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ABSTRACT: The motion of peanut-shaped magnetic microrods (PSMRs) with different
magnetic moment (M,) orientations @y under a nonuniform AC magnetic field has been
investigated systematically. When gradually changing ¢y from 90° (perpendicular to the long
axis of the PSMR) to 0°, the motion of the PSMR evolves from rolling to precession, then to
tumbling. Systematic investigations on the translational velocity v, versus the magnitude of the
applied magnetic field B and the angular velocity wg show that the overall motion of the PSMRs
can be divided into four different zones: Brownian motion zone, synchronized zone,
asynchronized zone, and oscillation zone. The v,—wy relationship can be rescaled by a critical
frequency w,, which is determined by M,, B, and a hydrodynamic term. An intrinsic quality
factor g, for the translational motion of a magnetically driven micro-/nanomotor is defined and
is found to range from 0.73 to 13.65 T~! in the literature, while the Fe PSMRs in the current
work give the highest q,, (= 25.48 T™'). High speed movies reveal that both the tumbling and
precession motions of the PSMRs have a discretized nature. At the instances when the magnetic
field changes direction, the PSMR performs an instantaneous rotation and the strong
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hydrodynamic wall effect would impose a driving force to move the PSMR translationally, and about more than 60% of the time, the
PSMR neither rotates nor moves translationally. Based on this discretized motion nature, an analytic expression for q,, is found to be
determined by the shape of the surface walker, the hydrodynamics near a wall, and the magnetic properties of the surface walker.
This work can help us to better understand the motion of magnetic surface walkers and gain insight into designing better micro-/

nanomotors.

21,27

B INTRODUCTION

Recently, magnetically controlled micro-/nanomotors have
been found in an array of applications, such as cell

particles.
anisotropic particles.

Regardless of applied fields, most MSWs are

For the anisotropic MSWs, depending on the applied

manipulation,' ™ cargo and molecular delivery,"™® disease
treatment,””” environmental remediation,'® and so forth. Most
of the applications require that the micro-/nanomotors should
move translationally in the liquid, have a high controllability,
and be easy to manipulate with a relatively fast translational
velocity. There are two types of translational motion that a
magnetically controlled micro-/nanomotor realizes, depending
on its shape. One is the magnetic particle that can move freely
inside a liquid. For example, a helical magnetic micro-/
nanomotor can move translationally in a bulk fluid when it is
rotating about its long helical axis.''~"> The deformation of
flexible magnetic particle chains can also induce translational
motion in liquids.'®™'® The other one is a magnetic surface
walker (MSW), which can only translate when the motor is
very close to a surface (wall). The hydrodynamics between a
magnetic particle and a wall introduces a driving force for the
translational motion, and most translational motions of
magnetic motors belong to this category.'” > The motion
behavior of a MSW is rather complicated and depends on two
important factors, the shape of the MSW and the applied
magnetic field. The shape of the MSW can be categorized as a
single particle,m’24 a chain of particles,25’26 and a cluster of
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magnetic fields, several characteristic motion behaviors, such as
rolling, tumbling, precession, and oscillating, are observed. For
most MSWs, an out-of-plane rotating magnetic field (RMF) is
applied.”"*** In a recent study, premagnetized CoPt nano-
wires could perform the tumbling, precession, and rolling
motions by changing the rotation frequency of an out-of-plane
RME.” If an in-plane RMF is applied, usually an anisotropic
particle will perform a pure rotary motion with no translational
30732 Oscillating magnetic fields (OMFs) can also
produce translational motion of a MSW. Huang et al. first
reported translational motion of an anisotropic magnetic
cluster under an OMF or a nonuniform AC magnetic field
(nuAMF).”” Later, Li et al. showed that a magnetic
microdimer consisting of two Janus microspheres could roll

motion.
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back and forth on a surface under an OMF and attain a
translational velocity up to 18.6 yum/s.”

A deeper investigation of literature reveals that the motion of
a MSW not only depends on the applied field B, but also on
the orientation of the magnetic moment M, of the MSW
because the ultimate driving force for the translational motion
is determined by the magnetic torque, M, X B. Take a rod- like
MSW as an example (Figure S1). When the direction of the M,
is along the long axis of the rod, a tumbling motion is expected
under an out-of-plane RMF (Figure S1A), a precession motion
is predicted under a conical RMF (Figure S1E), and a spinning
motion (Figure S1C) could be predicted under an in-plane
RMF. For example, the magnetic microellipsoid was observed
to perform spinning, precession, and tumbling motions under a
RMF when the rotation axis of the RMF was changed from
perpendicular to the substrate to parallel to the substrate,
accompanied by an increased translational velocity.” When
the M is perpendicular to the long axis of the rod, a rolling
(Figure S1B) or precession (Figure S1F) motion is expected
under a RMF. Based on classic mechanics, a tumbling motion
with a large rotation radius should produce a faster
translational velocity under the same rotation frequency.
However, there is still no systematic study on how the
orientation of M, affects the motion of a MSW. One of the
challenges is how to prepare MSWs with different M,
orientations while retaining the same shape and size.

In addition, although many MSWs have been reported, it is
very hard to rigorously compare their motion performance so
that suitable MSW design or motion conditions can be selected
for different applications. In the micro-/nanomotor commun-
ity, the velocity v, to body length I ratio is usually used to
characterize the performance of a translational motor. Gao et
al. summarized the v,/l ratio for many different micro-/
nanomotors.”> However, the v, of a MSW is not only
determined by its shape or dimension, but also by the applied
magnetic field, especially the field frequency fg. It has been
observed experimentally that v, increases monotonically with
fp until it reaches a maximum at a critical frequency, where the
synchronized rotation of the MSW changes to an asynchron-
ized one. Thus, the vp/ I ratio is not an intrinsic parameter for
characterizing the translational motion of a MSW. Therefore, a
different universal parameter is needed to uniquely characterize
and compare the motion performance of the magnetic micro-/
nanomotors, normalizing the effects from the driving field B
and f3.

Finally, in most MSW literatures, the motion of the MSW is
always described by the continuum hydrodynamics with a
constant resistant matrix. For example, when driven by an out-
of-plane RMF, a rolling magnetic microsphere constantly
experienced a driven torque induced by the friction, and the
translational displacement increased almost linearly because, in
an ideal case, the distance between the surface of the particle
and the wall is a constant.”* This idea was adapted by Yang et
al. to predict the translational motion of the wheel-shaped
magnetic cluster on topographic surfaces.”’ However, for an
anisotropic particle, such a treatment is not valid. In fact, the
numerical simulation from our previous publication®” showed
that the translational displacement of a tumbling magnetic
spheroid was stepwise: the spheroid started to rotate and the
hydrodynamic interaction between the rotated spheroid and
the substrate induced a driving force to move the particle
forward only when the magnetic field changed direction; but
most times, the particle neither rotated nor moved forward.”’

