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It is known that a camphor particle at a water surface exhibits self-propulsion since it
releases camphor molecules at the surface and reduces the surface tension, and the
gradient of surface tension drives the camphor particle itself. Such a motion is considered
to be driven by the concentration field of the chemicals emitted by the particle itself. It is
also known that the shape of the particle seriously affects the mode of motion. In order to
understand the universal mechanism on the effect of the shape on such a self-propelled
motion, we theoretically investigated the bifurcation structure of the motion of the camphor
float with n-fold rotational symmetry, which comprises n camphor disks attached to a rigid
light circular plate along a periphery with an equivalent spacing. Here, we mainly studied
the cases with n = 2 and 3. We found that the camphor float with n = 2 moves in the
direction perpendicular to the line connecting the two camphor disks, while that withn =3
changes its direction of motion depending on the size of the camphor float.

Keywords: camphor, self-propelled motion, reaction-diffusion system, surface tension, Marangoni effect,
spontaneous symmetry breaking

1 INTRODUCTION

Self-propelled particles, which can transduce free energy into kinetic energy under nonequilibrium
conditions, have been investigated for last decades since they can be a model for the motion of living
organisms [1-6]. The relationship between the self-propelled motion and the shape of the particle has
attracted much attention, and both experimental and theoretical studies have been intensively reported
[7-11]. When we discuss the mechanism of the self-propelled motion, we have to keep in mind that the
conservation of momentum should hold rigourously. For example, a self-propelled liquid droplet in the
other immisible liquid can be discussed based on the momentum exchange in hydrodynamics. There
have been many papers on such self-propelled motions, most of which are considered in the regime of
low-Reynolds number [4, 12-15]. In contrast, some systems, such as a self-propelled particle at a liquid
surface, a self-propelled droplet on a solid surface, and a living cell on a substrate, can apparently break
the momentum conservation [16-18]. It is sure that they exchange momentum with the environment
but the momentum conservation is not treated explicitly in their model.

The self-propelled motion of a camphor disk at a water surface is one of the most studied self-
propelled motion [19-26]. The camphor disk releases the camphor molecules at a water surface, and
the concentration gradient of the camphor molecules induces the surface tension gradient, which
drives the disk. Such a camphor disk motion can be discussed based on the hydrodynamics [27-29],
but it has also been discussed from the viewpoint of the coupling between the reaction-diffusion field
and the disk motion [9, 22, 30, 31]. Based on the latter approach, we have studied the self-propelled
motion of a camphor particle with the shape other than a circle, and have discussed the relation
between the camphor particle shape and the direction of motion [6, 9, 32-35]. For example, we show
that an elliptic camphor particle moves in the dircetion of its minor axis [9, 33-35]. As for a
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triangular-shaped camphor particle, the direction of motion
depends on the size of the particle; a smaller particle moves in
the direction of a corner, while a larger particle moves in the
direction of a side [35]. These studies clarify that the symmetric
property of the shape is important for determining the preferable
direction of the self-propelled motion.

Motivated by these previous studies, here we propose the
simpler system with which the relation between the direction of
self-propelled motion and symmetric property can be discussed; a
camphor float with n-fold rotational symmetry, which comprises a
rigid light circular plate attaching n camphor disks along a
periphery with an equivalent spacing. From the viewpoint of
rotational symmetry, an elliptic camphor particle corresponds to
the camphor float with n = 2, while the triangular camphor particle
corresponds to that with n = 3; we mainly discuss these two cases.
By considering these camphor floats, we discuss the direction of the
self-propelled motion affected by the symmetric properties. In the
present paper, we first formulate the mathematical model for them,
and then analytically discuss the preferable direction of the self-
propelled motion. Finally, we check the validity of the analytical
results by numerical simulations.

2 MODEL

We construct a mathematical model that describes the self-
propelled motion of the camphor float with n-fold rotational
symmetry, which is floating at a water surface. The float
comprises a rigid light circular plate attaching n camphor
disks along a periphery with an equivalent spacing. We
consider the concentration field of camphor molecules u(r, t)
on a two-dimensional plane corresponding to the water surface.
As for the motion of the camphor float, the position and
configureation can be described by the center of mass of the
camphor float r, and the characteristic angle 0. For the camphor
float with n-fold rotational symmetry, the center position of the
k-th camphor disk (k =0, 1, ..., n — 1) is set as

2nk
Tk =rc+€e<ec+i>, (1)
n

where e(60) is the unit vector defined as
e(0) = cos e, + sin Oe,,. 2)

Here, e, and e, are the unit vectors in x- and y-directions,
respectively. The schematic illustrations for the camphor floats
with # = 2 and 3 are shown in Figure 1.

