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Artificially designed self-propelled objects can allow studying active matter phenomena
with great detail that is not possible in natural, e.g. biological systems. Here, we show
experimental results on helical shaped, magnetically actuated, reciprocal swimmers,
where the degree of randomness in the reciprocal sequence plays an important role in
determining their effectivemotility. Here, for the first time we show the results at high activity
levels where the degree of randomness is further affected by the presence of the surface,
which in turn results in a non-monotonic increase of motility as a function of magnetic drive.
It will be interesting to extend these studies to denser systems where the swimmers can
interact with each other through hydrodynamic forces.
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1 INTRODUCTION

Much of the microscopic world is dominated by living organisms whose sustenance is strongly
dependent on their ability to move in fluidic environments. The importance of motility is observed in
bacteria’s search for food or spermatozoa’s struggle to reach the ovum. However, the small size of the
microorganisms results in a large surface (∝ frictionalforce) to volume (∝ inertialforce) ratio (∼104).
At such low Reynolds numbers, the role of inertia is entirely negligible, which has resulted in the
evolution of novel swimming strategies adopted by the microorganisms to overcome the fluidic drag
[1]. A particular strategy that cannot lead to motility at microscopic scales is reciprocal motion. As
Purcell [2] describes Scallop theorem in his “Life at low Reynolds number”; “. . .I change my body
into a certain shape and then I go back to the original shape by going through the sequence in reverse.
At low Reynolds number, everything reverses just fine . . . So, if the animal tries to swim by a
reciprocal motion, it can’t go anywhere”. This kind of motion in bulk Newtonian medium cannot
result in net displacement of an individual swimmer.

Indeed, one way to work around [3] the Scallop theorem is to adopt non-reciprocal swimming
strategies. For instance, many bacteria swim by rotating chiral (helical) flagella which leads to
translation [4]. Similar strategies have been used to make synthetic swimmers at small scales, where
the rigid magnetic helices propel in the desired direction due to the rotation induced by a rotating
magnetic field [5, 6]. Flexible filaments subjected to whip-like beating pattern can result in net
motion as well [7, 8]. Apart from these strategies to break the back and forth symmetry, the physical
environment can also result in the violation of the Scallop theorem. For instance, two bodies
exhibiting reciprocal actuation with a phase difference exploit the unsteady hydrodynamic flows [9]
created by each other to achieve collective locomotion. Alternately, non-Newtonian properties, e.g.,
shear thinning [10] or viscoelastic nature of the surrounding medium can aid in the locomotion of
reciprocal swimmers. The fluid elastic stresses [11] or difference in forward and backward strokes of
reciprocal swimming [12, 13], can be the source of motion in a non-linear viscoelastic environment.
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In this article, we examine a system of artificial reciprocal
swimmers built on the experimental platform of rigid magnetic
helical nano-propellers, which move under the influence of a
rotating magnetic field [5]. As shown extensively before, this is a
versatile, multifunctional bio-manipulation [14–16], delivery [17,
18] and sensing system [19–21]. Typically, this is a driven system
where the sense (clockwise, CW or counterclockwise, CCW) and
the plane of rotation of the magnetic field determines the
direction of propulsion depending on the chirality of the helix
[22]. This is unlike the other self-propelled synthetic swimmers,
where the direction of non-interacting motile objects are
independent of each other [23, 24]. The helical propulsion
system can be changed from driven to active [25] system by
simply changing the magnetic drive from rotating to oscillating
field configuration, where the plane of oscillation is perpendicular
to the plane (within the microfluidic chamber) where the
propellers are experimentally maneuvered. As a result, the
orientation of the propellers are independent of the external
field, and they undergo back and forth motion, brought about
by the CW-CCW rotation of the helices. As shown previously [26,
27], a subtle counterplay between the magnetic drive and weight
asymmetry of the helices governs the rotational dynamics of the
propellers. Note that the time average displacement of a
reciprocal helical swimmer is zero in the absence of any
diffusion. However, in the presence of thermal fluctuations in
the surrounding fluid, these objects can show considerable
diffusion compared to their passive counterparts [26, 28],

which is caused by the orientational fluctuation of the
swimmer during the back and forth motion. In summary, the
experimental system of reciprocal propellers is a zero torque, zero
force active system and the activity can be regulated via frequency
of the external magnetic field. The activity of this system can be
tuned easily by changing the magnetic drive parameters, and the
experimental studies can be performed over long duration which
make them an attractive potential system to study the emergence
of various interesting active matter properties [29, 30] such as the
roles of confinement [31, 32], surface effects [33, 34], and
collective interaction [35].

