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Soft swimming microrobots have attracted considerable attention due to their potential applications in diverse fields ranging
from biomedicines to environmental remediation. The locomotion control is of importance to the research of
DOI: 10.1039/x0xx00000x micromachines and microrobots. Inspired by the motility strategies of living microorganisms, such as flagella, cilia, and
euglenoids, we focus on propulsion mechanisms with a design of Janus magnetoelastic crystalline membrane
microswimmers actuated by time-varying magnetic fields. Such a Janus swimmer consists of a ferromagnetic cap completed
by a magnetoelastic membrane body, where superparamagnetic particles are uniformly distributed on the surface. Under
the influence of external magnetic fields, the swimmer undergoes complex shape transitions due to the interplay between
the magnetic dipole-dipole interactions, the elasticity of the magnetoelastic membranes, and also the hydrodynamics of
surrounding fluids. We show that those shape changes are nonreciprocal, which can generate locomotion such that the
propulsion speed can be optimized by tailoring the membrane elastic properties. Besides, we also demonstrate that the
Janus swimmer can be magnetically guided in a spiral trajectory. With such adequate control locomotion in both speed and
direction via non-invasive magnetic fields, this study provides another promising candidate design for the future
development of microswimmers.

has become a widely used method to actuate man-made tiny
objects due to their intrinsic advantages in remote
maneuverability, precise positioning capability, biocompatibility,
and versatility.27-32 Besides external energy, swimming at the
microscopic level has additional requirements on the reciprocity

1. Introduction

Motile microorganisms, like cells and bacteria, can convert
energy from their environment into motions in viscous fluids to
conduct a series of biological processes.!- 2 Inspired by the

motility and sensing capabilities of living microorganisms,
untethered biohybrid® 4 and artificial® ¢ microswimmers have
been developed and demonstrated their potentials in diverse
fields ranging from biomedicines’ 9, target therapy'!-!3, cargo
transports'® 17 to  microswitches'$: 19, environmental
remediation??- 2!, and pollutant degradation?% 23. In order to
perform those specialized tasks, achieving

propulsion and navigation is of importance to the research of

controllable

smart microswimmers.24 25 Over the past few decades, extensive
efforts have been dedicated to endowing cell-scale swimmers
with the capability of swimming.2¢ Further advances in the
strategies of designing programmable tactic behavior are highly
desired to expand the use of microswimmers in complex
environments.

Limited by the internal energy storage at the micrometer
scale, microswimmers typically need power input from external
energy sources to swim.?” Energy delivery via magnetic fields
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of the movement. In the microscopic world, motions are usually
dominated by viscous forces due to surrounding fluids, which is
characterized by a low Reynolds number (Re)?2. As explained by
Purcell’s Scallop Theorem?, in low-Re regimes, the time
reversibility and linearity of the Stokes equation elucidate that a
microswimmer undergoing reciprocal movements simply goes
back and forth and cannot produce net displacements. Low-Re
swimming, therefore, requires nonreciprocal motions that
possess at least two independent degrees of freedom and the
prescribed variations in time sweep a finite area in the parameter
space.’3-35 Hence, the strategies of designing magnetically driven
microswimmers by introducing broken-symmetry often involve
asymmetries in body shape or composite, creating flexible
microstructures, introducing nonsymmetric environmental
stimuli, and approaching boundaries.28-30. 36-40

Unlike traditional flagella/cilia type propulsion? 4!, soft
membranes can propel via body distortions like euglenids*?,
vesicles®3, and synthetic lamellae*446. Such irregular body
deformations can also be realized by nonlinear elastic buckling
of crystalline membranes under many conditions.*’-5¢ For
example, deformable capsules under pressure changes adapt
irregular morphologies’’%. Moreover, the self-assembled
crystalline membranes, like the shells of viruses, generally
buckle into shapes with icosahedral symmetry®?- ¢!, Interestingly,
diverse polyhedral shapes have been reported in membranes with
build-in®2  or chemical-reaction-induced®® heterogeneous
clasticity. Recently, body deformations also have been
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Fig. 1 Simulation setting of a Janus spherical shell suspendingin a fluid. Asmall
superparamagnetic particle is placed at each vertex of the hemisphere A (in
pink). The hemisphere B (in blue) is presented as a rigid ferromagnetic cap
with a permanent dipole, m, which is perpendicular to the interface between
the two hemispheres. The time-varying magnetic field, H, is precessing
around +y-direction with an angle 8. Zoom-in inset showing the possible
routes of fluid particles (in yellow) after collisions with the shell.

accomplished in lipid vesicles by extruding the membrane with
encapsulated bacteria® % or active particles®% 7.

