberg’s proposal of the
mechanical chemical motor [70]. Similarly, KneZevi¢ and
Warner introduced a conceptual photomechanical elastomer
engine and a mechanical turbine motor [71,72]. However, the
realization of these proposed motors has been hindered by
the limitations in the response speed of the active material.
With the continuous in-depth study of active materials, re-
searchers such as He et al. [6] and Xing et al. [61] developed
an LCE fiber oscillator with an oscillation period down to
0.1 s, which provides potential for realizing the previously
envisioned LCE-based motor. Inspired by paddle boats, this
paper proposes a light-fueled self-paddling LCE-steered boat
which can move forward sustainably under steady illumina-
tion using the drive belt structure of an LCE fiber as the
motor. In this paper, we aim to propose a conceptual light-
fueled self-paddling boat with a photothermally responsive
LCE-based motor, describe its dynamic behavior, study its
operating conditions, and provide guidance for its practical
applications. The proposed self-paddling boat system has the
unique advantages of simple structure, customizable size, and
being untethered and ambient powered, and it can be miniatur-
ized and integrated, making it easier to be practically applied
in micromachines and systems. This paper has the potential
to boost practical applications in the fields of autonomous
robotics, microsensors, reconnaissance and surveillance, and
energy harvesting.

The remainder of this paper is structured as follows. In
Sec. II, the nonlinear dynamics model of the self-paddling
boat system under steady illumination is introduced. Based on
the well-established dynamic LCE model and rotation dynam-
ics, the corresponding governing equations are derived, and
the driving torque of the LCE-based motor and the paddling
velocity of the LCE-steered boat are formulated successively.
In Sec. I1I, the focus is on the critical conditions for triggering
the self-paddling and the influences of different system pa-
rameters on self-paddling, including the driving torque of the

LCE-based motor, the angular velocity of the wheel, and the
paddling velocity of the LCE-steered boat. Finally, in Sec. IV,
this paper is summarized, and potential future directions are
outlined.

II. THEORETICAL MODEL AND FORMULAS

In this section, we describe a light-fueled self-paddling
boat system consisting of a photothermally responsive LCE
fiber acting as a motor, four rotating wheels, and several
paddles. The governing equations of the self-paddling LCE-
steered boat are then derived based on the dynamic LCE
model and rotation dynamics. Finally, the governing equations
are nondimensionalized by introducing dimensionless system
parameters.

A. Dynamics of the self-paddling LCE-steered boat

Inspired by the paddle boat, an LCE-steered boat that
can self-paddle under steady illumination is constructed.
Figs. 1(a) and 1(b) depict the theoretical model of the
self-paddling LCE-steered boat, which consists of a pho-
tothermally responsive LCE fiber, four rotating wheels, and
several paddles. The LCE fiber employed in this paper is com-
posed of either thiol-acrylate or siloxane LCE, showcasing
substantial elastic strains [73]. In the reference state illustrated
in Fig. 1(c), the LCE fiber is stress free, possessing an original
length of Ly. Meanwhile, the LCE fiber exists in a mon-
odomain state, with liquid-crystal mesogens aligned along the
longitudinal direction. Then the LCE fiber is prestretched and
placed on two wheels, as shown in Fig. 1(b). The radius of the
large wheel 1 (i.e., the master wheel) is R, while the radius of
the small wheel 2 (i.e., the follower wheel) is R,. In the initial
state, the stretched length of the LCE fiber is L, and its stretch
rate is Ao, which is defined as the ratio of the current length L
to the original length L.

In the current state, steady illumination is applied onto a
portion of the LCE fiber, as shown by the yellow region in
Fig. 1(d). When the LCE fiber is exposed to illumination and
heated, it contracts along the longitudinal direction due to the
transition from the monodomain to the isotropic phase. As the
LCE fiber contracts in the illumination zone, the correspond-
ing tensile force increases. Considering that only a portion
of the LCE fiber is exposed to illumination, this leads to an
uneven distribution of tension in the LCE fiber. In this case,
the stretch rates of segments ABC and ADC are A; and X,,
and this imbalance encourages the LCE fiber to move under
tension.