In this study, we will be specifically discussing the enhancement in
diffusivity of the reciprocal swimmers as a function of frequency and
the parameter- “degree of randomness”, described later. In our
previous studies [25, 26], the enhancement of diffusivity at lower
frequencies of actuation was investigated, where the diffusivity
increased by 78% compared to the passively diffusing structures.
Aswe showhere, newdynamical behavior of the swimmers emerge at
higher activity levels (increase in diffusivity up to 300%), including the
role of the surface of the fluidic chamber, that was neglected before.

2 RESULTS AND DISCUSSION

The system of swimmers used here consists of helical structures
made of silica and a magnetic material that are fabricated via
Glancing Angle Deposition (GLAD) method [36]. These helices

FIGURE 1 | (A). SEM image of the helical swimmers. (B). A dc-field magnetizes the swimmer with permanent magnetic moment along the short axis. (C). The
schematic of a triaxial Helmholtz coil, which enables a uniformmagnetic field at the center of the coil. The swimmers are placed in the sample chamber at the center of the
coil. (D). The oscillating magnetic field in the z-direction causes the back-forth motion of the propeller.
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are grown on a substrate patterned with an array of pillars having
a diameter of 200 nm. The helical body is made of silica with
magnetic material Iron and Cobalt incorporated at one end [37]
of the structure. These 3-micron length propellers are later
magnetized along their short axis to have a permanent
magnetic moment [38], as shown in Figure 1B. The
swimmers are sonicated in deionized water and laid down on
a substrate to image them via SEM, as shown in Figure 1A. The
swimmers are suspended in deionized water in a microfluidic
device of thickness 20–25 μm, and within few minutes, the
swimmers settle down close to the bottom surface,
approximately 1 ∼ 2 microns above the bottom glass surface.
For magnetic actuation, a triaxial Helmholtz coil is used where
the three pair of coils in xyz direction are powered by amplifiers,
thus producing a spatially uniform magnetic field at the center of
the coil. The microfluidic chamber is placed at the center of
triaxial coil coinciding with the imaging plane of the microscope.
A rotating magnetic field due to the X, Y, Z coils drives the
swimmers and can be controlled effectively via the strength and
frequency of the field. By driving the helices along a specific

direction in the xy plane, we find a linear relationship between the
translational speeds and the frequencies of the rotating field from
where the hydrodynamic pitch of the propellers is estimated to be
ph � 600 nm. Note the linear relationship is only valid at low
frequencies where the drag is not larger than the maximum
available magnetic torque. For reciprocal actuation, a
sinusoidal signal is fed only to the pair of z-coils resulting in
an oscillating field in the z-direction. It is to be noted that the
sample is placed in the xy imaging plane, whereas the external
magnetic field is perpendicular to this imaging plane. Hence, the
permanent magnetic moment vector along the short axis of the
swimmer follows the external oscillating magnetic field and turns
the propeller clockwise (CW) and counterclockwise (CCW)
alternately. This would also result in the propeller moving
forward and backwards by a distance of ph/2 in body frame.
Note, the swimmer is subjected to thermal fluctuations in the xy
plane, and hence the directionality is not governed by any
external force.

Previously, in a theoretical work, Lauga [28] discusses the case
of reciprocal swimmers. He found that for time scales larger than

FIGURE 2 | (A). The typical trajectory is comparing the Brownian and an active propeller. The propeller (red curve) is performing reciprocal motion as a response to
an external field of amplitude 80G and frequency 10 Hz. (B). Comparison of enhancement in diffusivity for the Brownian and active propeller. (C). The enhancement of
diffusivity is closely related to the ‘q’ parameter, which is a ratio of broken reciprocity. The table shows a perfect sequence of clockwise-counterclockwize rotations about
the long axis of the propeller. (D). The schematic indicates two instances (red arrows) where the sequence is broken, giving a q value of 2/10.
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the rotational diffusion, swimmers show significant enhancement
in diffusivity compared to Brownianmotion. The swimmer under
such reciprocal actuation experiences enhanced fluctuations with
effective diffusion constant Drec which is always greater than the
Brownian diffusion constantDkBT. This effect is dependent on the
time period of reciprocal actuation, and the orientational
diffusion time. In case of Mandal et al [26], the predicted
enhancement in diffusivity is experimentally realized with a
system of helical swimmers. They discuss the detailed
dynamics of the swimming where the role of asymmetric
weight distribution along the propellers’ body is explained.
Their numerical simulation took into account that the
swimmers are subjected to a sinusoidal drive and the effect of
a parameter q, namely degree of randomness; discussed in the
following section. However, both these approaches rely on
modeling of the swimmer in bulk. While for the experiments
reported in this article, we have observed anomalous rise of D for
the same swimmer at higher frequencies for which the present
theories do not provide an explanation. We believe this needs to
be addressed by incorporating an effect of surface, which has not
been accounted for in any of the theories.