In this article, we computationally investigate the propulsion
mechanism of Janus magnetoelastic crystalline membrane
microswimmers that are actuated by a time-varying magnetic
field. The Janus membrane shell is composed of a rigid
ferromagnetic cap and a magnetoelastic crystalline membrane
where superparamagnetic particles are uniformly distributed on
the surface. We employ a coarse-grained membrane model for
the Janus shell and adopt the dissipative particle dynamics (DPD)
to account for the hydrodynamic interactions between the
swimmer and the surrounding viscous fluid. We firstly explore
the translational propulsion of the Janus shell in a uniaxial
magnetic field and inspect the nonreciprocity of the morphology
changes. Next, we optimize the propulsion speed by tailoring the
mechanical properties of the magnetoelastic membrane and
explain the mechanisms behind. Finally, we give an example that
the Janus shell swims on a spiral path to demonstrate the
feasibility of guiding the designed microswimmer in desired
elaborated trajectories.

2. Method

In the present work, we investigate the morphological transitions
and locomotion of Janus magnetoelastic crystalline membrane
microswimmers. The Janus swimmer at room temperature is
presented as a two-component spherical monolayer shell, which
is penetrable and suspended in a viscous medium (Fig. 1). The
hydrodynamic interactions between the Janus shell and fluids are
introduced by employing a particle-based mesoscopic technique,
called dissipative particle dynamics (DPD)%8-70,

2.1 Hydrodynamics: dissipative particle dynamics (DPD)

Here, we briefly introduce the DPD approach that we used to
model the hydrodynamic effects due to the surrounding viscous
fluid. More details of the DPD methodology can be found in the
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ref.68-70. The motion of DPD particles obeys the Newton’s
equations of motion: dr;/dt = v;, dv;/dt = mf;, where r; and
v; are the position and the velocity of a particle i, respectively.
For simplicity, the dimensionless mass of the DPD particles are
set as m = 1 so that the total force acting on particle i, f;, is
equal to its acceleration.”® In general, this total force has three
major contributions and is given by

f; =Z(F5- + Fj + Ff

j#i

€Y

The summation in the above equation takes over all particles j
within a certain distance from particle i, i.e., the cut-off radius 7.
Explicitly, in eqn (1), the three forces®-70 acting on particle i by
particle j are the purely repulsive conservative force Fig- =
a;;(1 —1;;/7.)Fy;, the dissipative force Ff; = —yw?(r;)(%;; -
v; j)f‘i j» and the random force FS- = ow?® (rl- j)H ijFij, respectively.
The coefficient a;; represents the maximum repulsion between
particles. r;; = |rl- j| is the distance between the centers of these
two particles, rj; = r; — 1y, and f;; = ry;/r;;. ¥ and o are the
strengths of the dissipative and random forces, and vi; = v; — v;
is the relative particle velocity. (uD(rl- j) and (uR(rl- j) are two
weight functions. The 8;; is a randomly fluctuating variable with
Gaussian  statistics:  (6;;(t)) =0 and {6;;(t)6;;(t")) =
(OuSji + 88 )6(t —t"), where §;; is the Kronecker delta in
practice. The cut-off radius, beyond which all the three additive
components of f; vanish, defines the characteristic length scale
of the system. The dissipative force, FL-DJ-, dampens the effects of
f?j, which accounts for the Brownian motion.

These two forces together form the thermostat as the Brownian

the random force, F

dashpot, which is a minimal model representing viscous forces
and thermal noise between the DPD particles.”’: 72 For a near-
equilibrium system, these two forces are related via the
fluctuation-dissipation theorem (FDT), which is fulfilled by
imposing the following two conditions: wP (rl- j) = ((uR(rl- j))z,
and o2 = 2ye, where € is the characteristic energy scale. As a
simple choice, the weight functions are taken as ((uR(rl- j))z =
(1 — rij/rc)z for r; < 1, and zero otherwise.

In the context of DPD, a modified version of the velocity-
Verlet algorithm’ is used to advance the set of positions and
velocities. In this study, the DPD simulations use reduced units
for length, mass, energy, time as r,=m=€e=1. The
corresponding physical units will be provided in section 2.3. We
use the DPD module as implemented in the LAMMPS
simulation package’® 74 to integrate the equations of motion. All
simulation snapshots are visualized using the Open Visualization
Tool (OVITO)?. The fluid particles are omitted for clarity in
figures shown in this article.