Each camphor disk has a radius of R and supplys the camphor
molecules to the water surface at the rate of S;. The dynamics of
u(r, t) is described as

ou S =

— D2 0
= =DV u—au+ﬁ;®(R—|r—rk|). (3)

The first, second, and third terms in the righthand side
correspond to the diffusion, sublimation, and supply of the
camphor molecules. Here, D is the effiective diffusion
coefficient [36, 37], a is the sublimation rate, and ®(-) is the
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FIGURE 1 | Schematic illustration for the camphor float with n-fold
rotational symmetry. (A) n = 2. (B) n = 3.

Heaviside’s step function. It should be noted that the effective
diffusion coefficient is introduced to include the effect by the
hydrodynamic transport due to the Marangoni effect. The
effective  diffusion coefficient is estimated from the
concentration profile with a resting camphor particle based on
the reaction-diffusion-advection  equation.  Thus, this
approxiation works well when the velocity is small.

As for the motion of the camphor float, we consider the
equation of motion for the k-th camphor disk as

dzrk _ drk

;«nW — _,,IE + F}Econc) + F}Eint)) (4)

where m is the mass, and 7 is the viscous friction coefficient of the
camphor disk. We assume that they are both proportional to the
area of the camphor disk as m = 7pR” and 77 = 7R% F™" is the
force originating from the surface tension gradient due to the
camphor concentration field described as

F™ = y(u()n(r)de ©
o0

- [| @y aa ©

Qe

Here, Q is the region of the k-th camphor disk, which is
defined as

O ={rllr - re| <R}, ™)

and 0€ is the periphery of Q. d¢' is the line element along the
periphery, n(r') is the outward unit normal vector at the
periphery, V' is the nabla operator with respect to #/, and dA’
is the area element in the region . Here, the relation between
the surface tension and camphor concentration is assumed to be

y=To-Tu, (8)

where I is the surface tension of pure water, and T’ is a positive
constant connecting the camphor concentration and surface

tension [37-39]. Using this relationship, the force F,Ewnc) is
described as
9 = —1"4) u(r"n(r')de' )
a0,
- —rj (Vu(r'))dA. (10)
Qe
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F ,Eim) is the internal force that maintains the configuration of the
camphor float. It can be described as the summation of the

internal force, fij, from the j-th disk as

n-1
F}Emt) — sz,j’ (1 1)
=0
where
fius =S e (12)
and
fk’].ocrk—rj. (13)

Here, it should be noted that f;, = 0
By summing up the equations of motion for » disks, we obtain
the evolution equation for r. as

d*r
dt; - —xnRen® + Z Fom

n— +nR2F®,
dt

prnR*n
(14)

= —knR?

where F ™ is the force per unit area exerting on the camphor
float with n-fold rotational symmetry. By calculating the vector
product of the equations of motion with r, — r. and then
summing up for n disks, we obtain the evolution equation
for O, as

n-1

do,
xR Pn—S+ (ry - r.) x F
g ;<k ) x Ff

da’e,
prR*n—" =
(15)
RN

2p2 c
= —knR*¢'n I +
where N'™ s the torque per unit area exerting on the
camphor float with n-fold rotational symmetry. Here, the
operator “x” is defined so that a xb = a.b, — a,b, fora = a,e, +
a,e,and b = b,e, + b,e,. It should be noted that the obtained
time evolution equations for r, and 6, in Eqs 14, 15 does not
explicitly include the terms originating from the
internal force.
Finally, we derive the dimensionless version of our model. The
dimensionless variables are defined as

;o roo_ 1 ; r. B R 7o 14
VD@ * VD@ ¢ Dj/a =~ D2  Dia
- D D
t:at}ﬁ: u ,ﬁ:p a,;’%:ﬂ_
So/D 'S, 'S,
F(COHC) F(conc) ﬁ( ) _ f(”} (n) _ N(n)
“ 18,/VDa rS,va/(DVD) IS/D’
(16)

and our model with dimensionless variables is summarized as

-7 - #l), (17)
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d*r. drc 1

~ ~(conc)
P =Kt —
di* nﬂR2 1;) (18)
_ dfc lj__(n)
TN
dZGC d ~ (conc
p—z = K—= a7 ~2~2 Z(rk_rc ( :
dt nrtR
(19)
B _~d96 1 /\N/W
Codi ’
27k
Fo=71.+ Be(@ + L), (20)
n
B = (i)l 1)
o0
- -|[(vrat)aa. (22)
O
O = {#IF - 7| <R}. (23)

Hereafter, we adopt this dimensionless model with the tildes
omitted.

3 ANALYSIS

In this section, we analyze our model on the camphor float with
n-fold rotational symmetry, derived in the previous section. To
enable us to analyze our model, we assume that the camphor disk
radius R is sufficiently small and that the concentration field of
camphor molecules are described as the function of the positions
and velocities of the comprising n camphor disks. In this section,
we first obtain the expression of the concentration field under the
above assumptions, and then calculate the force ™ and torque
N originating from the concentration field. Based on the
ordinary  differential equations obtained under the
assumptions, we perform the linear stability anaysis. Finally,
we discuss the motion of the camphor float by calculating the
force and torque in the case that the camphor float is moving at a
constant velocity with a constant characteristic angle 6,.