If this discretized motion picture is used, then the governing
equations for an anisotropic MSW would be very different, or
piecewise. Therefore, another important question needs to be
answered is whether or not the discretized motion is correct. If
it is, how should we describe the motion of the MSW and
compare the motion performance?

In this paper, we will target the above three important
questions for the MSW. First, we demonstrate that by changing
the reduction condition of the Fe,0; PSMRs, PSMRs with
different M orientations can be obtained. A systematic study
on how the M, orientation affects the motion of PSMRs is
performed. Second, an intrinsic quality factor g, for the
motion of the PSMR is defined. By comparing the g, in the
literature and from our current work, we show that the
tumbling motion of the Fe PSMR has achieved the best g,
Finally, the fast CCD movies show that both the tumbling and
precession motions of the PSMR are discretized, and the q,,, is
determined by the shape of the MSW, the hydrodynamics near
a wall, and the magnetic property of the MSW.

B EXPERIMENTAL SECTION

Materials. Iron chloride hexahydrate (FeCly-6H,0, 99%) was
obtained from Acros Organics. Sodium hydroxide (NaOH, >97.0%),
sodium sulfate (Na,SO,, >99.0%), and sodium dodecyl sulfate (SDS,
>99.0%) were obtained from Sigma. All chemicals were of analytic
grade and were used without further purification. Deionized water
(DI water) was used for all experiments.

Fabrication of the Peanut-Shaped Magnetic Microrods. The
peanut-shaped magnetic microrods were synthesized by a hydro-
thermal method according to a previous report.>> Briefly, 27 mL of
6.0 M NaOH was slowly added into 30 mL of 2.0 M FeCl; in an
autoclave for 30 min with continuous stirring, followed by the
addition of 3 mL of 0.75 M Na,SO, solution. The mixture was
agitated for an additional 10 min. Then, the autoclave was transferred
into an oven preheated to 100 °C and maintained for 8 days. The
resulting suspension was washed S times with DI water and
magnetically separated to remove unreacted chemicals. The as-
synthesized PSMRs (we refer as Fe,O; PSMRs) were then
resuspended in a 20 mM SDS solution to obtain a concentration of
5.8 X 107 particles/mL for further experiments.

Reduction of Fe,0; PSMRs. The overnight dried Fe,O; PSMRs
in a ceramic boat were placed in the furnace (Lindberg/Blue M
Company) and annealed in N, (50 sccm) carried ethanol flow at 350
°C for 2, 4, and 6 h, respectively. We refer to the 6 h reduction sample
as Fe PSMRs. The reduced PSMRs were then resuspended in an SDS
solution (20 mM) to obtain a concentration of 5.8 X 107 particles/mL
for further experiments.

Magnetization of the PSMRs. Both 1.5 mL of Fe,O; PSMR and
Fe PSMR suspensions were placed in a constant magnetic field of 1.5
T generated by two solenoids for 10 min to magnetize the PSMRs so
that in the motion experiments, the magnetic moment of the PSMRs
can be treated as a constant.

Characterizations of the PSMRs. The morphologies of the
PSMRs were obtained by a field emission scanning electron
microscope (S-4800, Hitachi, Japan) operating at S kV. The crystal
structures of the dried PSMRs on a glass slide were characterized by a
PANalytical X'Pert PRO MRD X-ray diffractometer (XRD, Malvern
Panalytical, England) with a fixed incidence angle of 0.5°. The XRD
scans were recorded with a Cu Ka, radiation (4 = 1.541 A) in the 20
range from 15 to 80° with a step size of 0.030°. The Raman
measurements were performed by a confocal Raman microscope
(InVia, Renishaw, England) using a 785 nm excitation laser (9 mW at
sample), 20X objective lens, and 10 s acquisition time. The magnetic
property measurements of the dried PSMRs were carried out by a
vibrating sample magnetometer (model EZ7, MicroSense, USA) over
a magnetization field range from —15,000 to 15,000 Oe.
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Figure 1. (A)Representative SEM image of Fe,0; PSMRs. The (B) XRD patterns, (C) Raman spectra, and (D) magnetic hysteresis loops of Fe,O;
PSMRs and Fe PSMRs. (E) Magnetic moment orientation of Fe,O; PSMRs and Fe PSMRs under a static magnetic field.

Motion Observation System. A single magnetic solenoid system
has been used, similar to our previous report.27 As shown in Figure S2
of the Supporting Information, the AC magnetic field for the PSMR
motion was generated by a solenoid (Air-Core Solenoid#1482S,
Science Source, USA) with a cast iron core. The solenoid was
connected to a 2-channel current supply (PLX3602, QSC, USA), and
its input AC current with a frequency fy (5—100 Hz) and a current
amplitude I, (0.25—2.5 A) was programmed by a sound card in a
computer using a homemade MATLAB program. The suspension of
the PSMRs was carefully transported into a rectangular glass capillary
tube (height: 0.1 mm and width: 2 mm, VitroCom). The capillary
tube was placed in the magnetic system under a long-working distance
optical microscope (FS110, Mitutoyo, Japan). The observation
location was L = 27.2 mm away from the front face of the solenoid.
The magnetic field at the observation location was measured and
calibrated by a Gauss meter (5180, F.W.BELL, USA). All movies were
obtained by a fast CCD camera (V9.1, Phantom, USA) through the
microscope with a 50X objective lens. During the experiments, the
camera recording speed was set to be 10, 50, and 100 times the
frequency fz. The obtained movies were analyzed using in-house
cluster tracking MATLAB program.