2.2 Membrane model

A shell can be triangulated to a lattice structure with at least
twelve isolated 5-fold disclinations as the protocol introduced by
Caspar and Klug’. Such a lattice is characterized by a pair of
integers, (p, q), which defines the total number of lattice sites by
N = 10(p? + pg + q?) + 2. In this study, different choices of (p,
q) are probed and do not affect primary results presented in this

This journal is © The Royal Society of Chemistry 20xx
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work. Here, we select (6, 6) to perform all simulations, which
results in N = 1082 linked vertices, 3240 edges, and 2160
triangular faces. In our simulations, the shell is modeled by 1082
bonded DPD particles that are initially placed at each vertex of
triangulation (Fig. 1). These shell particles are equally grouped
into two sets, i.e., P4 for particles on hemisphere A (in pink) and
Pg for particles on hemisphere B (in blue), to be imparted
different mechanical and magnetic properties as detailed latter.

According to the discretization scheme of the continuum
expression for the elastic energy proposed by Nelson et al. 1. 77,
the elastic component of the Hamiltonian of a thin shell, H,, has
contributions from stretching, Hy, and bending, H, . In our
simulations, the stretching and bending of shells are modeled by
harmonic bond and harmonic dihedral interactions, respectively,
and the corresponding energies are calculated by

k:: 2
Hszz%(lrf—rjel—ro) , 2)
e€E
and
Kl N
H, =ZT|ni_nze|2 =Zkkl(1_cos¢k1)- 3)

e€E e€E

The summations on the right-hand-side of eqn (2) and (3) run
over all e elements of the set of all bonds, E. A bond e connects
particles i and j, and has an equilibrium length of 7. k;; is the
microscopic stretching constant, sometimes referred to as the
spring constant or bond strength, of the bond e. r{ and r]-e are the
position vectors of the two particles connected by the bond e.
The coefficient Ky, is the microscopic bending rigidity along the
bond e shared by triangles k and [ whose normal vectors are nf,
and n7, and cos ¢y, is the dihedral angle of the two triangles. To
determine the elastic properties at the interface between the two
components, following the ref.’$, we select the value of k;; based
on the rule of springs occurring in series, kij_l =k '+ kj_l,
or explicitly, kyy = ks/2, kgg =kg/2, and kup = kg, =
kakg/(kskg), where k, and kg are the microscopic stretching
constant (or referred to as bond strength) assigned for particle i €
P, and particle i € Pg, respectively. Similarly, the value of the
microscopic bending rigidity is chosen based on the type of the
four particles comprising the dihedral: ¥,4 = K4 for all four
particles belonging to P, , Kgg = Kg for all four particles

belonging to Py, and K45 = Kgy = (K4 + K5)/2 for mixed types.

In our study, the hemisphere A (in pink, Fig 1) is modeled as
a  magnetoelastic membrane by placing a  small
superparamagnetic particle at the center of each particle i € P,.
An external magnetic field induces a magnetic dipole on each
particle i € P,. The induced magnetic dipoles are supposed to be
identical and always oriented in the direction of the field. We can
write the additional energy contribution accounting for magnetic
dipole-dipole interactions as

u 1 o \2
P )

ijEPA ]

4

where p, and p are the magnetic permeability in vacuum and the
induced magnetic dipole moment of particle i € P,. In the linear

This journal is © The Royal Society of Chemistry 20xx

regime, the magnetic dipole moment is correlated with the
external magnetic field, H, as

T
where d and y are the diameter and magnetic susceptibility of
the superparamagnetic particles (SPs), respectively. In our
simulations, we model the uniform magnetic fields implicitly by
constraining the orientation of the dipole moment of all particles

i € P, in the same direction as the field, i.e.
(6)

where fi represent the direction of the dipole moment of the SPs
as well as that of the external magnetic field. The coefficient u
characterizes the strength of the induced dipoles.

Using the rigid body package in LAMMPS, the hemisphere
B (in blue, Fig. 1) is modeled as a rigid ferromagnetic cap (FC).
The total force and torque acting on the cap are computed as the
sum of the forces and torques on each particle i € Pg. Then, the
coordinates and velocities of the constituent particles are updated
so that the cap moves and rotates as a single entity. The FC has
a permanent magnetic dipole moment, m, that is perpendicular
to the interface between hemispheres A and B (Fig. 1). In a
magnetic field H, any misalignment of the cap’s permanent

u=ug,

dipole with the field will contribute extra energy as Hgp, = —m
H, and result in an additional magnetic torque” on the cap
according to Tg,, = pom X H. Substituting with eqn (5) and (6),
this magnetic torque is given by

6
_ #oﬂmx,\.

Tfm _ﬂ,'d3)(

@)

For simplicity, we neglect the magnetic interactions of particle
i € P, with particle i € Pg. According to eqn (7), we know
Tfm & |m X fi| and this magnetic torque due to FC can be
rewritten as

(®)

where kg, is a coefficient that characterizes the strength of the

Tem = kT X 1

magnetic torque and depends on the strength of the magnetic
dipoles of the SPs. 7 stands for the unit vector of the permanent
dipole moment of the cap, which also is used to define the
orientation of our Janus shells. For simplification, k¢, is set to a
large enough value so that the shell is oriented in the direction of
the field. The magnetic torque on hemisphere B is exerted using
the add torque package in LAMMPS.