Furthermore, wheels 1 and 2 rotate under the torque formed
by the two different tensile forces. The tension in segment
ABC is denoted by Fj, and the tension in segment ADC is
denoted by F,. To make the two wheels rotate in the same
direction, two coordinating wheels 3 and 4 with both radii r
are added and connected by winding them with an elastic cord,
as shown in Fig. 1(a). The tension in segment EF is F3, and
the tension in segment GH is F;. Meanwhile, the centers of
these two coordinating wheels coincide with the circular axes
of wheels A and B, respectively. With these two coordinating
wheels, it is possible to rotate wheels A and B in the same
direction. As wheels A and B rotate, different segments of the
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FIG. 1. Schematic diagram of the LCE-based motor in the self-paddling boat system (a) Top view of LCE steered boat; (b) Side view of
LCE steered boat; (c) Reference state of the LCE fiber; (d) Current state of the LCE-based motor; (e) Force analysis of the boat; (f) Force
analysis of the wheels. The self-paddling boat system is capable of self-paddling under steady illumination.

LCE fiber enter and leave the illumination zone successively,
thus bringing the entire LCE-based motor into a dynamic
equilibrium for continuous and stable operation. The instal-
lation of paddles on the LCE-based motor enables the boat to
self-paddle.

The boat is subjected to the driving force Fyve provided
by the action of the water on the paddles and the damping
force Fyamp of the water on the boat, as shown in Fig. 1(e). For
steady paddling of the boat, the driving force is balanced with
the damping force, i.e.,

(D

The driving force is assumed to be proportional to the
relative speed of the paddle relative to the stationary water,
i.e.,

Farive = Fdamp-

Faive = 101 — v), )

where B! refers to the rotational damping coefficient of pad-
dle, & denotes the angular velocity of wheel 3, [ is the length
of paddle, and v represents the paddling velocity of the en-
tire LCE-steered boat. The damping force is assumed to be
proportional to the paddling velocity of the LCE-steered boat,
ie.,

= Bov,

where $, refers to the damping coefficient of boat.

Meanwhile, for steady paddling, wheel 3 is in equilibrium
and is subjected to the maximum frictional torque M., the
driving torque Mgrive, and the resistance torque My Of water
against wheel 3, as shown in Fig. 1(f). The equilibrium equa-
tion can be expressed as

3)

F damp

Marive — Mtrict = Myater (4)
where the resistance torque can be derived as
Myaer = Farivel . (5)

Combining Egs. (1)-(5) yields the paddling velocity of the
boat:
v = Mdrive - Mfrict ’ (6)
B2l

and angular velocity of the wheels:
(,Bl + /32)(Mdr1ve - anct)

b= B1B21?

@)

B. Photothermally driven driving torque
of the LCE-based motor

In this section, the photothermally driven driving torque
M giive of the LCE-based motor is derived. The force analysis
diagram of the LCE-based motor is presented in Fig. 1(f). The
torque balance equations for wheels 1 and 2 can be described
as

(F1 — F2)Ry + (Fy — B3)r1 + Mygive =0, ®)

and

(F, — F))Ry + (F3 — Fy)r =0, 9)

where Fi, F>, F3, and F; represent the tensile forces of seg-
ments ABC, ADC, EF, and GH, respectively.

From Egs. (8) and (9), the driving torque of the LCE-based
motor can be written as

Mgyive = (F1 — B2)(R) — Ry). (10)

The tensile force of the LCE fiber is assumed to be linearly
related to its elongation, so that it can be obtained as

N A
l—LI)\1

F; kL—lﬂ
2 = kL | L "

(11)
and

12)
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where ki is the elastic coefficient of LCE, and L; and Ly
denote the lengths of segments ABC and ADC, respectively.
Substituting Egs. (11) and (12) into Eq. (10) yields

Ly Ly
Mgive = [kL (LI - A_1> —kp (LII - k_2>:|(R1 Ry). (13)

The A and X, in Eq. (13) also need to satisfy the following
two conditions. To ensure the stable operation of the LCE-
based motor, the amount of LCE on wheel 1 with radius R;
should be equal to the amount of LCE on wheel 2 with radius
R, [71]. The above condition can be expressed as

AOR,  A6R,

1 , 14
. ” (14)

where A6 is the rotation angle.