B RESULTS AND DISCUSSION

General Motion Behavior of PSMRs with Different
Magnetic Moment Orientations. Figure 1A shows the
representative morphology of the Fe,O; PSMRs. They are
dumbbell-shaped with a length I = 3.48 + 0.06 ym in the long-
axis, a large width d; = 1.70 & 0.03 pm, and a small width d, =
1.00 + 0.03 um in the short axis as shown in the insert. The
volume of each Fe,O; PSMR was calculated to be around 5.03
um? (see Section S3 in the Supporting Information). The XRD
patterns of the Fe,O; PSMRs and Fe PSMRs shown in Figure
1B indicate that the Fe,O; PSMRs are the rhombohedral phase
of a-Fe,O; (hematite) [space group: R3¢ (JCPDS, no. 33-
0664)], while the Fe PSMRs are the pure body-centered
structure of Fe (JPCDS no. 06-0696). The Raman spectra
shown in Figure 1C further confirm the results from XRD. For
the Fe,O; PSMRs, five Raman resonant peaks of a-Fe,0;, the
two peaks at Av = 217 and 491 cm™! attributed to the Ay
mode, and the three peaks at Av = 284, 401, and 604 cm ™" due

11127

to the E, mode, are visible.>* No Raman peaks are shown for
Fe PSMRs because of the symmetry of the Fe crystal and
selection rules for Raman. Both XRD patterns and Raman
spectra indicate the high degree of conversion from a-Fe,O; to
Fe after the reduction. Because of the change of the material
density, the morphology of the Fe PSMRs is estimated as I’ =
3.26 ym, d; = 1.48 um, and dj = 0.78 um (see Section S4 in
the Supporting Information). The magnetic hysteresis loops of
the PSMRs are shown in the Figure 1D illustration. The Fe,O;

PSMRs have a residual magnetization M = 0.198 emu/g
(i.e., the moment of a single Fe,0; PSMR is MSFezos =5.20 X

107"* emu), and a coercivity of erzo3 = 1726 Oe. These
values are very close to M, (= 0.278 emu/g) and H, (= 1560
Oe) of the bulk hematite;*” while M™ = 38.64 emu/g (or M
=149 x 107? emu) and H® = 490 Oe for Fe PSMRs, which is
significantly different from the corresponding bulk values (M,
=220.7 emu/g and H, = 0.9 Oe).”® These discrepancies could
be due to the porous morphology of the Fe PSMR, or the
conversion of Fe,O; to Fe may not be completed in the
reduction process.”” The orientation of M, is different as
shown in Figure 1E when the suspensions of PSMRs were
observed under a horizontally applied constant magnetic field
B. For the Fe,O; PSMRs, all of the particles were aligned with
their long axes perpendicular to the applied magnetic field
while for the Fe PSMRs, the magnetic moment direction of
each particle is along the long axis. The magnetic moments of
as-synthesized Fe,O; PSMRs are determined by the crystal
orientation and growth dynamics of the particle. Previous
publication showed that during the growth of Fe,O; PSMRs,
the overall c-axis of the Fe,O; crystal is along the long axis
direction and the magnetic dipole moment direction is in the
perpendicular or transverse direction.”” The reduction of
Fe,O; PSMRs to Fe PSMRs is a high temperature process and
can be considered under equilibrium, therefore the resulting
magnetic moments would depend on the total magnetic energy
of the particle. According to ref 41, an elongated Fe particle
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Figure 2. Cartoon and movie snapshots of (A) a rolling Fe,0; PSMR and (B) a tumbling Fe PSMR within one period (T = 0.067s) under a
nuAMF of B = 3.46 mT and f5 = 15 Hz. Scale bar: S um. (C) Trajectory and (D) displacement S vs time t plots of a Fe,O; PSMR and a Fe PSMR.
The slope from the linear fitting (solid line) in (D) gives the corresponding translational velocity v,

minimizes its shape energy by aligning its magnetization
direction with the long axis of the particle.

The motion of both the Fe,O; PSMRs and Fe PSMRs was
observed under a nuAMF at different applied field magnitudes
B and frequencies fy. To ensure the consistency of the
experiments, all of the PSMR suspensions were magnetized at
a constant magnetic field of 1.5 T prior to the motion
experiments. Figure 2A,B shows time-lapse optical microscopy
images of a Fe,O; PSMR and a Fe PSMR under a nuAMF with
B =3.46 mT and f5 = 15 Hz (i.e., the period T = 0.067 s) (the
corresponding movies are Movies M1 and M2 in the
Supporting Information). Regardless the type of PSMR, the
PSMR was moving almost horizontally away from the solenoid
(the solenoid was place on the left in Figure 2A,B) as shown in
the trajectories of Figure 2C. These results are consistent with
our previous report.”” However, during the motion for the
Fe,0; PSMR as shown in Figure 2A, the long axis of the
PSMR was always perpendicular to the applied magnetic field
direction and the PSMR would roll about the long axis as
shown in Movie M1 (in-plane rolling). More detailed movie
analysis shows that during the rolling of the Fe,O; PSMR, its
long axis vibrated back and forth. Thus, the Fe,O; PSMR
exhibited a slight precession motion””** about the vertical
direction, with a very small precession angle ¢, = 7.4 + 0.2
(see Section SS and Figure S6B in the Supporting
Information). This precession angle ¢, is independent of B
and f5 (Figure S6C). For the Fe PSMR shown in Figure 2B
and Movie M3, the PSMR flipped out-of-plane rapidly (out-of-
plane rolling), that is, the tumbling motion. The comparison of
the trajectories of the two PSMRs are shown in Figure 2C,
within the same time period (t = 7 s). The Fe PSMR traveled a
much longer distance than that of the Fe,O; PSMR. Figure 2D
shows the plots of the displacement S of the two PSMRs versus
time t. Both S—t plots show a linear relationship with very
different slopes: for the Fe,O; PSMR, the slope gives a

translational velocity VlfezO; = 2.37 ym/s, while for the Fe

PSMR, vge = 10.62 um/s, that is, the velocity of the Fe PSMR
is almost S times the speed of the Fe,O; PSMR under the same
external magnetic field and applied frequency conditions. This
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ratio is significantly larger than the aspect ratio y (= I/d = 2—
3.5) of the PSMR. It appears that the translational speed is
directly related to the rotation radius of the PSMR. In a
previous report, an Fe,O; PSMR with | ~ 3 ym and d; ~1 ym
could only reach a translational speed of 1.23 um/s with a
rolling motion under an out-of-plane RMF with f; = 15 Hz
and B = 3.6 mT, while under a conical RMF with fz = 15 Hz
and B = 3.6 mT, its speed became 2.72 um/s," which is slightly
larger than the speed obtained for our Fe,O; PSMR under a
nuAMF with similar conditions.

The origin of the nuAMF-induced translational motion of
PSMR has been discussed in detail in our previous
publication.”” Under a low Reynolds number condition [the
maximum Reynolds number (= pvpl/n, where p and 7 are the
density and viscosity of the liquid, respectively)] is calculated
to be less than 107 based on the velocity of the Fe PSMR), if a
PSMR is rotating near a wall, the wall will break the rotational
symmetry and induce translational motion. Initially, a small
magnetophoresis force (due to the field gradient generated by
the nuAMF) would introduce a torque to make the PSMR
rotate clockwise (if the solenoid is placed at the left of the
PSMR) because of the hydrodynamic pressure difference
between the two ends of the PSMR. Then, the applied
alternating AC magnetic field would sustain the rotation, and
the interaction of the PSMR and the wall would induce a
driving force (friction) to move the PSMR translationally.