2.3 DPD Simulation setup and physical units

We choose the number density of DPD particles as p = 3 7,73,
As mentioned above, our DPD simulations use reduced units for
length, mass, energy as 7, = m = € = 1. We can map those DPD
reduced units onto the corresponding physical units, which is
summarized in Table 1. Setting the length unit as [, = 1 pm, the
unit of mass that corresponds to liquid water is my =
3.33x 107 kg. We fix the energy unmit as kBT = 4.14 x
10721 J in all simulations, where kZ is the Boltzmann constant
and the temperature is T = 300 K. The time scale is then derived

J. Name., 2013, 00, 1-3 | 3
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Table 1 Characteristic quantities.

Physical quantities Characteristic quantities Values
Length (1) Iy 1.0 pm
Mass (m) m, 3.33x 1070 kg
Energy () kBT 414 x 10721
Time (1) 70 =l Imo/kBT 2.84%x107*s
as  Tg = lg/mo/kBT =2.84%107*s To match the

compressibility of water for a DPD system, the repulsion
parameter is chosen to be a = 75/p in units of € /1.7 Here, we
set the repulsion parameter a;; = 25 for all particle pairs in order
to exclude other effects other than hydrodynamic interactions
between the shell and fluids. The strength of the random forces
is chosen as o = 3 in units of (\/rﬁ/rc)l/z. Correspondingly,
we have y = 4.5 in units of Vme/r.. The timestep is At =
0.001 7.

For all simulations, the box is 40 7, X 40 1, X 40 7, in size
and periodic boundary conditions are applied in all directions.
The initial radius of spherical shells is 5 . (corresponding to
5 pm), where the equilibrium bond length is 7,4 = 0.58 .. We
select the following parameters for our reference sample
(denoted as sample Sl1), including k, = 900 €/7,.2 , kg =
3000 €/7.%2, %y =50€, and &z = 50 €. It should be noticed
that the hemisphere B is modeled as a rigid body and the choices
of kg and Ky only affect the mechanical properties of the
interface linking the two hemispheres. Hence, a sufficiently large
value of kg renders a strong interface and ensures the integrity
of the Janus shell structure. The relative importance of stretching
versus bending in morphology transitions of soft elastic
membranes can be quantitatively characterized by a
dimensionless quantity called the Foppl-von Karman (FvK)
number6!. 77, 80,

YR?

y=—" 9

In the continuum limit””- 8!, ¥ = 2k/+/3 is the 2D Young’s
modulus for a hexagonal array of bonded particles and has units
of energy per area, and k = v/3%/2 is the bending rigidity.
Correspondingly, the FvK number of the magnetoelastic

membrane (hemisphere A) with reference parameters is y = 600.

Initially, the spherical Janus shell of 1082 bonded particles
(equally grouped to set P, and Pg) is immersed in randomly
created fluid particles. The shell is constructed to have an
orientation, defined by the permanent dipole m, in the +y-
direction. We probed different values of the equilibration bond
length 7 and find that reducing 1y smaller than 7,4 results in a
faster recovery process and less spinning when the external
magnetic field cannot provide sufficient magnetic torques on the
FC to restrain the random rotation. Hence, an equilibration
procedure is executed prior to all production simulations: the
equilibration bond length is rescaled as ry = 0.77¢q = 0411,
and then the shell is equilibrating for 5 x 103 simulation
timesteps with no external magnetic fields.

4| J. Name., 2012, 00, 1-3

At the beginning of production runs, uniform and implicit
external fields are introduced by identically assigning the dipole
moment u of the SPs in each particle i € P4 (eqn (6)). The
dipole moment has units of \/4mr,3€/u, in DPD simulations.
Assuming 10 nm
superparamagnetic particle, the magnitude of the dipole moment
represents typical values (20~140 A - m?/kg)32. As shown in
Fig. 1, the instantaneous dipole orientation due to a magnetic

each  vertex/particle represents a

field precessing around +y-direction is given by

fl=sin@sinwt i+ cos@j+sinb coswtk,

(10)

where 0 is the precession angle and w is the precession
frequency in units of 771, We remain w = 0.5 771 (~1760 s~ 1),
and all production simulations run at least 1.7 X 10° timesteps
(1.7 x 103 7). Similar to the FvK number, the relative strength
between magnetic energy and bending energy can be
characterized by a dimensionless quantity called magnetoelastic
parameter>®. 83,

M R?

r ,
K

an

where M = 8v3M /7,42 is the magnetic modulus defined in the
continuum limit and M = (1/4) (uo/4m) (91? /7eq®) (2/3). The
magnetoelastic parameter of the magnetoelastic membrane with
reference parameters is I' = 336 when the strength of the
induced magnetic dipole is £ = 1.36 in units of \/ 417 3€/ 1.