The effect of enhancement is shown in the two trajectories in
Figure 2A corresponding to a propeller under external actuation
and another undergoing Brownian motion, tracked using a 50x
magnification objective lens and a camera. Both the trajectories
are plotted for 120 s, and one of the swimmers was subjected to
80 Gauss of magnetic field strength oscillating at 10 Hz. The
corresponding Figure 2B shows the mean squared displacement
curves for both the propellers, where one (red) shows an
increased diffusivity compared to Brownian propeller (blue).
The Drec being 2.76 × 10− 13m2s−1 and DkBT being
1.5 × 10− 13m2s−1, the ΔD is around 1.26 × 10− 13m2s−1. Ideally,
the swimmers should follow a sequence of CW and CCW turns,

resulting in a perfect reciprocal sequence (e.g., see Figure 2C).
However, experimentally it has been observed that swimmers do
not show a perfect reciprocal sequence. For instance, as shown in
Figure 2D, the sequence of CW-CCW has been interrupted twice
(red arrows) and this is due to the rotational diffusion around the
long axis of the propeller which introduces a degree of
randomness [26], “q”. In this case, the q takes the value of 2/
10. The behavior of the propellers at lower frequencies and the
importance of q was discussed in the prior work [26]. Here we
extend this to much higher frequencies and point out a new,
distinct effect where the value of q is found to depend on the
actuation frequency for certain swimmers. Note the degree of
randomness q has a direct effect on the enhanced diffusivity of the
swimmers.

As shown in Figure 3A, we performed numerical simulations
to investigate the relation between the frequency of the magnetic
field, degree of randomness and ΔD. The ΔD always increases
with frequency (activity), which is larger for higher values of q.
Physically, this dependence on q can be understood as a larger
step size of the back and forth motion and therefore, more
significant enhancement of the diffusivity. We also show
experimental results of ΔD as a function of frequency, and
this is shown in Figure 3B for two propellers, P1 and P2.
The critical point to note in Figure 3B is the difference
between the P1 (blue) and P2 (red) propellers. While the ΔD
for P1 increases monotonically with frequency, it is clear that
the values of q for this propeller lies between 0 and 0.1, without
any apparent dependence of q on the applied frequency.
The swimmer named P2 appears to have a changing q with
frequency.

Before delving into the discussion regarding this dependence
of q on frequency, we will discuss a way to determine this degree
of randomness experimentally. Indeed, one way is to image and

FIGURE 3 | (A). Simulations are carried out to delineate the effect of ‘q’ on the enhancement of diffusivity. As the frequency of the field is increased, the
enhancement increases too. However, the introduction of q allows for much higher activity even at the same frequency. (B). Enhancement of two sample swimmers is
plotted onto the simulated results. It is evident that the P1 (red) and the P2 (blue) swimmers behave differently.
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analyze the rotational dynamics of the swimmer, but this may
not be possible to perform for experiments where turning of the
swimmer may be difficult to observe, e.g. when the helix
dimensions are smaller. Here, we show that the q value can
be directly deduced from the time domain Fourier space of the
body frame displacements along the long axis of the swimmers.
The positions of a swimmer in the lab frame can be tracked
from the video. The algorithm detected the propeller as a rod,
and its orientation with respect to the x-axis of the lab frame was
recorded. It is necessary to record the video at a sampling
rate equal to or more than 2f, f being the frequency of
actuation. The displacement value along long axis of the
propeller typically represents the step size in half a cycle of
actuation. This provides us with a series of alternately positive
and negative displacements corresponding to the back-forth
motion. Typically, a Fourier transform of such a series must
result in a peak at the actuating frequency, where the amplitude
of the peak is inversely related to the q. This is expected because,

with an increase in q, the periodicity is disrupted and results in a
decrease in the peak amplitude. The fast Fourier Transform was
implemented in MATLAB for a sequence of Δx displacements of
total length T.

y(k) � ∑
T

t�1
Δx(t)e(−2πi)(t− 1)(k−1)/T , (1)

In Figure 4A, the simulation shows a peak at the actuating
frequency, here 20 Hz for total time T � 100 s and the variation of
peak amplitude with q. However, Figure 4A represents an ideal
case where the sampling rate of data (here the images per second)
has been assumed to be constant.