If the slight precession angle for the motion of the Fe,O;
PSMR can be neglected, then regardless of the orientation of
the magnetization of the PSMR, the linear translational motion
is induced by the rolling of the PSMR on top of a substrate
surface. The translationally driven force is induced by the
magnetic torque 7y = MB sin wgt sin f where the external
magnetic field B sin wyt (0p = 27f3) is applied along the x-axis
and f is the angle between the magnetic moment M and the x-
axis (see Figure 3). According to Yang et al. and under the low
Reynolds number approximation,” a general free body
diagram for these two cases can be sketched (Figure 3A for
the Fe,0; PSMR and Figure 3B for the Fe PSMR), and the
equations of motion for a PSMR are given by

https://dx.doi.org/10.1021/acs.langmuir.0c02132
Langmuir 2020, 36, 11125-11137


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_003.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_003.avi
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02132?ref=pdf

Langmuir

pubs.acs.org/Langmuir

F, w —f
A 7777,

Figure 3. The free body diagram for (A) a rolling Fe,O; PSMR and
(B) a tumbling Fe PSMR near the substrate.

YE=E-F=0 (1)

Zr:—TM+Th+rFf=O (2)
where F; is the friction between the PSMR and the substrate,
F, is the hydrodynamic drag force due to rotation and
translation, 7, is the hydrodynamic torque, and rF; is the
torque induced by friction. When the PSMR is close to the
substrate, the apparent viscosity of the portion facing the
substrate surface is increased. The PSMR experiences a friction
force F; due to the interaction between the PSMR and the
substrate to induce the translational speed. It is also reasonable

to assume that v, is proportional to rw,, the speed of the
rotating object at the contact point (r 1s the radius of the
PSMR (r = d,/2 for the Fe,0; PSMR and r = I/2 for the Fe
PSMR), and @, is the angular speed of the PSMR),** and their
ratio

(3)

is called the slipping coefficient, which can be used to
characterize a translational motion due to rotation. The &
depends on the complicated rotation geometry and hydro-
dynamic interaction of the system (see Section S6 of the
Supporting Informatlon) The hydrodynamic interaction, E,
and torque 7, can be related to its locomotion with a

resistance matrix M, = [? Z] (here, we only consider a single

rotation axis so that M, is simplified)**

( ] ) [: Z][ZZP] )

where g, b, ¢, and d are the hydrodynamic drag coefficients of
the PSMR near a wall and their expression depends on the

Fy,
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shape and motion direction of the PSMR. In addition, the
resistant matrix M} has to be symmetric according to the
reciprocal theorem of Stokes flow, that is, ¢ = b1.*> Table S1
summarizes the expression for the diagonal components of the
resistant matrix component of a slender rod with different
translational and rotational motion configurations in a bulk
liquid,*>**** while ¢ and b can be calculated numerically based
on an integration suggested by ref 46. The wall effect on these
matrix components can only be estimated numerically."’ The
resistance matrix components for PSMR are even more
complicated and cannot be expressed analytically. As a
reasonable approximation, later we will use the expressions
in Table SI1 to estimate the hydrodynamic drag force and
torque. Based on eqs 1—4, one can obtain the following
equation

w, = f = MB sin wgt sin /D ©)

where D = d + br + cr + Ear’. The general solution for eq S is
determined by a critical angular speed o /*"*

M,B
. =
¢ D (6)

For wy < w,, the rotation of the PSMR can be synchronized
with the frequency of the applied magnetic field, that is, w, =
wg. When wg > @, the rotation of the PSMR becomes
asynchronous to the applied magnetic field because of the
drastic increase of the liquid-induced viscous torque, and

4 2 2 .
w, = f = wy — \Jwg" — @ . According to eq 3, because v,

x ,, the following is expected

Erarg, oy < .

57’((03 - \/wB2 - wCZ ))

Therefore, v, is a function of both wy and B. Figure 4A,B
shows the experimental data for the translational speed v,
versus @ under different B for the Fe,0O; PSMR and the Fe
PSMR. Regardless of the PSMR motion configuration, the
overall motion behaviors of the Fe,O; PSMR and the Fe
PSMR as a function of B and wgy are similar. Similar
relationships have been reported in the literature."”"** At a
fixed B (Figure 4C), the v,—wy relationship follows the
following general trend: when @y is very small, the PSMR can
hardly move and its motion is dominated by Brownian motion;
when @y is sufficient but still small, the PSMR starts to rotate
along with the provided wy, and directional translation motion
of the PSMR is observed. In this case, the translational speed v,
is proportional to @z, and we call this synchronized motion;
then, v, reaches a maximum v, at a certain @y, value, W = @..
When wy increases further, although the PSMR still moves
translationally, other mixed motion modes are observed (see
the Supporting Information Movie M4). For example, for the
rolling of the Fe,O; PSMR, tumbling in different orientations
were observed. The randomly appearance of different motion
modes effectively reduces v, that is, v, decreases monotoni-
cally with wg. In this case, the rotation of the PSMR is not
synchronized with g, as shown in eq 7. After wg exceeds
another threshold value, the PSMR only oscillates almost at the
same location (see the Supporting Information Movie MS),
and v, diminishes (Figure 4C). Similarly, if wg is fixed and
when the v,—B relationship is investigated, the four zones are

p
observed: Brownian, synchronized, asynchronized, and oscil-

V., =
Wy > @, (7)

lation zones. As shown in Figure 4D, when B is very small, only
Brownian motion can be observed; with the increase of B, the
PSMR first starts to oscillate, then moves asynchronized with
the external field, and finally the motion is synchronized at a
sufficiently large B. Although these general trends are all very
similar for both Fe,O; PSMR and Fe PSMR, the values of Vs
@, and the changing rate are very different. For example,
under the same magnetic field, the v, and w, for the Fe,0;
PSMR and Fe PSMR are significantly different. For instance,
when B = 1.73 mT, 452 is smaller than 2 um/s, while the
value of v}, can go up to 25 um/s. In addition,
a)cFe203 = 62.8 rad/s, which is significantly smaller than wf® =
314 rad/s, that is, the Fe PSMR not only has higher v, values
under the same B and @y conditions, but also has a larger
linear v,—wp tunability. Based on the above discussion and
data obtained from Figure 4A,B, phase diagrams of the motion
behavior of the PSMRs can be obtained. Figure 4E,F shows the
corresponding phase diagram. Compared to the Fe,O; PSMRs,
the synchronized zone (pink area, 0 < B<8mTand 0 < wy <
625 rad/s) dominates the phase diagram of the Fe PSMRs, and
the other three zones are significantly smaller. This indicates
that the Fe PSMRs can easily achieve synchronized motion at
low magnetic field and high frequency, that is, the tumbling
motion has a large flexibility to achieve synchronized motion.
Thus, they require smaller magnetic field, can easily reach a
higher speed at a larger frequency, and are ideal to use for
controlled micro-/nanomotor applications.