3.1 Simplification of the Model

Under the assumption that R — + 0, the evolution equation for
the concentration field in Eq. 17 is described as

ou =
pn =Viu-— u+;;)6 r—ry), (24)

where §(-) is the Dirac’s delta function.

The concentration field u is expressed as the summation of the
concentration field generated by each camphor disk due to the
linearity of the evolution equation for the concentration field. By
assuming that the concentration field generated by the k-th camphor
disk is expressed as a function of r; and v, u(r) is expressed as

w(r) = Y U(r=row), (25)
k=0
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where U(r, v) is the stationary concentration field in the
comoving frame with the camphor disk whose velocity is fixed
to v. Thus, U(r, v) should satisfy the following equation:

—v-VU =V2U -U +6(r), (26)

and is explicitly described as [9]

1 2 1
U(r,v) :%ICO< 1+%|r|>exp<—5r~v), 27)

where IC, () is the second-kind modified Bessel function of the
a-th order.

The force F{™ which exerts on the k-th camphor disk
originating from the camphor concentration field is
represented as the summation of the forces F,if?nc) originating
from the camphor concentration field releasecf from the j-th
camphor disk as

n-1
Fleon) = ZF]ii;mc)' (28)
=0

Asfor F ,if;’nc) (k # j), the limit of F,Eff“c)/ (mR*) withR — + 0 is
expressed as

(conc)

; 1
lim —*/ — = lim —ZJJVU(V, Vj) dA'
R-+0 TR R—+0 TR r=re—tj (29)
Qe

= —VU(r, vj)

r=rk—rj.

For the linear stability analysis, the concentration field U(r, v)
is expanded with respect to v as [40]

U ) = Ko (Ir) = Ko rr v+ O, (30)

and therefore the force F ,Efjf)nc)/ (7R?) (k # j) is also described as
the expansion with respect to v; as

(conc)

n9 - 1
7};’;22 =%’Cl(lrk—le)ﬁ+glco(lrk_rj|)v]'
1 — 7.
— (=) (=) )] ﬁ +O(R|wl).

(31)

As for the force F,Ef,f“c), it cannot be calculated from the
concentration field under the assumption of R — + 0 since
the concentration field is not differentiable at r = r;. Thus we
calculate the force working on the disk with a finite small radius,
and then consider the limit of R — + 0. The force working on the
camphor disk originating from the camphor concentration field
generated by itself is calculated as

F]Ec]:)nc) 1 27
T;Rz = _WJU(rk + Re(0), vi)Re(0)do
’ (32)

1 |Vk|2 Rlvi\ vk
=—K 1+——R |Z —
R 0< 4 "\ 2 ||
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By considering the limit of R — + 0 and expanding the expression
with respect to v, we obtain

F&m 2 1 1
L (10(2) - o o - st 4 .
TR 47:( M R) ™ Vo Y = Vil viet Sz vl e
+ O (R, Iml),
(33)

where ygyer = 0.577 21. .. is the Euler’s constant. The coefficient
of v, in the first term of the righthand side diverges for R — + 0,
but it exhibits the logarithmic divergence. Therefore, we
introduce an arbitrary positive constant Fy, and consider that
F/(nR?) is described as the expansion with respect to v as

F(conc) 1

kk 2

—— = Fovi — ——|vi|" v +
nR? ok 327’[I GG

2567[|Vk|4"k +O(Iwl’).  (34)

3.2 Linear Stability Analysis

We first consider the motion of a single camphor disk in order to
discuss the motion of the camphor float by comparing with the
single disk motion. For a single disk system, the equation of
motion should be

V. 1 2 1 4 7
— = —kv. + Fov. — —|v.|"v. + ——|v.|*v. + O(|v.]"),
pdt c o¥e 3271_' cI c 25671" c| c (l c|)

(35)

where v, = dr./dt. Note that the characteristic angle 8, cannot be
defined for a single disk system. This system exhibits a
supercritical pitchfork bifurcation at ¥ = F,. In other words,
the camphor disk does not move for « > F,, while it moves at a
constant speed for k¥ < Fy. In the latter case, the camphor disk
moves at the speed of /327 (Fy — k) under the situation close to
the bifurcation point [9, 40, 41].