3. Results and discussion

Recall that a nonreciprocal motion33:34, sometimes referred to as
time-irreversible motion, is required for microswimmers to swim
at a low Reynolds number (Re). In our work, we employ a
“breaking-symmetry” strategy using Janus membrane shells that
are actuated and navigated by external magnetic fields. The
uniform field that has a time-varying intensity and is precessing
around +y-direction at a frequency of w (Fig. 1). In our
simulations, the magnetic field is modeled implicitly by
constraining the magnetic dipole moment of superparamagnetic
particles (SPs) on hemisphere A, u, as detailed in Section 2.2.

3.1 Translational propulsion in uniaxial magnetic field

In our first series of simulations, the Janus shell with
reference parameters (denoted as Sl1: k, =900 €/1.2, kg =
3000 e/7.%2, Ry, =50€, and Kz = 50 €) is subjected to an
uniaxial magnetic field, i.e. the precession angle 8 = 0°. To
obtain a nonzero net displacement in the desired direction, +y-
direction, we select the magnetic field having zero magnitude in
-y-direction to avoid that the Janus shell is periodically flipped
due to the magnetic torque on the ferromagnetic cap (FC,
hemisphere B, Fig. 1). Here, the instantaneous magnetic dipole
moment of the SPs, which has the same direction as the magnetic
field, is given by u = u(t) j, where u(t) = 1.36 sin w,t, for
2nt < wt < (2n+ m (where n=0,1,2,... ), and zero
otherwise. Here, we select w; = 0.5771 (~1760s"1). As
illustrated in Fig. 2A, the dipole moment of the SPs exhibits a
profile of half-wave-rectified sine waves in its intensity: the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Propulsion of the Janus shell in the uniaxial magnetic field. (A) Scheme
of the time evolution of the induced dipole moment within two periods. (B)
Snapshots of the shell at five selected timesteps as [~V marked in (C). The gray
line represents the trajectory of the center of mass of the hemisphere B. The
scale bar is 5 pm. (C) Time evolution of displacements.

magnitude of the dipole moment along +y-direction increases
sinusoidally before it attenuates to zero during the first half of
the period and remains zero during the second half.

Our simulation shows that the swimmer propels primarily
along +y-direction with cyclical configuration changes in the
hemisphere A (Fig. 2B). The corresponding time evolution of
displacements along all three directions are presented in Fig. 2C.
Comparing with the dominant displacement in +y-direction, the
components in x- and z-directions are small but visible, which
are attributed to the random spinning of the shell when the field
cannot provide sufficient magnetic torques on the ferromagnetic
cap. As shown in the inset of Fig. 2C, we also observe a forward
stroke as the magnetic field ramps up, followed by a backward
stroke when the field is decreasing and off. Comparing with the
backward stroke of each period, the forward stroke produces a
larger displacement, leading to a net forward propulsion.

To inspect the physics governing the propulsion observed in
our simulations, we focus on the dynamics of the shell within one
period and quantitatively characterize the deviation of the shell
shape from a perfect sphere through the asphericity 6!:

_(AR?%) _ No (R; — (R))?
o Do

(R)? CRZ
where R; is the radial distance of particle i from the center of

(12)

mass of the shell and (R) is the mean radius,

1 Ny
(R) = N 1Ri-

i=

(13)

Specifically, we also calculate the volume enclosed by the
penetrable shell through
V= Z ‘Q‘k .
k

where Q) =TIy q Ty, XTI 3/6 is the signed volume of the

(14

tetrahedron extended by the triangle k on the membrane
consisting of three clockwise-ordered vertices: 1y 4, I 5, I 3.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Nonreciprocal dynamics of the Janus shell in one period of the uniaxial
magnetic field. (A) Snapshots of the Janus shell at five selected moments, t1™ts
(from left to right, as marked in the time evolution of the normalized dipole
moment strength, ii). The white open circles and red dots represent the
location of the center of mass of hemisphere B at the beginning and each
corresponding frame, respectively. The number below each snapshot is the
relative displacement in y-direction. (B) Time evolutions of asphericity, b (in
blue, left axis) and volume (in red, right axis). (C) The asphericity-volume (b-
V) parameter space. The red star presents the beginning of the period and
arrows point out the time direction. The paths of first and second halves are
indicated by the solid and dashed lines, respectively.