Meanwhile, to avoid relative sliding of wheels 1 and 2
against the LCE fiber, it is also necessary to ensure that the
total length of the LCE fiber remains constant [71], so that we
can get another condition:

Ly L
P + —
(I+eDra A

where Ly and Ly are the lengths of segments ABC and ADC,
respectively, and ] denotes the photothermally driven strain
of the LCE fiber, which is related to the temperature change
T (t) in the LCE fiber and can be written as

g1 = —CT(1), (16)

=Ly, (15)

where C is the contraction coefficient.

C. Temperature in the LCE fiber

In this section, we will derive the temperature change
in the photothermally responsive LCE fiber under steady
illumination and dark conditions. In the self-paddling process
of the boat, there is heat exchange between the LCE fiber and
the surrounding environment. Combined with the experimen-
tally determined values of the heat transfer coefficient
K = 10 Wm2K™!, the thermal conductivity h =
0.1 Wm~'K~!, the fiber radius » =107 m in the ex-
periments [74-77], and the Biot number B; = Kr/h = 1073,
it is assumed that the temperature field within the LCE fiber
is uniform and identical. Under steady illumination, the
temperature of the LCE fiber can be expressed as

d’  q—KT
d pc
where pc¢ is the specific heat capacity, and g represents the
heat flux from the steady illumination.
For Case I that the LCE fiber is in the illumination state

switched from the dark state with transient temperature Ty,
by solving Eq. (17), the temperature T in the LCE fiber is

T(t)szark‘i‘i[l — eXp (_t_l>:|, (18)
K T

where 7 = ’;(C indicates the thermal characteristic time, and ¢,
is the duration of current process.

For Case II that the LCE fiber is in the dark state (i.e.,
q = 0) switched from the illumination state with transient

, a7

temperature Tijym, the temperature T in the LCE fiber can be
derived from Eq. (17) as

T(t) = Titam exp <—§) (19)

where 1, is the duration of current process.

It is noted that recent experiments have shown that the
thermal characteristic time of the LCE fiber to photothermal
stimulation is <0.1 s, and several instances of self-oscillations
have been successfully showcased [6,61]. For simplicity, we
assumed that the thermal characteristic time is much smaller
than the rotation period of the LCE-based motor, i.e., T is
assumed to be infinitely ~0. Then Eq. (18) for the illumination
zone can be reduced to

q
Tium = Taark + X (20)
Equation (19) for the dark zone can be derived as

Tgark = 0. (21)

D. Nondimensionalization

For computational convenience, the following dimension-

less parameters are introduced: Ly=%2,L= L , R =

I:I LI LII l = & F‘] — F] F2 F‘v E _ :l?g F4
ﬂ . j— Mdme .. Mfm.( kLR7
mg’ Mdrlve = ngR>’ Mtrlct mgR>° 9 = 91’ v = k = g’
C=CTy, B = ’9” , B = ﬁ;f, - (TA is amblent tem-

perature), Tjjum = T‘;“"‘ and g =

form of Eq. (13) can ‘be written as

_ L Ly
Mgrive = |:kL(LI - Z) - kL<LII - A_2>](R] - 1. (22)

Then the dimensionless form of Eq. (14) can be written as

A = MR, (23)

Thus the dimensionless

Furthermore, the dimensionless form of Eq. (15) can be
written as

L L -
— M ], (24)
(1 + &y
For the illumination zone, Eq. (20) can be rewritten as
Tillum = 67 (25)

By combing Egs. (6), (7), (16), and (22)—(25), we can
obtain the dimensionless angular velocity:

k(L — L) — k(Lo — )R — 1) — M
5 (ke (L ) ki (L )]( ) D’ 26)
Bl
and paddling velocity:
5 B+ Bo) [ (L — ) - kL(Ln——)](Rl—o—MD
ﬂll ,32[