In the case of n = 2, the equations of motion for the camphor
float up to the first orders of v, and w (= d6./dt) are obtained as

dv, 1
pﬁ = —xv. + Fyv. + EKO 20)v,
- 5K D (3 e(0.)e (0. (36)
dw, 1
P da; = —KWw, + Fowc - E’CO (28)0)6 (37)

Note that the representation of the torque is the same for the
camphor rotor whose center is fixed [40, 42]. It is obvious that the
system has a stationary solution v, = 0 and w, = 0, which
corresponds to the resting camphor float. From the symmetric
property of the system, the system should be neutrally stable on
the perturbation on the position r, and characteristic angle 0..
Thus, we perform the linear stability anaysis around the
stationary solution with r. = 0 and 6, = 0, without losing
generality. The linaraized equation is obtained by setting v, =
ovee, + dv,e, and w. = dw as

d OV, —K+ Ky 0 0 OV,
T ov, | = 0 —K+ Ky, 0 ov, |, (38)
t dw 0 0 —K+ Ky, Sw
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where
1 1

Ky = Fo + E’Co (26) - ﬂ‘ﬁcl (20), (39)

1
KZ,L = FO + _’CO (26), (40)

4

1

Kyr = FO - —’Co (26) (41)

4

Eqs 38-41 mean that the bifurcation points for the
translational motion in the direction parallel to the line
connecting the two camphor disks, that pependicular to it,
and that for the rotational motion are x = ), k5, and x,,
respectively. «, |, k, ,, and k, , are expressed as the summation of
the bifurcation point for a single camphor disk F, and the terms
that decay to 0 for £ — + oo. Since k, < k», and «,, < k, , hold
for any ¢ > 0, the translational motion in the direction
perpendicular to the line firstly bifurcates from the stationary
state, and thus such a motion tends to be realized.

In the case of n = 3, the equations of motion up to the first
orders on v, and w, are given as

dv, 1 V3
P = Ve Fov, + EICO (V3 &), - E’Cl (V3e)ev. (42)
dw, 1 \3
PI = —Kw. + Fowc - EICO (\/gf)a)c - glcl (\/gf)fwc

(43)

Also in this case, the stationary solution with v. = 0 and w. = 0
exists, which corresponds to the resting camphor float, and we
arbitrarily set r. = 0 and 6. = 0 arbitrarily owing to the system
symmetry. The linearized equation around this solution is obtained as

d OV, —K + Ks; 0 0 OV,
7 ov, | = 0 —K + K3y 0 ov, |, (44)
t dw 0 0 —K+ K, dw

where
1 V3
K3t :FQ+E}C0(\/56)—E€’C1(\/§€), (45)
1 3
K3 =FO—E]CO(\/§E)—§€K1(\/§€) (46)

Eqs 44-46 mean that the bifurcation points for the
translational and rotational motions are x = x3, and 3,
respectively. Considering that the bifurcation point is
independent of the direction of translational motion, which is
different from the case with n = 2, we cannot discuss the
preferable direction for the translational motion based on the
linear stability analysis for n = 3. Note that the bifurcation point
for the translational motion in every direction is the same for each
n > 3. k3, and k3, are also expressed as the summation of the
bifurcation point for a single camphor disk F, and the terms that
decay to 0 for £ — + co. The sign of k3 ; — k3, changes at £ = €5, =
3.186 63..., which satisfies

eS,trICl ( \/g e3,tr)

Ko(V38n) 23, (47)

Self-Propelled Particle With Rotational Symmetry

This means that the translational and rotational motions tend to
occur for € < €3, and € > €3, respectively, though the difference
between «3, and «;, is so small that such tendency may not be
clear for € > €5,

3.3 Preferable Direction of Motion
The linear stability analysis indicates the preferable direction for
the translational motion for n = 2, but it does not work for n = 3.
In order to discuss the preferable direction of the translational
motion of the camphor float with n-fold symmetry, we calculate
the force and torque exerting on the camphor float with constant
0. when it is moving at a constant velocity in a certain direction
[35]. Considering the symmetry of the system, the generality is
not lost if we set v. = Ve, (V> 0). Under this assumption, the force
F™ and torque N ™ working on the camphor float are
calculated as a function of the characteristic angle 6, and the
velocity V based on Eq. 19.

For n = 2, the force F® (6,) and the torque N (6,) are
calculated as

1 2
FP,) = [ZFO + 2—7TIC0 <2€\ 1+ VI )cosh(t’V cos GC):|Vex
2 2
1 \1+ V—ICI <2€\ 1+ V— )sinh(€V cos 6,)e(6.),
/1 4 4

(48)

and

Ve V2
N 6,) = ZIC()(ZZ\ 1+ T )sin 0.sinh (€V cos6,), (49)
Vi1

respectively. For sufficiently small V, Eqs 48, 49 are expanded
with respect to V as

FOg,) = [zpo + Lo - Lok, o - Lok, 20 cos(29c)]Vex
) 2 21 2
_[Zrm‘ (20) sin(ZGC)]Vey +0(V?),
(50)

2
NP, = :—ﬂlco (20)V2sin(26,) + O(V?). (51)

The force works in the negative y-direction for 0 < 8, < 77/2 and
in the positive y-direction for — 7/2 < 0, < 0 from Eq. 50, while the
torque works counterclockwise for 0 < 6, < 71/2, and clockwise for
- 7/2 < 8, < 0 from Eq. 51. These expressions indicate that both
the force and the torque work on the camphor float so that the
characteristic angle should approach 8, = +7/2. This agrees with
the results by the linear stability analysis. Therefore, the camphor
float with 2-fold symmetry moves in the direction perpendicular
to the line connecting the two camphor disks.