Fig. 3A shows snapshots at five selected moments t; ~t as
marked in the time evolution of the normalized dipole moment,
i = pu/1.36. We also mark the positions of the center of mass of
hemisphere B at the initial frame and each selected moment by
the white open circle and red points, respectively. The relative
position of the two markers implies that the shell goes forth
during the first half (t; = ¢t3) and back during the latter half
(t3 = t5). In Fig. 3B, we plot the time evolutions of the
asphericity b (in blue, left axis) and the volume V (in red, right
axis). In response to the increasing external field (t; — t,), the
hemisphere A (in pink) bulges out with a roughly flat tip,
corresponding to a decrease in the asphericity b and an increase
in the volume V. The recession (t, — t3) and removal of the field
(t3 = tg) cause the hemisphere A to slowly expel fluids from the
inside and contract with a rounded top, and the shell eventually

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 Effects of mechanical properties on propelling velocity in the uniaxial
magnetic field. (A) Swimming velocity as a function of bond strength ka. Each
data point stands for three independent simulation runs. (B) The asphericity-
volume (b-V) parameter space. The parameters of the three samples, S1, S2,
and S3, are marked in (A). Data are taken from one representative period of
each sample. The open circles present the beginning of the period and arrows
point out the time direction. The paths of first and second halves are indicated
by the solid and dashed lines, respectively.

recovers back to the shape as at the beginning of the cycle.
Comparing with the swelling phase (t; — t,), the recovery phase
(t, = tg) happens significantly slower. In the (b — V) parameter
space, we also observe a closed loop swept by the corresponding
variations in time (Fig. 3C). It confirms that the microswimmer
swims along a time-irreversible path, namely, a nonreciprocal
motion. Our results indicate that the nonsymmetric magnetic
field results in the mismatch in time scales associated with the
swelling and deswelling processes and yields a nonreciprocal
motion that promises such a Janus shell to periodically propel
forward at low Re.

3.2 Effects of elasticity of the magnetoelastic membrane

We also investigate the effects of mechanical properties of
the magnetoelastic membrane (hemisphere A) on the propelling
velocity in the uniaxial magnetic field. Here, we fix the
parameters of hemisphere B as kg = 3000 e/7.%2 and kg =
50 €, and vary ky in the range of 400~3000 €/7.2 by choosing
K4 from 10, 50, and 90 €. The propelling velocity is defined as
the time average of displacement in each entire simulation. As
summarized in Fig. 4A, the dependence of propelling velocity on
the microscopic spring constant, k4, is not monotonic for all

6 | J. Name., 2012, 00, 1-3

three microscopic bending rigidities K,. Each data point in Fig.
4A stands for the average over three independent simulations
runs and the error bar corresponds to the standard deviation. At
a given Ky, the velocity decreases if the bond strength k, is either
too small or too large and exhibits a maximum velocity at an
optimal value, k4 ,,.

To understand the trend of propelling velocity observed
above, as marked in Fig. 4A, we pick up another two swimmers
of K4 = 50 ¢ along with the reference sample (sample S1),
including k, = 500 (sample S2) and 2700 €/7.2 (sample S3),
and demonstrate the time evolutions in one representative period
of sample S1~S3 with respect to the asphericity b (Fig. S1A), the
volume V (Fig. S1B), and the displacement in y-direction (Fig.
S1C) in the Supplementary Information (ESI{). At a given
microscopic bending rigidity K, increasing the microscopic
spring constant k4 results in the asphericity shifting to higher
values and the volume dropping to lower values. Our results
show that the respective fluctuating amplitude of asphericity and
volume occurs in similar ranges for the three samples, including
Ab = 0.008 and AV ~ 20 7.3, In other words, increasing the
Young’s modulus of the magnetoelastic membrane (hemisphere
A) does not affect the amount of fluids absorbed or expelled, but
drives the shell to a less spherical shape. As shown in Fig. S1C
of ESI, all three samples exhibit forward and backward strokes
in one cycle. The forward stroke generated by increasing the
dipole moment strength of the SPs produces the largest
displacement in sample S1 (k,; = 900 €/r.2), followed by
sample S2 (ks =500 €/1.2) and then sample S3 (k, =
2700 €/7.2). All three samples continue swimming for finite
distances after the field begins attenuating, and then the sample
with the highest Young’s modulus, sample S3, swims backward
first. Comparing with sample S1, other two samples propel
backward substantially prior to moving forward again during the
second half.