Based on eq 7, one can extract the slipping coefficient for
Fe,O; PSMRs and Fe PSMRs. Both panels A and B of Figure 4
show that when wy < @, the linear v,—@j relationships for
different B are almost overlapped with each other. An average
slope can be extracted from each plot, and we obtained that
kFeOs = gFe03,Fe0s — 0 022 + 0.002 ym/rad and kF¢ = £FerFe =
0.093 + 0.002 um/rad. Also, note that #% = d,/2 and /¥ = I/
2, we obtained that £ = 0.0249 + 0.0008 and £ = 0.051 +
0.002, that is, & ~ 267%. According to eqs 1 & 4, F;= av,, +
bw,, and it is reasonable to assume that av, > bw,, so that F; ~

P
Fe, 04 _ 4mn!

av,. According to Table S1, a =4 =005 s 2.22 X
_3 _1 . Fe _ ata _ anl’ 2! _
107 N m™ s, while ™ = 2 In(2y)-05 In(2y) +0.5

233 X 10°® N m™" s (see Section S7 in the Supporting
Information), that is, a™=% = a. Note that k' ~ 4kF=%
implies that under the same B and wj, the tumbling motion
can induce a four times larger friction than that of the rolling
motion, thus achieving a four times faster speed.

The parameter D can be estimated by investigating how @,
changes with B (eq 6, here we assume that M; is a constant, i.e.,
the FSMR was not magnetized or demagnetized during the
experiments). Figure S7 shows the plots of the ®.—B
relationships for both the Fe,O; PSMRs and the Fe PSMRs
extracted from Figure 4A,B. A linear fit can extract the slopes

Fey0
]\;;Toj = 32.5 + 0.6 rad/mT-s and M'®/D™ = 174 + 4 rad/
mT-s. Therefore, we obtain D™ = 1.6 X 10"’N-m-s and D**
= 8.56 X 107" N-m-s experimentally. If both the Fe,0; PSMR

and the Fe PSMR are rotating in a bulk liquid, the D in eq 6

Bl 4 0677 _ 0183
. [ +—/ —VZ

will be replaced by d"=% = d, = 3 =411 X
096y
3
1072 N-m-s, and d™ = d, = il = 872 X
H 3[1 Y 0.917 _ 0.05
ny —0.662 + T

1072° N'm-s. Clearly the experimentally obtained D" is one
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Figure 6. Rescaled plots of v,/@, vs wp/@, for (A) Fe,0; PSMRs and (B) Fe PSMRs. Black dash lines are the fittings based on eq 7.

order of magnitude larger than d":°, while D** is two orders of
magnitude larger than d". This means that other factors
significantly alter the hydrodynamic torque, in particular, the
wall effect and the friction-induced torque.

The above results show that when the magnetic moment
orientation ¢y takes two extreme cases, that is, perpendicular
(gm = 90°) or parallel (@) = 0°) to the long axis of the PSMR,
two significant motion behaviors (rolling and tumbling) are
observed. A natural question is: if the ¢y, changes continuously
from 90 to 0°, how would the motion behavior change? Here,
one needs to find a way to continuously tune the orientation of
M while keeping the size and the shape of PSMR. Fortunately,
during the PSMR preparation, we found that the reduction
time could be used to tune the ¢y, especially when the
reduction time was 2 h, there was a broad distribution of ¢y,
see Figure S10B. Based on the XRD result shown in Figure
S11, the sample was a mixture of Fe;O, and Fe. Therefore, we
could selectively pick up PSMRs with different ¢, during the
motion experiment. The motion movies of the PSMRs were
taken first by applying a DC magnetic field so that the ¢y of
each individual PSMR could be determined and then by
switching to a nuAMF. Note that we do not know the actual
magnitude of M, for each PSMR. The Supporting Information
Movie M8 shows the motions of 7 PSMRs with ®,=7,20,3],
39, 78, 84, and 90°, respectively, under B = 3.46 mT and fj =

11131

15 Hz for the same period of time ¢ = 6 s, and the time-elapse
movie frames in every second are shown in Figure SB. The
@,—@y relationship is plotted and shown in Figure S12, and
two conclusions can be reached: first, the slope is 1.16 + 0.02,
very close to 1, so the precession angle @, increases linearly
with ¢y Second, there is a non-zero intercept, that is, when
@m = 0°% @, = 7°. This small ¢, indicates that even at ¢ = 0°,
the motion is ill slightly precession. In addition, from Figure S,
two general features can be seen: first, the PSMRs with 0 < ¢,
< 90° all undergo precession motions; and second the larger
the ¢, the larger the translational distance the PSMRs move,
that is, the v, increases monotonically with ¢,. According to eq
3, v, is proportional to the precession radius r of the PSMRs.
Both v, and r can be extracted directly from the Supporting
Information Movie M8, and Figure SC shows the plots of the
v, versus r. Although a linear fitting could result in a good data
match, it gives a negative intercept (—7 + 1 ym/s) atr = 0 ym,
which is not physically feasible. As discussed previously, £
265205 that is, the slipping coefficient is also a function of the
orientation of M or r. This is because the hydrodynamics of
PSMRs with a different precession angle is different, that is, the
local flow-induced pressure of PSMRs with a different
precession angle is different, which is a function of r. This
indicates that the interaction between the PSMRs and the
substrate is different, and infers that the slipping coeflicient £ is
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not a constant. We use the following quadratic function to the
v,—r relationship, v, = £(r — r,)* + v, where r, = r(¢p, = 0°)
and vy = v(qop = 0°). The best fitting gives £ = 15 + 2 um ™ "s ™},
ro = 0.9 um, and v, = 2.6 + 0.2 um/s, which better describes
the fact that the rolling motion gives the minimum velocity v,.