27)

Substituting the dimensionless system parameters includ-
ing the maximum frictional torque Mp, the heat flux g,
contraction coefficient C, the original length Ly, and initial
stretch rate Ao of the LCE fiber, the wheel 1 radius R;, the
length of paddle /, the rotational damping coefficient B; of
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FIG. 2. Effect of maximum frictional torque M, on (a) net
driving torque M, and (b) angular velocity of the wheel and pad-
dling velocity of the LCE-steered boat. A critical maximum frictional
torque of My, = 0.305 exists for triggering the self-paddling. An
increase in the maximum frictional torque Mg leads to a decline in
the angular velocity and paddling velocity of the self-paddling.

paddle, the damping coefficient B, of boat, and the elastic
coefficient ki of the LCE fiber into Eqgs. (26) and (27), the
paddling velocity of the LCE-steered boat and the angular
velocity of the wheels can be obtained.

III. RESULTS AND DISCUSSIONS

From Eqgs. (26) and (27), it can be seen that the angular
velocity and paddling velocity depends on the following pa-
rameters: the maximum frictional torque Mo, the heat flux q,
contraction coefficient C, the initial stretch rate X, the wheel
1 radius R;, the length of paddle /, the rotational damping
coefficient B; of paddle, the damping coefficient B, of boat,
and the elastic coefficient &y, of the LCE fiber. This section will
conduct a quantitative analysis on the effects of these system

parameters on both the angular velocity 6 of the wheel and the
paddling velocity of the LCE-steered boat v.

A. Effect of maximum frictional torque on self-paddling

This section discusses the effect of maximum frictional
torque My on the self-paddling of the LCE-steered boat,
where the other dimensionless parameters are § = 0.3, C =
04, Lo=20, \p=13, R =12,1=12, ; =04, B, =
0.02, and ki = 7. Fig. 2(a) illustrates the relationship between
the maximum frictional torque M., and the net driving torque
Moot = Marive — Miiee. It is evident that, as the maximum
frictional torque increases, the net driving torque decreases
continuously. When the net driving torque drops <O, i.e.,
when the maximum frictional torque >0.305, the LCE-based
motor fails to operate. A negative net driving torque indicates
that the torque generated by the tension of the LCE fiber in the
motor is not sufficient to overcome the frictional torque of the
wheel, thus preventing the wheel from turning. Conversely,
when the net driving torque is >0, i.e., when the maximum
frictional torque is <0.305, the LCE-based motor can oper-
ate. A positive net driving torque indicates that the torque
generated by the tension of the LCE fiber can overcome the
frictional torque of the wheel, thus turning the wheel. The im-
pact of the maximum frictional torque on the angular velocity
of the wheel and the paddling velocity of the LCE-steered boat
can be observed in Fig. 2(b). When the maximum frictional
torque surpasses 0.305, the LCE-based motor operates in the
static mode. On the contrary, when the maximum frictional

(a) 0.38

Static
0

02 03 04 05 06 01 0I8 026 034 042 05
q q

FIG. 3. Effect of heat flux § on (a) driving torque My, and
(b) angular velocity of the wheel and paddling velocity of the LCE-
steered boat. A threshold value of § = 0.234 for heat flux to trigger
the self-paddling is witnessed. As the heat flux increases, both the
angular velocity and paddling velocity of the self-paddling undergo
gradual increments.

torque falls <0.305, the LCE-based motor switches to the
self-paddling mode. As the maximum frictional torque con-
tinues to increase, the angular velocity of the wheel and the
paddling velocity of the LCE-steered boat show monotonical
decrements.