As for n = 3, the force F® (6,) is explicitly expressed as

F(6,) = 3Fe, +g(6.) +g<GC + 7—[> +g<0c + 2—”)
3 3 (52)

+g (6. +m) +g<65 - 2?”) +g(0€ - g),

where
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2
V/Co<\/§€ 1+\;>exp<\/§€sin9>

2

2 2
241+ V—ICI <\/§€\ 1+ V— ) exp<£€Vsin 9>sin 9:|ex
4 4 2
1 V2 V2 NE
+2n|: 1+4IC1<\/§£ 1+4>exp<2€Vsm6>c056:|ey.

(53)
Note that F® (6,) has a period of /3 since

FO@0,) = .7-'(3’(0C ¥ g) (54)

is derived from Eqs 52, 53. For sufficiently small V, the expression
in Eqs 52, 53 is expanded with respect to V as
FO (0

1 V3
=3 FO + E’Co(\/ge) - EE/CI (\/§€)1|Vex

o [ 248K (V3 €) + V3 E(8 + 300K, (VI OV e,

+

109605 [160 + 60€% (8 + 9£%)KCo (V3 £)

+v/3£(320 - 720€* - 30¢* + 3¢* cos (66,))]V e,
93
40 9607

+ [£°KC, (V3 €)sin(66,) Ve, + O (V7). (55)

This means that the configurations with both 6. = 0 and 7/3
are stable for the camphor float with 3-fold rotational symmetry
moving in the positive x-direction from the consideration of the
force exerting on it. It should be noted thtat the above-mentioned
force is on the order of V°, which should be sufficiently weak
close to the bifurcation point.

The torque N ©)(6,) is obtained as

N (6)=h(b,) + h(@c + 2?”) + h(ec - 2?”) (56)

where

2 2
h(0)=—£ 1+V—IC1<\B 1+V—€> sinh<£€Vsin0>
2m 4 4 2

2
—V—EICQ < V311 + V—€>exp(—§€V cos 0) cosh(ﬁ«?V sin 9>sin 0.
2m 4 4 4
(57)

Eqgs 56, 57 shows that \/ @ (6;) obviously has a period of 271/3
since

N, =N(3)(65 + 23—”) (58)

For sufficiently small V, Eq. 56 is also expanded with respect to
Vas

NP6, = % [-3/Co (V3 ) + V3 €K, (V3 £)]V? sin (36,)
+0O(V°).

(59)

Self-Propelled Particle With Rotational Symmetry

The torque at the order of V* works on the camphor float as a
leading term. Comparing the orders between F® and / ®) that
affect the rotation of the camphor float, the effect of N ) should
govern the dynamics for small V, which corresponds to the
system close to the pitchfork bifurcation point. As for the case
with high velocity, the other effects can be important, and we
cannot discuss the selected mode of motion based on the above
analysis. Thus, hereafter we consider the case with small V.

The sign of the proportionality coefficient of sin 36, in Eq. 59 is
important for the stable direction of the camphor float motion; If
the proportionality coefficient is negative, the torque works
clockwise for 0 < 6, < 7/3 and it works counterclockwise for —
/3 < 0, < 0. This indicates that the camphor float rotates so that
0. approaches 0 or + 27/3. In contrast, if the proportionality
coefficient is positive, the torque works in the opposite directions,
which indicates that 6, approaches 7 or + 71/3. According to our
analytical result in Eq. 59, the sign of the proportionality
coefficient is negative and positive for € < €3, and € > €5,
respectively. Here, €5, = 1.464 58... , which satisfies

6,00 (V3 8,)
Ko(V38,) ¥

This means that, as far as the camphor float is moving slowly,
the small camphor float with € < €5, rotates so that it moves with
one camphor disk at the front, while the large camphor float with
¢ > 5, rotates so that it moves with one camphor disk at the rear.

(60)

4 NUMERICAL CALCULATION

In order to confirm the analytical results, we perform the
numerical calculation. We used the dimensionless model in
Eqs 17-23. For the numerical calculation, we used the
smoothed function; the source part and the force are changed as

au " n-1 1
5-Vu—u+;ﬁ(;(|r_rk|)’ (61)
e == [[ (Fune(r -nfaa.
RZ
where
G(r)= % [1 + tanh(%)]- (63)

It should be noted that G(r) converges to ©(R — r) for the limit of
d—+0.