Scaling Behavior of Magnetic MSWs. In most micro-/
nanomotor works, the moving performances are characterized
by the speed to body length ratio, v,/ 17° For example, the
highest v,/ reported so far in the literature is ~260,000 body-

11132

length/s of optically propelled ballistic plasmonic Au nano-
particle swimmers with an unprecedented velocity of ~336,000
um/ i However, for magnetic micro-/nanomotors, its v, not
only depends on the driving field B, but also the driving
frequency fg. Thus, in order to establish a parameter that can
uniquely describe the motion performance of the magnetic
motors, one needs to normalize the motion behavior out of
these two external factors. As shown in Figure 4AB, the
behavior of v,—wjg is determined by w, while w. is

https://dx.doi.org/10.1021/acs.langmuir.0c02132
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proportional to B, thus it is reasonable to rescale Figure 4A,B
by plotting v,/ versus wg/w, (where @, = of% for the
Fe,0; PSMR and @, = wi* for the Fe PSMR). Figure 6A,B
shows the corresponding rescaled plots. After scaling, all of the
v,/ w.~wg/w, curves are collapsed together. The dashed lines
and curves are fits according to eq 7. Clearly, the general scaled
v,/ ~wg/w, relationship for a rotating magnetic motor is
very similar, regardless of the magnetic moment orientation.
Such a scaling relationship should also be observed for the data
reported in the literature."””""* Therefore, based on the speed
to body length ratio that is generally used to characterize
micro-/nanomotors and the two external factors B and fj
unique to magnetic motors (similar for external electric field
driven motors, etc.), we can define a new quality parameter q,,

vy $ro,
m = Bwy,  [Bwy (8)

that can be used unbiasedly to quantify the translational
motion of a magnetic micro-/nanomotor, where ! can be
interpreted as the largest length scale of the particle. Based on
Figure 4 and eq 7, for the same particle, the synchronized
motion (@ < @, and @, = @) gives a higher q,,

ré
=773 9)

In addition, because 2r < I, given the same ¢ and B, the
tumbling motion, that is, 2r = [, always gives the best
translational performance. Table S2 summarizes some typical
dm of magnetic motors extracted from the literature and our
current work. The tumbling motion observed for our
magnetized Fe PSMRs gives the maximum g, (= 25.48
T7'), while the rolling motion of the magnetized Fe,O4
PSMRs has a g, (= 2.39 T7'), which is one order of
magnitude smaller. In the literature, most motions of
magnetically propelled micro-/nanomotors have ¢, < 10,
only the motions of micromagnetic helical motors fabricated
by three-dimensional direct laser writing” and Janus micro-
dimer swimmers”® can achieve a relative high g,, value, 13.65
and 13.24 T, respectively. Thus, it is still very challenging to
design magnetic micro-/nanomotors with a high g, value.

Nature of the Discretized Motions of MSWSs. So far, in
the literature, the motion behaviors of almost all MSWs
(similar to those listed in Table S2) were interpreted by
continuum hydrodynamics at low Reynolds number. However,
if one takes the tumbling motion of a Fe PSMR as an example
and considers the free body diagram in Figure 3B carefully, one
would notice that at different phases of the rotatory motion of
the PSMR, the interaction between the PSMR and the
substrate is different: when one end of the PSMR is pointing
downward to the substrate surface, the gap between the PSMR
and the substrate is minimum, and one expects a strong
PSMR—wall interaction; but, when the PSMR is lying
horizontal above the substrate, the gap between the PSMR
and the substrate is maximum, and the PSMR—wall interaction
is minimum. In fact, in our previous publication,”” the
numerical simulation showed that the translational displace-
ment of a tumbling magnetic spheroid under a nuAMF is
stepwise: at the time when the OMF changes its direction, the
long axis of the PSMR is aligned with the magnetic field and
the magnetic torque is close to zero while the magnetophoretic
force difference at the two ends is maximized, which starts to
rotate the PSMR clockwise. Once the PSMR deviates from the

horizontal direction, a nonzero magnetic torque appears to
further rotate the PSMR clockwise. During the rotation, the
hydrodynamic interaction between the PSMR and the
substrate generates the friction force f to move the PSMR
translationally. Such a rotation only happens in a short period
of time. After realigning the PSMR with the magnetic field
(half revolution), the PSMR would stay aligned without
rotation or translation, until a later time when the magnetic
field changed its direction again. According to the numerical
simulation, this rotation and translation happens at 0.15T and
0.65T.”” Because there were two instances when the magnetic
field would change direction in one magnetic field oscillation
period, consequently, the PSMR would perform two half-
revolution rotations and move stepwise twice within one
oscillation period. Thus, both the rotation of the PSMR and
the translational velocity are discretized (see Figures 10 and 11
in ref 27). If the PSMR is rotated at a frequency f,, the nonzero
v, occurs at a frequency of 2f,. In order to see whether the
motion of a tumbling PSMR processes above-mentioned
features, we have reinvestigated the motion behaviors of both
Fe,O; PSMRs and Fe PSMRs under a nuAMF of B = 3.46 mT
and fy = 5 Hz but the CCD recoding speed was set at 500 fps,
that is, 100 times fg (see the Supporting Information Movie
M9). Figure 7 shows the detailed motion analysis for these two
kinds of particles. For a Fe,O; PSMR, although the overall
envelop displacement curve looks similar to a staircase
function, there are many displacement fluctuations (Figure
7A). The apparent width W of the PSMR (Figure 7B) also
fluctuates fairly randomly between 1.5 to 2.5 um, which is
consistent with the d; (= 1.7 um) value of the Fe,O; PSMR
and is an indication of a rolling-like motion. The instantaneous
velocity vi'—t plot (Figure 7C) shows a randomly fluctuated vy
distribution between 35 and —35 pm/s. Figure 7D shows the
plots of the corresponding probability distribution of vy.
Evidently, most v, are distributed at 0 and +3S ym/s. This
discretized velocity is the result of the digital nature of the
CCD camera because it only has an image resolution of one
pixel for determining the displacement. Figure 7D shows that
about 74% probability of vipn is distributed around 0 pm/s; 10%
of v;" is centered around —35 pm/s; and 13% of v;“ is
distributed around 35 um/s. The slightly higher probability at
35 pm/s gives an overall average velocity as 0.77 um/s, which
is consistent with the value (~0.7 um/s) shown in Figure 4A.
Figure 7E shows the power spectrum of v;“(t), which gives the
frequency characteristics of the motion. Three sharp
distinguished peaks at f = 78, 120, and 156 Hz are observed,
which are not intrinsic to our experiment. Rather, they are due
to the line frequency (120 Hz) and unknown sources (78 and
156 Hz). They are presented in almost all our spectra when the
CCD frame rate is large enough. The Fe PSMR shows a
completely different behavior. A staircase-like displacement
curve is observed as shown in Figure 7F: from one step to the
nearest neighbor step, the displacement increment is 0.31 =+
0.04 pm. Also, the corresponding movie snapshots and
cartoons of the Fe PSMR configuration are shown as an insert
in Figure 7F and are indicated by the corresponding time spots
on the displacement curve. The displacement increment occurs
between configurations @ and @, when the PSMR states to
rotate, which was predicted exactly by ref 27. The W—t plots in
Figure 7G indicate that at most times, the W is about 3.5—4.5
um, which is consistent with the length I (= 3.48 ym) of the Fe
PSMR. This implies that at most times, the PSMR neither
rotates nor moves translationally. However, at the time when
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Figure 8. Detailed motion analysis of the PSMRs with ¢, = 7, 45, 65, and 90° under a nuAMF of B = 3.46 mT and fy = 15 Hz recorded at 750 fps.
The corresponding plots for Brownian motion are added for reference: (A) displacement S vs time ¢, (B) probability distribution of vy, and (©)