We first inspect the propulsion mechanism in rigid case
(sample S2) and then the soft case (sample S3). In Fig. 4B, we
plot the variations in time in the asphericity-volume (b-V)
parameter space where the solid and hollow arrows imply the
direction of time. We also add the data of sample S1 shown in
Fig. 3C to Fig. 4B for comparison, and all three samples exhibit
closed loops in the (b-V) parameter space. We find that the
larger the area of the closed loop in the parameter space, the
faster the Janus shell propels: the circle of sample S1 which move
fastest among the three samples has the largest area, while
sample S3 moving slowest occupies the smallest circle. A similar
trend is also reported in bilayer vesicles®® where the swimming
velocity roughly scales as the square-root of the area enclosed by
loops in the parameter space. A smaller cycle in the asphericity-
volume (b- V) parameter space indicates a stronger correlation
between the two characteristic parameters, which reduces the
system’s degree of freedom. Hence, at a given K4 the motion
trends to be reciprocal for relatively rigid magnetoelastic
membranes (higher k). We also plot the forward, backward, and
net displacements of one period averaged over all cycles of
individual simulation (see Fig. S2 in ESIY). As schemed in Fig.
S1C of ESIf, a forward displacement, X¢, is defined as the
maximum displacement during the first half of the period, and a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Motion of the Janus shell in the precessing magnetic field. (A) Schemes
of side view (left), front view (middle) of the precessing field with a varying
intensity, and the time evolution of the induced dipole moment within two
periods (right). (B) Magnetic guidance of the Janus shell with a spiral
trajectory. The gray line going through the shell is the trajectory of the center
of mass of the hemisphere B. The white arrow below the snapshots
schematically shows the spiral movement. The scale bar is 5 pm. (C) Time
evolution of displacements. One period is highlighted by dashed box in the
inset.

backward displacement, Xy, is computed as the difference of the
net displacement X;, with X¢. Our results show that the Janus
shells with high values of k4 periodically swims back and forth
with approximate distance but in the opposite direction, leading
to roughly staying in the same spot after periods.

We next examine the propulsion of Janus shells with
smaller k; . Recall that the morphology transition of closed
magnetoelastic membranes is a result of the competition between
the elasticity and the magnetic dipole-dipole interactions.’® In
our study, passive fluid particles are able to penetrate the
magnetoelastic membrane of hemisphere A from both inside and
outside, triggering the changes in the volume enclosed by the
shell. Hence, the morphology transition of our penetrable Janus
swimmers becomes a result of the interplay of the elasticity with
the magnetic dipole-dipole the
hydrodynamic interactions. It has been shown that the jet

interactions as well as
propulsion velocity of a swimmer with fixed body shape is
inversely proportional to both the swimmer’s longitudinal and
transverse dimensions at low Re.?* As shown in Fig. S1B of ESIf,
the shell with a relatively soft hemisphere A often possesses a
larger volume and, correspondingly, a larger size along the y-
direction. Hence, stronger drag forces applied on the hemisphere
A that generate slower propulsion are anticipated as one is
approaching the lower limit of k.

We also see in Fig. 4A that the propelling velocity depends
on the microscopic bending rigidity K : at low values of k, (<

This journal is © The Royal Society of Chemistry 20xx

~650, pink shaded region in Fig. 4A), the greater the bending
rigitidy, the slower the shell swims; at intermediate values of k,
(650~1250, green shaded region in Fig. 4A), either increasing
or decreasing bending rigidity from the intermediate value, Kz =
50 €, would slow down the propulsion; at high values of k, (>
~1250, blue shaded region in Fig. 4A), the shell with a stronger
bending rigidity has faster locomotion. In addition, we notice that
the bond strength corresponding to the optimal velocity, k4 ,,, is
shifting toward higher values as the bending rigidity K, increases:
kam =10%x10%e/r.2 fork, =10 €, ky, = 1.2 X 10% /1,2
fork, =50¢€, and ky,, = 1.3 x 10% /1.2 for K, = 90 €. The
Foppl-von Karman (FvK) number3? (eqn (9)) suggests that y «
Y /K, namely, y « k/&. The effects of increasing bond strength
on the FvK number, therefore, can be offset by increasing the
microscopic bending rigidity ¥ and vice versa. Hence, we
observe the curves shifting to higher k, as K4 increases in Fig.
4A. Our results indicate that the propelling velocity of such Janus
shells can be controlled and optimized by tuning the mechanical
properties of the magnetoelastic membrane.

All the Janus microswimmers in Fig. 4A primarily swim
along +y-direction and also exhibit
displacements in x- and z-directions (Fig. S3 in ESIY). Such

finite unpredictable

deviations come from the random rotation of the shells when the
magnetic field cannot impose sufficient magnetic torques on the
ferromagnetic cap (hemisphere B). In a series of control
simulations, we probed the necessity of the permanent dipole
moment of the ferromagnetic cap by zeroing the magnetic torque
when a misalignment occurs. Our simulation results show that
the Janus shells without the magnetic torque starts changing their
orientation and sustains spinning after few cycles, resulting in
the
is essential for maintaining a stable

propelling on unpredictable trajectories. Hence,
ferromagnetic cap

directionality in our design.