B. Effect of heat flux on self-paddling

The effect of heat flux on the self-paddling is investigated
in current section, and the other dimensionless parameters
are selected as My = 0.295, C = 0.4, Ly =20, Ao = 1.3,
Ri=12,1=12,8 =04, B, =0.02,and k. = 7. Fig. 3(a)
gives the values of driving torque for different heat flux,
where the black dashed line represents the maximum fric-
tional torque. With the increase in heat flux, the driving torque
experiences a continuous increase. The impacts of heat flux on
the angular velocity of the wheel and the paddling velocity of
the LCE-steered boat are presented in Fig. 3(b). A threshold
value for mode transition is witnessed. When the heat flux is
<0.234, the system is in the static mode. Conversely, when
the heat flux is >0.234, the system is in the self-paddling
mode. When the heat flux is low, less energy is absorbed by
the LCE fiber, resulting in a lower tensile force in the LCE
fiber and thus producing a lower driving torque, which is
not enough to counteract the maximum frictional torque and
initiate rotation of the LCE-based motor. Otherwise, as the
heat flux increases continuously, more energy is absorbed by
the LCE fiber, which can generate a higher tensile force and
greater driving torque, leading to faster wheel rotation and
an increase in both the angular velocity of the wheel and the
paddling velocity of the boat.

C. Effect of contraction coefficient on self-paddling

The present section investigates the influence of contrac-
tion coefficient on the self-paddling, while keeping the other
dimensionless parameters as My = 0.295, § =0.3, Ly =
20, o=13, Ry =12,1=1.2, B =04, B, =0.02, and
k. = 7. In Fig. 4(a), the variation of the driving torque under
different contraction coefficients is depicted, with the black
dashed line representing the maximum frictional torque. The
driving torque increases continuously with the increase of the
contraction coefficient. Fig. 4(b) demonstrates the impacts of
contraction coefficient on the angular velocity of the wheel
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FIG. 4. Effect of contraction coefficient C on (a) driving torque
Mgsive and (b) angular velocity of the wheel and paddling velocity
of the LCE-steered boat. A critical contraction coefficient of C =
0.311 is observed to be responsible for initiating the self-paddling.
In addition, an increment in the contraction coefficient leads to an
increase in both the angular velocity and paddling velocity of the
self-paddling.

and the paddling velocity of the LCE-steered boat. A critical
contraction coefficient of C = 0.311 is observed to be respon-
sible for the mode transition. Specifically, the system is in
the static mode when the contraction coefficient is <0.311.
In contrast, the system switches to the self-paddling mode
when the contraction coefficient surpasses 0.311. When the
contraction coefficient is low, the LCE fiber is less efficient
at utilizing the light energy, resulting in a lower tensile force
within the LCE fiber, which in turn generates a lower driving
torque. This lower torque is insufficient to counteract the
maximum frictional torque, thereby impeding the initiation of
rotation in the LCE-based motor. Conversely, as the contrac-
tion coefficient increases, the efficiency of the LCE fiber in
utilizing the light energy improves, leading to an increase in
the tensile force and a subsequent enhancement of the driving
torque. As a result, both the angular velocity of the wheel
and the paddling velocity of the LCE-steered boat exhibit a
gradual incremental behavior.

D. Effect of initial stretch rate on self-paddling

The current section examines the influence of different
initial stretch rates on the self-paddling, with the remain-
ing parameters being set to My, = 0.295, § = 0.3, C = 0.4,
Ly=20,R =12,1=12,8=04,8,=0.02,and k. = 7.
Displaying the values of the driving torque under varying ini-
tial stretch rates, Fig. 5(a) indicates that the higher the initial

(a) 0.4

3
2, <1.282

FIG. 5. Effect of initial stretch rate X, on (a) driving torque
Mgsive and (b) angular velocity of the wheel and paddling velocity
of the LCE-steered boat. A critical initial stretch rate of 1y = 1.282
is present to trigger the self-paddling. Moreover, when raising the
initial stretch rate, both the angular velocity and paddling velocity of
the self-paddling exhibit an increase.