Numerical calculation was performed with the explicit method
with the time step At = 0.000 5, and the spatial mesh Ax = 0.05.
The calculation area for the concentration field is set to 20 x 20
with periodic boundary conditions. The parameters are fixed as p
= 0.01, R = 0.2, and § = 0.05, and x and ¢ were varied as
parameters. The initial condition for the concentration was
u = 0 in the whole region. The initial conditions for the
velocity, characterisitic angle, and angular velocity were set as
v. = 0.5e, + 0.0le,, 6. = 0.5, and w, = 0.01. Since the initial
condition was set so that the camphor float has a high velocity and
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FIGURE 2 | Numerical results on the stationary translational velocity of the camphor float. (A) A single camphor disk. (B) The camphor float with two camphor disks.
(C) The camphor float with three camphor disks. For the cases (B,C), the results for various ¢ were represented in different colors.
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FIGURE 3 | Numerical results on the time series of (A) velocity, (B)
angular velocity, and (C) angle difference between the velocity and
characteristic angle 6. for the camphor float with n = 2. x was fixed to 0.12. The
results for various ¢ were represented in different colors. It should be
noted that y has a periodicity of .

low angular velocity, the float was easy to converge to the
translational motion.

In Figure 2A, we first plot the stationary translational velocity
against « for a single camphor disk. In this case, we could only
consider the translational motion but not the rotational motion.
Thus, the initial condition for the velocity was set as v, = 0.5e, +
0.0le,. We confirmed that the motion of the single camprhor
disk converged to a translational motion with a constant velocity

at t = 100, even when the initial condition was changed. Thus, we
plotted |v.| at t = 100 for the stationary translational velocity. The
stationary translational velocity was finite for the smaller «, while
it was almost zero for the larger x. The bifurcation point with
respect to the bifurcation parameter  for the translational motion
was slightly greater than 0.12, where the bifurcation was supposed
to be classified into a supercritical pitchfork bifurcation.

We also calculated the cases with # = 2 and 3. In Figures 2B,C,
we plotted the stationary translational velocity for various ¢. Also
in these cases, the velocity at t = 100 was adopted as the stationary
translational velocity, at which we confirmed that the velocity was
converged. For the camphor float with # = 2, the bifurcation point
was greater for the smaller £ as shown in Figure 2B. This agrees
with the theoretical results in Eq. 40. For the camphor float with
n = 3, the bifurcation point had a minimum value at a certain ¢
around 1.5 as shown in Figure 2C. This also corresponds to the
theoretical result in Eq. 45, which indicates that the bifuracation
point has the minimum value at £ = 1.377 98. .. .

In Figure 3, the time series of the velocity |v|, angular velocity
w,, and the angle difference y between the direction of velocity
and the characteristic angle 6. are plotted for the camphor float
with n = 2. The angle difference v is defined as

y=¢- 0., (64)

where ¢ is defined as v. = |v,|(cos ge, + sin ¢e, ). We set x = 0.12
since we wanted to discuss the behavior close to the bifurcation
point for the translational motion of a single camphor disk. The
convergence to the stationary translational motion was faster for
small ¢, whereas the system almost reached the stationary states
around t = 30 even in the case of £ = 2. The angular velocity
decayed to zero and the angle difference y approached 7/2, which
corresponds to the translational motion in the direction
perpendicular to the line connecting the two camphor disks.
As for the camphor float with #n = 3, the time series are shown in
Figure 4. It should be noted that the time range in Figure 4 is ten
times as long as that in Figure 3, since the convergence of the angle
difference y was much slower than the case with n = 2, though the
convergence of the velocity and angular velocity was as fast as that in
the case with n = 2. The angle difference y converged to zero for £ =
0.25, 0.5, 0.75, and 1.0, while it converged to — 7/3 for € = 2.0. This
agrees with the analytical results in Eqs 59, 60. These results show

Frontiers in Physics | www.frontiersin.org

April 2022 | Volume 10 | Article 858791


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Kitahata and Koyano

Self-Propelled Particle With Rotational Symmetry

A
4F
v 2F
) ST e il S
0 200 400 600 800 1000
t
B
0.2F
w. 0Ok
L
_02 B L 1 L 1
0 200 400 600 800 1000
t
C
L e =
- €=0.5 — =15
=075 — (=20
y Op
-R/S -________I ______ L 1 1
0 200 400 600 800 1000

FIGURE 4 | Numerical results on the time series of (A) velocity, (B)
angular velocity, and (C) angle difference between the velocity and
characteristic angle 6 for the camphor float with n = 3. xk was fixed to 0.12. The
results for various ¢ were represented in different colors. It should be
noted that y has a periodicity of 27/3.