power spectrum of vi,“(t).

the PSMR moves translationally up a step, W reduces
significantly to ~2.5 pm, that is, the d; value of the PSMR
indicates an instantaneous rotation occurring. Higher speed
movie analysis (taken at 5000 fps, see Section S9 of the
Supporting Information) shows that the time duration for this
rotation is about 0.01 s, compared to the period T = 0.2 s. The
vi,“—t plot as shown in Figure 7H is a comb function, with a
discretized nonzero v, appearing in every half period. The
corresponding vy’ distribution is shown in Figure 7L Still
around 72% of v}’ is distributed around 0 ym/s, 10% at —35
um/s, 14% at 35 um/s, and 3% at 115 pum/s. There is a
significant higher probability of positive velocity distribution at
35 and 65 pm/s, respectively, which results in an average
velocity of 3.06 um/s (the corresponding value in Figure 4B is
~3 pm/s). In addition, Figure 7] shows a comb-like power
spectrum of vi,“(t) with evenly spaced sharp spectral peaks
starting at a fundamental frequency f, = 10 Hz. Other sharp
peaks are located at higher order harmonics of f,. Note that
the rotation frequency of the Fe PSMR is fg = 5 Hz, that is, f,
= 2fy, which was predicted exactly by our previous
publication,”” and that the nature of the discretized tumbling
motion of the Fe PSMR is independent of the CCD frame rate
(see Section S10 of the Supporting Information).

The above observations reveal the following characteristics
of a MSW: (1) in about 70% of the time, the v, of the PSMR is
zero, that is, there is no translational driving force; thus, during
that period of time, the PSMR performs neither translational
motion nor rotary motion; (2) a translational motion occurs
simultaneously only when the PSMR rotates. During the
rotation, the pressure difference between the two sides of the
end of the PSMR produces an instantaneous driven force, that
is, a friction force. This friction force and corresponding toque
would be the cause to move the particle forward,”” and such an
interaction only happens in a very short time period; (3) the
tumbling motion is more regular or predictable than the rolling
motion. Therefore, eqs 1 & 2 shall be changed to discretized
formats. For example, for the tumbling motion of the Fe
PSMR, they become

11134

- TM+Th+1’Ff=O,

5 5
P h01sT— 2 <t< 2740157+ 2, n=o,
2 2 2 2

1, 2, . (10)

where 6 is the instantaneous rotation time duration, and T =
27/w, is the period of rotation. According to our previous
simulation, for the synchronized motion, let us assume that Fy,
= Avi,n = Afrcoipn and 7, = Da):‘, where A and D are the
instantaneous hydrodynamic drag and torque coefficient,
respectively, and v;" and a);" are the instantaneous translational
velocity and angular frequency, respectively, when the end of

the Fe PSMR is pointing to the substrate. Thus, during
ST 4 01ST — 2 <t < 2T + 0.15T + &,

solved as

_ 2MB sin(0.37)

the a)i,“ can be

in

P 7(D + £Ar?) (11)
the vj' can be expressed as
w  2MBEr sin(0.37)
P T 2D + ear) (12)
and the average velocity v, is
5 4MBér sin(0.37) 0w, 2 sin(0.37)M BEr
PTTT D v ea?) | 2 (D+ )
(13)

Equation 13 gives the PSMR velocity we measured in
previous sections (or those reported in the literature), and it
reveals a complicated relationship among the geometry and
magnetic property of the particle, the hydrodynamic
interactions, and the applied magnetic field. First, the average
v, is proportional to both M, and B as well as the average
particle rotation frequency @,. The geometric parameters of
the particle and the hydrodynamic interaction are expressed

inseparably in the expression, Df;A

~. Here, the parameters &,
r

A, and D are not only determined by the hydrodynamics due
to the shape of the particle, but also the particle to substrate
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distance. The parameter 6 is the time duration when the
particle and the substrate have a strong interaction. Thus, the
quality factor for a PSMR can be expressed as

52 sin(0.37)M Er
T 2D+ eard)l (14)

which shows that q,, is determined by the shape of the PSMR
and the hydrodynamics near a wall as well as the magnetic
property of the MSW. In order to achieve a high ¢, one
should satisfy the following: (1) the motion mode should be
tumbling motion, that is, r = /2. (2) The magnetic moment of
the PSMR M, should have a large value, that is, to fabricate a
PSMR with a material that has high M,. One should notice that
for the motions of PSMRs shown in Figures 2 and 4, the
PSMRs were magnetized under a 1.5 T magnetic field, which
means the corresponding M, value was maximized. For the
nonmagnetized Fe,O; and Fe PSMRs, as discussed in Section
S11 of the Supporting Information, under the same nuAMF
condition, their v, are significantly smaller than those shown in
Figure 4. In fact, the g, for the nonmagnetized Fe,O; and Fe
PSMRs are 0.89 and 11.53 T~', respectively, which are
significantly smaller than the values of the magnetized PSMRs.
(3) The MSW—substrate interaction time & should be high.
This can be achieved by introducing roughness or a rachet
surface on the substrate,”’ or by changing the shape of the
MSW by introducing multiple branches. (4) The hydro-

dynamic interaction near a wall, ¢
D

e should be increased.
+ Ar

This is rather complicated because one not only needs to
consider the shape of the MSW, but also instantaneous
hydrodynamics near a wall.