(b) 8

FIG. 6. Effect of radius R, of wheel 1 on (a) driving torque
M sive and (b) angular velocity of the wheel and paddling velocity of
the LCE-steered boat. The self-paddling mode is triggered when R,
reaches 1.198. Furthermore, a larger R; corresponds to an increase in
both the angular velocity and paddling velocity of the self-paddling.

stretch rate, the higher the driving torque. Fig. 5(b) depicts the
effect of initial stretch rate on the angular velocity of the wheel
and the paddling velocity of the LCE-steered boat. A thresh-
old value, referred to as 1.282, is witnessed, distinguishing
between the static mode and the self-paddling mode. When
the initial stretch rate is <1.282, the system remains in the
static mode. However, once the initial stretch rate >1.282,
the system enters the self-paddling mode. In the self-paddling
mode, an increase in the stretch rate induces a corresponding
rise in both the angular velocity and the paddling velocity, as
shown in Fig. 5(b). With a small initial stretch rate <1.282, the
LCE fiber produces lower tensile force and is unable to yield
sufficient driving torque to overcome the maximum frictional
torque, thus the wheel cannot rotate. Conversely, as the initial
stretch rate progressively increases and approaches 1.282, the
driving torque exceeds the maximum frictional torque thresh-
old, and the system enters the self-paddling mode. With the
further increment of the initial stretch rate, the driving torque
of the LCE-based motor continues to increase, causing the
wheel to accelerate the rotation, and consequently, the angular
velocity and paddling velocity increase as well.

E. Effect of wheel radius R; on self-paddling

The effect of diverse R on the self-paddling is explored in
this section, with the other parameters held constant at My, =
0.295, G=03,C=04,Ly=20, ,o=13,1=12, B, =
0.4, B =0.02, and k; = 7. Fig. 6(a) displays the driving
torque as a function of Ry, with the black dashed line denoting
the maximum frictional torque. As R; increases, the driving
torque shows a gradual incremental behavior. The variation
curves of the angular velocity and paddling velocity with R,
are depicted in Fig. 6(b). It is obvious that there exists a
threshold value of Ry, i.e., 1.198, which differentiates between
the static mode and the self-paddling mode. Specifically, when
R, < 1.198, the system operates in the static mode, and when
R, > 1.198, the system transitions to the self-paddling mode.
A small R, < 1.198 means that there is not much difference
between the radii of wheels 1 and 2. This results in the tensile
forces of segments ABC and ADC in the LCE fiber being
close to each other, which produces a small driving torque
which cannot drive the wheel. In contrast, as R; gradually
increases and approaches 1.198, a larger radius difference
is formed between wheels 1 and 2, which induces a larger
tension difference between segments ABC and ADC, thus
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FIG. 7. Effect of paddle length [ on (a) driving torque Mgsye
and (b) angular velocity of the wheel and paddling velocity of the
LCE-steered boat. An increase in the paddle length leads to a gradual
decrease in both the angular velocity and paddling velocity of the
self-paddling boat.

generating a larger driving torque, and furthermore, increasing
the angular velocity of the wheel and the paddling velocity of
the boat.

F. Effect of paddle length on self-paddling

This section focuses on the impact of paddle length on
the self-paddling, with My = 0.295,5 = 0.3,C = 0.4, Ly =
20,00 = 1.3,R; = 1.2, By = 0.4, B, = 0.02,and k. = 7. The
values of the driving torque for different paddle lengths are
displayed in Fig. 7(a), where the black dashed line represents
the maximum frictional torque. The driving torque always
exceeds the maximum frictional torque, indicating the main-
tenance of the system in the self-paddling mode. The variation
in paddle length does not alter the driving torque because
the driving torque is determined solely by the tensile force
of the LCE fiber inside the motor and the radii of wheels 1
and 2, independent of the paddle length. Fig. 7(b) depicts the
influence of paddle length on the angular velocity of the wheel
and the paddling velocity of the LCE-steered boat. It is obvi-
ous that the system consistently operates in the self-paddling
mode. Moreover, as the paddle length increases, both the
angular velocity and the paddling velocity decrease. With the
increment in paddle length, the LCE-based motor experiences
an increased resistance torque from the water, which in turn
reduces the angular velocity of the wheel. At the same time,
a reduction in the angular velocity of the wheel reduces the
output power of the LCE-based motor, which in turn inhibits
the paddling velocity of the boat.

