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Abstract— The artificial bacterial flagellum (ABF), a helical
swimming microrobot, has the potential to be used for biomedi-
cal applications such as cellular and intracellular manipulation.
The velocity and the propulsive force of the ABF can be
controlled by the input frequency of the rotating magnetic
field. In this paper the swimming behavior of the ABF near
a solid surface is reported. Three regions have been observed
for the frequency-dependent swimming behavior of the ABF,
i.e. the step-out, the linear and the drift-dominated region.
At low frequencies it has been found that the desired screw-
type motion is replaced by a wobbling swimming movement
with a frequency-dependent precession angle. Moreover, the
experimental results show that the wobbling motion of the
ABF enhances the undesired sidewise drift due to wall effects.
Additionally, the cause of the precession motion has been
investigated by a hydrodynamic model. Our results imply that
the linear range of the input magnetic frequency and the output
ABF velocity is not only limited by the applicable torque at high
frequencies but also by the wobbling of helical swimming at low
frequencies.

I. INTRODUCTION

Artificial bacterial flagella (ABFs) have the potential to
be used for in vivo and in vitro biomedical applications such
as cell manipulation and targeted drug delivery [1], [2]. An
ABF uses a helical tail for propulsion and a soft-magnetic
metal head for wireless actuation and steering (see Fig. 1).
The velocity v and propulsive force F can be controlled by
the input frequency f of the rotating magnetic field. Though
helical swimmers have been investigated for more than a
decade [3]–[5], the dimension of the robots has only recently
been scaled down to nanometer range [1], [6]. By taking into
account magnetic actuation and practicality in applications,
helical swimming provides a number of advantages as a
method of propulsion for swimming microrobots [7].

An ABF can act as a versatile microscopic wireless
manipulator, making it desirable to have a linear relationship
between the input frequency and the output velocity and
force. Thus, in this paper we explorer the frequency−velocity
relationship of helical swimming and the extent of its linear
range. It is shown that the ABF wobbles at low input
frequencies and the cause has been investigated using a hy-
drodynamic model based on the resistive force theory (RFT).
The wobbling motion aggravates the non-ideal drifting be-
havior as the ABF swims near a solid surface. Experiments
conducted in a microchannel demonstrate that the ABF is
able to roll out of the channel due to the wobbling motion.
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Fig. 1. (a) Field Emission Scanning Electron Microscope (FESEM)
micrograph of an individual ABF consisting of a helical tail and a thin
soft-magnetic metal head. Inset: Optical microscope image of a batch of
tethered ABFs and an untethered ABF immersed in water. (b) Model of
the ABF showing the actuation principle. By applying a torque the ABF is
rotated along its helical axis and propelled forward by the helical tail.

The hydrodynamic model presented here verifies that the
wobbling of ABF mainly results from two competing fluidic
torques.

A. Fluid mechanics at low Reynolds numbers

An ABF swims in water at a low Reynolds number regime
with Re = ULρ/η < 10−3, where U and L are the velocity
and characteristic length respectively, and ρ and η are the
density and viscosity. The fluid mechanics at low Reynolds
numbers can be described by the Stokes equations

∇p = η∇
2~V +~F (1)

∇ ·~V = 0 (2)

~V is the velocity vector field, ~F is the body forces acting
on the fluid and p is the scalar pressure field. Equation (2)
represents the conservation of mass for an incompressible
liquid.

In the Stokes equations the inertial terms are neglected
and the flow is time-reversible. Microscopic swimmers, such
as spermatozoa or bacteria, therefore, evolved swimming
strategies that involve non-reciprocal movements in order to
produce a displacement [8]. An ABF mimics the swimming
style of bacterial swimmers, such as E. coli, which rotate
helical flagella for propulsion [9].
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B. Swimming with a helical tail

A screw-type swimming style can be achieved with a
rotating helix where the rotary motion around the helical axis
is translated into a linear motion. Unlike a screw, a helix in
liquid does not advance at one pitch per rotation but instead
slips through the liquid [8]. Purcell showed that the linear
relationship between the forward velocity v, rotational speed
ω , external force F and torque τ on a helix can be expressed
in matrix form [8]