3.3 Propelling on a spiral trajectory

So far, we have shown that the microscopic Janus shell is
able to swim on a translational trajectory. In the next series of
simulations, utilizing a precessing magnetic field (Fig. 5A), we
give one example of spiral guidance (Fig. 5B) to demonstrate the
feasibility of guiding the Janus shell in desired elaborated
trajectories. Here, we take the sample with reference parameters
(sample S1, k, = 900 €/1,2, kg = 3000 €/r,%2, iy, =50¢€,
and Kz = 50 €) and choose the instantaneous orientation of the

dipole moment of the superparamagnetic particles on
hemisphere A to be
fi = sin @ coswti+ cos 8f + sin Gsinwt k, (15)
and the time dependent field strength is
u(t) =1.36(sinw it +1)/2, (16)

which has the same maximum strength as that of the uniaxial
field in the previous section. As depicted by Fig. 5A, the field
has a precession angle of 8 = 30° around +y-direction and
precesses at a frequency of w =0.57"1 ( ~1760s71 ).
Meanwhile, the magnitude of the field periodically changes at a
1

frequency of w; =2w =1.07" The precessing field is

J. Name., 2013, 00, 1-3 | 7
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Fig. 6 Dynamics of the Janus shell in one period of the precessing magnetic
field as highlighted in the insets of Fig. 5C. (A) Snapshots of the Janus shell at
five selected moments, ts~tio (from left to right, as marked in the time
evolution of the normalized dipole moment strength, ). The numbers below
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(C) The asphericity-volume (b-V) parameter space. The solid and hollow
arrows point out the time direction. The paths of first and second halves are

indicated by the solid and dashed lines, respectively.

selected in a manner such that the y-component of the intensity
remains non-negative in order to avoid flipping the shell’s
orientation.

Fig. 5C presents the time evolution of displacements
corresponding to Fig. 5B. As shown in the insets of Fig. 5C, we
find that in one period, the swimmer moves forward twice with
one circle turning on the x-z plane. Such motion is expected and
consistent with the prescribed pattern of the precessing field: the
magnetic field is precessing twice as slow as varying the strength
of the dipole moment. Furthermore, we also find that the spiral
locomotion generated by the precessing field has an approximate
velocity as the translatory propulsion in the uniaxial field, v =
0.26 £ 0.06 1. /7.

To examine the nonreciprocity of the movement, we focus
on the same period as marked in the inset of Fig. 5C and present
the snapshots at five selected moments (t5~t;,) in Fig. 6A. The
corresponding time evolutions of the asphericity b (in blue, left

8 | J. Name., 2012, 00, 1-3

axis) and the volume enclosed by the shell V (in red, right axis)
are shown in Fig. 6B. Comparing with dynamics in the uniaxial
magnetic field (Fig. 3B), the precessing field causes the volume
to fluctuate within a similar range and a more narrow range for
the asphericity. Due to the precessing field, the soft hemisphere
A is dragged by the rigid hemisphere B to rotate around the y-
axis, leading to a nonaxisymmetric shape observed in
hemisphere A (for example, the snapshot at moment ¢4). We see
in Fig. 6C that the prescribed variations in time possess two
cycles with similar areas in the asphericity-volume (b —V)
parameter space, corresponding to the two forward strokes in
each half of the period. It also confirms that the microswimmer
undergoes a nonreciprocal motion in such a precessing magnetic
field. Our results demonstrate the capability of the Janus
swimmer to swim on desired elaborated trajectories by

prescribing the temporal pattern of external magnetic fields.

Conclusions

In summary, we designed a magnetically driven microswimmer
and demonstrated its feasibility of propelling through viscous
fluids in desired complex trajectories. To break the Scallop
Theorem, our strategy involves the collaboration between
nonreciprocal magnetic fields and build-in asymmetries in both
the mechanical and magnetic properties of the two hemispheres.
We show that the propelling speed can be optimized by tuning
the mechanical properties of the constituent -crystalline
membrane and explain the mechanisms behind. Though the
realization of a system that is identical to our design might be
challenging now, the swimming mechanism of our proposed
Janus magnetoelastic microswimmer could be applicable to less
restrictive systems. For example, a light responsive system can
buckle the functionalized part of the Janus shell made of a
crosslinked responsive hydrogel. Our study provides a promising
template for creating advanced swimmers with enhanced
functions and capabilities. We anticipate that future studies will
advance the programmable tactic behavior and promote the
usage of microswimmers in more specialized tasks. For example,
fabricating the crystalline membrane with biodegradable elastic
hydrogels may develop a candidate for targeted drug delivery.
Energy delivery via multifarious methods also could be realized
by adding stimuli-responsive and active materials. Furthermore,
fuel-free self-propulsion is possible if self-oscillating chemical
reactions are integrated into the system.
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