G. Effect of rotational damping coefficient
of paddle on self-paddling

The current section investigates how the rotational damp-
ing coefficients of paddle influences the self-paddling, with
the rest of the parameters set to Mg = 0.295,§=0.3,C =
04, Lo =20, \o=13, Ry =12, [ =12, B =0.02, and
ky = 7. As plotted in Fig. 8(a), the driving torque remains
constant and always surpasses the maximum frictional torque,
which clearly indicates that the system is sustained in the
self-paddling mode. Owing to the complete dependence of
the driving torque on the tensile force and stretching of the
LCE fiber, the rotational damping coefficient of the paddle
has no effect on the driving torque. Fig. 8(b) describes the
effect of rotational damping coefficient of the paddle on both
the angular velocity of the wheel and the paddling velocity

(a) 0.32 (b) 4 0.8
0.31 My> My, } 0
< 03 o 2 04 5
= ..
1 02
0.29
0 0
0.28
0 02 04 06 08 1 0 02 04 06 08 1
B B

FIG. 8. Effect of rotational damping coefficient B; of paddle on
(a) driving torque Mgy, and (b) angular velocity of the wheel and
paddling velocity of the LCE-steered boat. As the damping coeffi-
cient of paddle increases, the angular velocity of the self-paddling
decreases, while the velocity of boat is unchanged.

of the LCE-steered boat. The system always operates in the
self-paddling mode. Furthermore, as the rotational damping
coefficient of the paddle increases, the angular velocity de-
creases, while the paddling velocity remains constant. The
increased damping coefficient of the paddle induces a larger
resistance torque applied to the rotation of the paddle, and
therefore, the angular velocity of the LCE-based motor de-
creases. Conversely, the overall force acting on the boat is
entirely determined by the resistance force on the paddles.
Hence, increasing the damping coefficient of the paddle will
not affect the external frictional torque on the boat and there-
fore, as a consequence, will not alter the paddling velocity of
the boat.

H. Effect of rotational damping coefficient
of boat on self-paddling

How the rotational damping coefficients of paddle affects
the self-paddling is examined in this section, while keeping
other parameters constant at My = 0.295, 3 = 0.3,C = 0.4,
Lo = 20, )\() = 13, Rl = 12, l_= 12, B] = 04, and ];L =17.
In Fig. 9(a), the driving torque values for different damping
coefficients of paddle are presented, with the black dashed
line referring to the maximum frictional torque. The always
higher driving torque than the maximum frictional torque
clearly shows the system always adheres to the self-paddling
mode. In addition, the driving torque remains unaffected by
variations in the damping coefficients of the paddle, as it is
solely governed by the tensile force of the LCE fiber and the
radii of wheels 1 and 2. The impact of the damping coeffi-

(a) 032 (b) 4 2
_ 3 L5
03t Mo > My
§ 0.3 o 2 LS
L
1 0.5
0.29
o Self-paddling 0

0.28
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FIG. 9. Effect of rotational damping coefficient B, of boat on
(a) driving torque My and (b) angular velocity of the wheel and
paddling velocity of the LCE-steered boat. With the increase in the
rotational damping coefficient of boat, both the angular velocity and
paddling velocity of the self-paddling boat undergo gradual declines.
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FIG. 10. Effect of elastic coefficient &, of LCE fiber on (a) driv-
ing torque Mgy and (b) angular velocity of the wheel and paddling
velocity of the LCE-steered boat. Self-paddling is initiated at a
critical elastic coefficient of k. = 6.802. Furthermore, the increase
in elastic coefficient of the LCE fiber results in a simultaneous

increase in both the angular velocity and paddling velocity of the
self-paddling boat.

cient of the boat on the angular velocity of the wheel and
the paddling velocity of the LCE-steered boat is displayed in
Fig. 9(b). The figure clearly shows that the system is always
in the self-paddling mode. Moreover, with the increase in the
rotational damping coefficient of boat, both the angular ve-
locity and paddling velocity of the self-paddling boat undergo
gradual declines. The larger the damping coefficient of boat,
the larger the resistance arm experienced by the boat from the
water and thereby the greater water-induced resistance torque,
which ultimately induces a decrement in the paddling velocity
of the boat.