FIGURE 5 | Snapshots of the camphor concentration around the
camphor floats. (A) Camphor float withn =2 att = 100. (B) Camphor float with
n=38att=100. x was setto 0.12, and ¢ was set to 0.5. Corresponding videos
are avialable as Supplementary Video S1, S2.

that the smaller camphor float with n = 3 moved with one disk at its
front, while the larger camphor float moved with one disk at its rear,
which agrees with the analytical results. In the case with £ = 1.5, the
convergence of  was very slow, which can be understood from the
fact that € = 1.5 is close to the threshold value €5, =~ 1.464 58... .
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FIGURE 6 | Numerical results on the time series of (A) velocity |v.], (B)
angular velocity we, and (C) angle difference between the velocity and
characteristic angle 6. for the camphor float with n = 2. x was fixed to 0.08 and
¢ was fixed to 1.5. The results from various initial conditions were
represented in different colors. Angle difference was plotted only for the case
that |v¢| was converged to a non-zero value. It should be noted that y has a
periodicity of 7. (D) Snapshots at t = 100 from each initial condition indicated in
the same color. The initial conditions were (red) v = 0.5e, + 0.01e,, w. = 0.01,
and (blue) v = 0.02e, + 0.01e,, w. = 0.1.

Considering that 1.5 > €5 4, the angle difference should converge to +
71/3 but it appeared to approach 0. We consider that the difference
between the theoretical and analytical results owes the slight
difference in the setting; e.g. the finite size of the camphor disk, etc.

In Figure 5, the snapshots of the camphor concentration u
together with the camphor disk positions are shown for the cases of
the camphor float with #n = 2 and 3 for € = 0.5. Considering that the
camphor concentration profile has a tail in the opposite direction of
the traveling direction, the obtained concentration field also
indicated that the angle difference y between the velocity and the
characteristic angle was 7/2 for the case with n = 2, and 0 for the case
with n = 3.
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FIGURE 7 | Numerical results on the time series of (A) velocity |v.|, (B)
angular velocity wc, and (C) angle difference between the velocity and
characteristic angle 6, for the camphor float with n = 3. x was fixed to 0.08 and ¢
was fixed to 1.5. The results from various initial conditions were represented

in different colors. Angle difference was plotted only for the case that |v.| was
converged to a non-zero value. It should be noted that y has a periodicity of 271/3.
(D) Snapshots at t = 100 from each initial condition indicated in the same color.
The initial conditions were (red) v, = 0.5e, + 0.01e,, w, = 0.01, and (blue) v, =
0.02e, + 0.01e,, w. = 0.1, and (green) v, = 0.4e, + 0.15e,, w. = 0.01.

5 DISCUSSION

In the analysis in Section 3, we assume that the system is close to the
bifurcation point. In such a situation, our analytical results match the
results by numerical calculation; ie., the camphor float with n = 2
moves in the perpendicular direction to the line connecting the two
camphor disks. For the case with n = 3, the smaller camphor float
moves with one disk at its front, while the larger camphor float moves
with one disk at its rear. However, in the condition far from the
bifurcation point, the system often becomes multistable and one of
several modes of motions is selected depending on the initial
condition. Actually, the numerical results that exhibit multistability
are shown in Figures 6, 7 for n = 2 and 3, respectively. The parameters

Self-Propelled Particle With Rotational Symmetry

were set as k¥ = 0.08 and € = 1.5. In the case with n = 2 shown in
Figure 6, the translational motion and spinning motion were
observed depending on the initial conditions. The direction of
the translational motion was always perpendicular to the line
connecting the two disks. In the case with n = 3, the two types
of translational motions, i.e., the motion with one disk at its front
and that with one disk at its rear, and the spinning motion were
observed depending on the initial conditions. Such multistability
could be observed in the wider parameter regions for the larger ¢,
but the system was often monostable for the smaller ¢.

In our model, the concentration field around one camphor disk
has the leading term described by the second-kind modified Bessel
function as far as the traveling velocity is low. This means that the
concentration field decays exponentially. Taking this into
consideration, the coupling between the direction of motion
and the camphor float configuration should be stronger for the
smaller camphor float. Thus, the smaller camphor float can easily
change the moving direction and quickly takes the preferable
direction. In contrast, for the larger camphor float, the
interaction is so small that it takes much time for the camphor
float to take the preferable direction. Moreover, the system can
often show the multistability for the larger camphor float as
discussed in the previous paragraph. Threfore, the present
discussion can be adequately adopted for the smaller
camphor float.