On the other hand, during the recording of the experiments,
the camera might introduce errors, such as a possibility of
dropping of frames or variation in the frame rate. We
simulate a condition where if Fs is the rate per second at
which images are captured, δ is the error introduced as the

FIGURE 4 | (A). The simulation where the Fourier space is plotted for different ‘q’ values. It shows a prominent peak at the actuating frequency and variation of
Fourier amplitude and width of the peak as a function of ‘q’. (B). The simulated Fourier space is plotted (red) for an actuation frequency of 40hz and q � 0.2. The other
curve (blue) indicates the same curve but incorporating errors arising due to video capture. Though the peak widens, the area under both the curves remains the same.
(C). Comparing the P1 and P2 swimmers at a lower frequency (5 hz) and higher frequency (40 hz). (D). The surfacemediated effectsmight influence the dynamics at
lower and higher frequency of actuation. There is a possibility that at higher frequencies, the propeller might not have enough time to ‘see’ the surface.
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fluctuation in the frame rate. A ± 10% probability of frame rate
being Fs ± 2 is considered using randomly drawn numbers from
uniformly distributed set between [0,1]. The results as shown in
Figure 4B, the Fourier peak grew wider and shorter than the ideal
case. However, the area under the curve remained same in both
the cases; highlighting a vital observation that despite the
shortcomings in imaging, Fourier space of the displacements is
an excellent way to estimate q.

We believe the anomalous behavior of propeller P2 which
exhibits a variation in q with frequency (as shown in Figure 3B)
can be explained by taking into account the role of surface of
the microfluidic chamber. As observed in previous study [26],
two main factors affect the dynamics of the helical swimmers.
First is the asymmetric distribution of weight along the body of
the swimmer. Second is the role of noise around the long axis
which is manifested in rotational diffusion around the long
axis, i.e., a type of wobbling [38–40] motion superimposed on
the back and forth rotation about the long axis Figure 4D is a
schematic of the phenomenon we propose, which could explain
the anomalous behavior of swimmer P2. During the
experiments, the swimmers (due to gravity) settle down at a
distance of 1–2 microns away from the surface. Now, the idea
relies on the fact that the swimmers while being rotated by the
applied magnetic drive, can move along the vertical direction
when their moments are not perfectly perpendicular to their
long axis; thus, resulting in a periodic motion along the vertical
direction. The sedimentation time (approximately at a rate of
9 × 10− 6 m/s) for a typical distance of 1 micron is about 0.11 s.
In one limit, when the magnetic field frequency is lower than
10 Hz, the swimmer would be going up and down (vertically)
while rotating about its own axis due to the reciprocal drive. At
lower frequencies, as shown in Figure 4D, in one cycle of
oscillation, half of the swimmer approaches the surface
whereas the other half is fairly unaffected. This prevents the
swimmer from being affected by surface uniformly across the
body length. In the other limit, when the frequency is higher,
the swimmer would remain in the same z-plane. Thus, at
higher frequencies, swimmers are affected by the surface
uniformly throughout the body length. So, during the event
of turning, the balance of torques due to gravity and magnetic
moment is also affected by presence of surface uniformly
across the body. This is evident from Figure 3B where after
10 Hz, the two propellers seem to follow different trends; with
P2 showing variation in q.

3 CONCLUSION

We present experimental and numerical study of magnetically
driven helical swimmers at higher magnetic drive than what has
been applied before. As explained in previous papers, under
oscillating magnetic fields, these swimmers show back and
forth motion due to interplay of magnetic torque and weight
asymmetry. Their diffusivities can be significantly higher than the
passively diffusing (not driven) structures due to the role played
by orientational diffusion. The reciprocal sequence can be
imperfect, determined by a parameter called degree of
randomness, which results in even higher diffusivity. Here, we
have shown a new method to determine the degree of
randomness experimentally and have shown this parameter
can be affected by the presence of the surface. This has
resulted in anomalous increase in diffusivity in certain
swimmers. It will be interesting to check how a collection of
swimmers behave in dense suspensions where they interact with
each other through hydrodynamic forces.
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