1. Effect of elastic coefficient of LCE fiber on self-paddling

In this section, we explore the impact of the elastic co-
efficient of the LCE fiber on the self-paddling, with other
parameters being Mg = 0.295, G = 0.3, C = 0.4, Ly = 20,
=13, R =12,1=12, By =04, and B, =0.02. In
Fig. 10(a), the values of driving torque under varying elastic
coefficients of the LCE fiber are provided, with the black
dashed line representing the maximum frictional torque. With
the increasing elastic coefficient, the driving torque experi-
ences a monotonical increment. Fig. 10(b) demonstrates how
the elastic coefficient affects the angular velocity of the wheel
and the paddling velocity of the LCE-steered boat. A critical
elastic coefficient of 6.805 exists for the mode transition.
Specifically, when the elastic coefficient is <6.805, the system
operates in the static mode, and when the elastic coefficient
surpasses 6.805, the system switches to the self-paddling

mode. For a smaller elastic coefficient <6.805, the LCE fiber
produces less elastic force as it contracts under illumination
and consequently generates less driving torque. This lower
driving torque is not sufficient to counteract the maximum
frictional torque, which impedes the LCE-based motor from
starting to rotate. As the elastic coefficient increases, the LCE
fiber produces a greater elastic force as it contracts under
illumination, which brings about a subsequent enhancement
of the driving torque. As a result, both the angular velocity
and the paddling velocity of the self-paddling boat increase.
Here, the effects of some key system parameters on the
angular velocity and paddling velocity are summarized in
Table I. These results are instructive for the design of self-
paddling system and the regulation of self-paddling behaviors.

IV. CONCLUSIONS

Conventional control approaches for active machines, such
as sensor control and external device control, have proven
to be complex and challenging to implement in an effective
manner. In contrast, active materials—based self-oscillators
offer distinct benefits, including periodic motion and ease
of regulation, and thereby hold great promise for various
applications. Inspired by paddle boats, we proposed a con-
ceptual light-fueled self-paddling boat with a photothermally
responsive LCE-based motor, and the self-paddling boat can
achieve continuous forward motion under steady illumination.
Combining the well-established dynamic LCE model and ro-
tation dynamics, we have derived the governing equations for
the self-paddling motion and formulated the driving torque
of the LCE-based motor and the paddling velocity of the
LCE-steered boat. The results show the existence of two dif-
ferent motion modes for the LCE-steered boat under steady
illumination: the static mode and the self-paddling mode. The
self-paddling mode is originated from the competition be-
tween the light-fueled driving torque and the frictional torque.

Moreover, we have conducted a quantitative investigation
into the critical conditions required to initiate the self-
paddling mode as well as a detailed examination of the system
parameters influencing the driving torque, angular velocity,
and paddling velocity. Increasing the system parameters in-
cluding the heat flux g, the contraction coefficient C, the initial
stretch rate g, the wheel radius R;, and the elastic coeffi-
cient of the LCE fiber k; will bring about an increase in the
paddling velocity. Conversely, the increases in the maximum
frictional torque My;i¢(, the paddle length [, and the rotational

TABLE 1. Effects of parameters on angular velocity and paddling velocity.

Parameter Angular velocity Paddling velocity

Miice Decreases with increasing Mie, Decreases with increasing Me,
q Increases with increasing ¢ Increases with increasing ¢

C Increases with increasing C Increases with increasing C

Ao Increases with increasing X Increases with increasing X

R, Increases with increasing R, Increases with increasing R,

] Decreases with increasing [ Decreases with increasing [

Bi Decreases with increasing B; Slightly affected by B,

B> Decreases with increasing B, Decreases with increasing B,
ki Increases with increasing k. Increases with increasing k.
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damping coefficient of paddle B; will induce a decrease in the
paddling velocity of the boat. The conceptual self-paddling
boat proposed in this paper based on the LCE-based motor
has unique advantages, for instances, customizable size, and
being untethered and ambient powered, all of which render it
a highly practical value in the design and implementation of
micromachines, soft robotics, and energy harvesters.
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