The analytical results for the cases with n = 2 and n = 3 are
essentially different; the bifurcation point for the translational
motion depends on the moving direction for n = 2, while it is
equivalent for any direction for n = 3. Moreover, we calculated the
force and torque exerting on the camphor float which is moving at a
constant velocity V without rotation. For n = 2, the leading terms of
the force and torque which depend on the direction of the motion
are at the order of V and V7, respectively. In contrast, for n = 3, they
are at the order of V° and V7, respectively. This reflects that the
linear stability analysis can lead to the nontrivial results for n = 2 but
not for n = 3. Considering the orders of V in the force and torque,
the configuration and the velocity of the camphor float are more
strongly coupled with each other for n = 2 than for n = 3 near the
bifurcation point as shown in Figures 3, 4. In addition, the force is
more greatly affected to the dynamics than the torque for n = 2, and
thus the preferable configuration is achieved by changing the
velocity direction. In contrast, the torque is more greatly affected
to the dynamics than the force for n = 3, and thus the preferable
direction is achieved by changing the configuration by spinning. For
the camphor float with # > 4, we can perform the similar approach.
However, for greater n, the effect of the configuration on the
translational motion becomes smaller. Therefore, the analysis for
the case with smaller # is more important, and here we especially
discuss on the cases with n = 2 and n = 3.

We believe that the present theoretical results can be
confirmed by the experiments. In the dimensionless model,
the length and time are scaled by the diffusion length v/D/a
and the characteristic sublimation time 1/a, respectively. From
the previous results [37], they correspond to ca. 100 mm and ca.
50 s. Using these scale units, the typical size of the camphor float
corresponds to ca. 100 mm in the actual system, since the
dimensionless size of the camphor float adopted in this study
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is on the order of 1. As for the velocity, the obtained dimensionless
value is on the order of 1 from Figures 2-7, which corresponds to ca.
2 mm/s. This value is rather slower than the typical velocity observed
in experiments, ca. 10 mm/s, but these values are of the same order.
Considering that the size of the camphor float is difficult to exceed
100 mm, the scale available in the experimental setup should be less
than 1. Moreover, as discussed in the previous paragraph, the
coupling between the configuration and the translational motion
is stronger for the small camphor float. Therefore, we suppose that
the experimental confirmation is possible only for the camphor float
with small £. Considering that the effect of the shape is stronger for
n = 2, we suppose that the shape effect due to the 2-fold rotational
symmetry can be easily confirmed, but that the effect for n = 3 or
higher is more difficult to confirm.

In our previous work, we showed that an elliptic camphor
particle moves in its minor-axis direction in theoretical analysis,
numerical calculation, and experiments [9, 33, 34]. The
symmetric property of the distribution of the mass and the
camphor molecule source for an elliptic camphor particle is
similar to that of the camphor float with 2-fold rotational
symmetry discussed in the present study. In our result, it
moves in the direction perpendicular to the line connecting
the two camphors. Thus, the present results and our previous
results show good correspondence. As for the camphor float with
3-fold rotational symmetry, it corresponds to the triangular
camphor particle discussed in our previous study [35] from
the viewpoint of the symmetric property. In our previous work,
we concluded that the smaller triangular camphor particle moves
in the direction of the corner for the smaller particle, while it moves
in the direction of the side for the larger particle. The present results
correspond to our previous ones in that the preferable direction
changes depending on the size by considering the deviation of the
mass and camphor molecule source. Taking the present analytical
results into consideration, we suggest that the low-wave-number
modulation from a symmetric circular shape most effectively
affects the self-propelled motion, and the high-wave-number
modulation is not so important.

6 CONCLUSION

In the present study, we theoretically investigated the self-propulsion
of a camphor float with n-fold rotational symmetry, which
comprises a rigid light circular plate attached with n camphor
disks along a periphery with an equivalent spacing. We
constructed a mathematical model for the camphor float, and
analyzed it under the assumptions that the camphor disk radius
is negligibly small and that the camphor concentration only depends
on the positions and velocities of the camphor disks. From the linear
stability analysis and the calculation of the force and torque for the
situation that a camphor float is moving at a constant velocity with a
certain characteristic angle, we concluded that the camphor float
with 2-fold rotational symmetry moves in the direction
perpendicular to the line connecting the two camphor disks. As
for the camphor float with 3-fold rotational symmetry, the smaller
float moves with one camphor disk at the front, while the larger float
moves with one camphor disk at the rear.

Self-Propelled Particle With Rotational Symmetry

As the extensions of the present study, we consider the particles
with an asymmetric configuration. By considering such particles, we
can generally discuss the manner of coupling between the motion and
the symmtric featrures of self-propelled particles. We are also
interested in the collective motion of the particles with n-fold
rotational symmetry. In such systems, we expect some interesting
structures with a nematic order and/or a hexagonal order can be
realized. The symmetric properties embedded in the external
condition such as the system boundary and the spatial modulation
of the parameters also seem to be interesting. We hope the present
results will provide the fundamental knowledge to understand the
above-mentioned more complex systems, and moreover, will help
understanding the universal mechanism on the shape effect on self-
propelled motions driven by the self-generated concentration field.
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