Another important question regarding the discretized
motion behavior is: How does the discretized motion depend
on @y? Figure 8 shows some representative motion character-
izations, the S—t curve, the probability distribution of vP, and
the power spectrum of v}'(t) of PSMRs with ¢, = 7, 4, 65,
and 90°, respectively, under anuAMF of B = 3. 46 mT and fp =
15 Hz recorded at 750 fps. The Brownian motion behavior
captured under the same condition is also presented as a
reference. The S—t curves shown in Figure 8A clearly indicate
that as @, increases, the shape of the S—t curves looks more
and more similar to a staircase function, especially for ¢, >
65°. The slope of the S—t curve increases monotonically with
@,, which is consistent with the result shown in Figure SC.
The v} probability distribution shown in Figure 8B indicates
some very interesting trends: (1) regardless of ¢, most of the
v;,“ are distributed at 0, £90 ym/s; the Brownian motion has a
rather symmetric distribution with the highest probability (=
48.3%) at v;" = 0 um/s; (2) the probability of v;" at 0 um/s is
about the same between 60 and 68%, which is consistent with
the results from Figure 7, that is, in about 60%—68% time, the
PSMRs perform neither translational motion nor rotary
motion; (3) the probability difference of vy’ = 90 um/s and
vy = —90 um/s increases monotonically, from 2.9% at @, = 7°,
t0 6.5% at ¢, = 45°, and to 11.1% at @, = 65°. At ¢, = 90°, this
difference is only 7.8%, but there is an extra 3.3% probability
occurring at vi," = 170 pm/s, which is equivalent to 6.6%
difference. This makes the probability difference total to 14.4%.
Clearly, with the 1ncrease of ¢, the v;“ distribution is more
biased toward positive v;. The quality of the staircase motion
can be characterized by the power spectrum of v'(t) as shown
in Figure 8C. The power spectrum of Browman motion
indicates two characteristic peaks at f = 156 and 240 Hz. These

peaks are present in all of the spectra. For ¢, = 7°, one can see
small, sharp discretized peaks at f = 15, 45, 75, and 135 Hz,
that is, fo = fg = 15 Hz, which is not a characteristic of the
discretized motion reported in ref 27. When ¢, increases to
45°, sharp peaks occur at f = 30, 60, and 90 Hz, that is, f, = 30
Hz or f, = 2 fg. This shows that the discretized features start to
appear, but only the second and third harmonics can be
observed. Similar spectral features are observed for ¢, = 65°,
the only difference is that the peak intensities at f, and the two
harmonics increases. However, for ¢, = 90°, more harmonic
peaks at f = 120, 150, and 180 Hz are observed. Clearly, the
PSMR at @, = 90° has the highest quality of discretized
motion. This conclusion can be further drawn from the plot of
the power at f, = 30 Hz versus ¢, as shown in Figure 9. It

150 .
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3 ()
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Figure 9. Plot of the power at f, = 30 Hz of vi,"(t) vs precession angle
@,- The red line is a linear fitting.

exhibits a linear relationship, demonstrating that for ¢, = 90°,
one obtains the best double frequency motion. The above
results clearly demonstrate that the precession motion should
also exhibit the discretized motion feature when @, is large
enough. However, when ¢, is close to 0°, at any location of the
PSMR, the distance variation between the PSMR and the
substrate is very small. Thus, the PSMR will feel a small
constant and continuum driving force induced by the rotation,
so no discretized motion features can be observed. Clearly the
discretized motion of PSMRs only depends on the motion
configuration of the PSMR: the rolling motion does not induce
an obvious discretized motion while the precession motion or
the tumbling motion exhibits the discretized motion. In
addition, the motion configurations depend on the direction of
the magnetic moments of the PSMRs. According to the phase
diagram shown in Figure 4F, for the Fe PSMRs and in the
synchronized motion region, regardless of the magnetic field
magnitude and the applied frequency, the Fe PSMRs perform
tumbling motion and their motion is discretized.

B CONCLUSIONS

In summary, we have shown that the orientation of the
magnetic moment of a magnetic micro-/nanomotor has a
significant influence on the motion mode under a nuAMF. By
changing the reduction condition, we fabricated PSMRs with
different M, orientations. When gradually changing ¢, from
90° (perpendicular to the long axis of the PSMR) to 0°, the
motion of the PSMR evolves from rolling to precession, then
to tumbling. Systematic investigations on the dependence of
the translational velocity v, on the magnitude of the applied
magnetic field B and oscillation frequency wgy show that the
overall motion of the PSMRs can be divided into four different
zones: Brownian motion zone, synchronized zone, asynchron-

https://dx.doi.org/10.1021/acs.langmuir.0c02132
Langmuir 2020, 36, 11125-11137


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02132/suppl_file/la0c02132_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02132?fig=fig9&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02132?ref=pdf

Langmuir

pubs.acs.org/Langmuir

ized zone, and oscillation zone. Under the synchronized
motion condition and with the same external field, the
translational motion velocity increases monotonically with
@, Regardless of the ¢, the synchronized zone is favored for
real applications, and the size of this zone depends on the
orientation of M,. The tumbling motion of Fe PSMRs has a
much larger synchronized zone than that of the Fe,O; PSMRs.
The v,—wg relationship can be rescaled by a critical angular
frequency ., which is determined by M,, B, and a
hydrodynamic term D. This indicates that there should be
an intrinsic quality factor g, to characterize the translational
motion of MSWs. We have compared the quality factors of our
current work with those reported in the literature and found
that q,, ranged from 0.73 to 13.65 T~". The Fe PSMR in the
current work gave the highest q,, (= 25.48 T™"). In addition,
high speed movies revealed that both the tumbling and
precession motions of the PSMRs processed a discretized
nature and their displacement versus time curve followed a
staircase function while their instantaneous velocity versus time
curve is a comb function with a frequency doubling the
rotation frequency of the MSW. The strong hydrodynamic wall
effect during the instantaneous rotation of the PSMR would
impose a driving force to move the particle translationally. By
analyzing this discretized motion, an analytic expression for g,
is obtained and is found to be determined by the shape of the
MSW, the hydrodynamics near a wall, and the magnetic
property of the MSW. By analyzing factors influencing q,,, and
based on the experimental observations, we discovered that the
tumbling motion of the PSMRs can give the best discretized
motion, and therefore, the best g,. Suggestions on motor
design or substrate surface design were given based on the
expression for q,. This work can help researchers to better
understand the motion of MSWs and gain insight into
designing better micro-/nanomotors for different applications.
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