(
F
τ

)
=
(

A B
B C

)(
v
ω

)
(3)

The matrix in (3) is also referred to as the “propulsion ma-
trix”. The head of the swimmer causes additional resistance
to the flow, and its drag coefficients must be included. The
head can be approximated by a sphere whose translational
and rotational drag coefficients in Stokes flow are Dv = 3πηd
and Dω = πηd3, respectively, in which η is the dynamic
viscosity and d is the diameter of the sphere. Assuming
that the flow around the sphere and the helical tail are
independent of each other, Dv and Dω may simply be added
to A and C, respectively, which does not change the linearity
of the equation.

II. METHODS

A. Fabrication

The ABF consists of a ribbon-like helical tail and a head
that has the shape of thin square plate. The helical tail of
the ABF is fabricated by the self-scrolling technique [10],
[11]. The tail and the head consist of an InGaAs/GaAs/Cr
trilayer and a Cr/Ni/Au trilayer respectively, patterned by
photolithography. The mask design allows for different head
sizes, ribbon widths, handedness and helicity angles of the
ABF, while the film stiffness and internal stress influence
the diameter of the helical tail. The details of the fabrication
processes are reported in [1].

ABF prototypes used for the experiments in this paper
have a head with dimensions 4.5 µm (length) × 4.5 µm
(width) × 200nm (thickness) and a ribbon width of 1.8 µm.
The ribbon thickness is 42nm and the diameter of the helix is
2.8 µm. Both left-handed and right-handed helical swimmers
were fabricated. Additionally, microchannels were fabricated
on a Si wafer: firstly, the Si wafer was spin-coated by a
photoresist layer which was patterned with lines and then
it was used as a mask for the reactive ion etching (RIE)
process. The etching was isotropic and the resulting channel
had a rounded cross-section with dimensions 120 µm (width)
× 55 µm (depth).

B. Actuation of the ABF

The ABF is actuated by the rotation of a uniform low
strength magnetic field with which a torque is applied to the
soft-magnetic metal head (see Fig. 2 a). The torque on a
magnetized body in a magnetic field is equal to

~Tm = µ0ϑ ~M× ~H (4)

Fig. 2. (a) Application of the magnetic torque. The torque ~τ is induced
due to the misalignment between the magnetization ~M of the nickel plate,
which is along its diagonal, and the external field vector ~B. The magnetic
field vector ~B is rotated in a plane perpendicular to the helical axis with a
rotational speed ~ω . For a constant rotational speed the misalignment angle
φ between ~M and ~B is constant. (b) Experimental Setup. The ABF swims
inside the white tank which is placed in the middle of three orthogonal coil
pairs. A micromanipulator is used to pick and place single ABFs. A camera
mounted on the optical microscope is used for recording the motion of the
ABF. (c) Schematic of the tank with ABF swimming above a Si substrate.
(d) Forward and drift velocity. The drift angle ϕ is defined as the angle
between the direction of the motion and the direction of the axis of the
helical tail.

where ϑ and ~M are the volume and magnetization of the
body respectively, and µ0 = 4π×10−7 Tm/A is the perme-
ability of free space. ~H is the applied field in units ampere per
meter [12]. The magnetic field used during the experiments
was |~B|= µ0|~H|= 2mT, approximately 1000 times less than
typical MRI field strength. For actuating the ABF the field
vector ~B is rotated in a plane perpendicular to the helical
axis. The nickel layer of the head is magnetized along its
diagonal and the magnitude of the torque grows with an
increased angle φ between the nickel plate and the applied
field. The ABF is steered by deviating the plane of rotation
such that it is no longer perpendicular to the helical axis. A
steering torque is induced and the ABF re-orients itself such
that the plane of rotation is perpendicular to its helical axis
again. The details of the actuation and steering are reported
elsewhere [1]. When the available torque is large enough the
ABF rotates in sync with the input frequency f and hence
the velocity of the ABF can be tuned by changing the input
frequency.

C. Experimental Setup

The rotating field is generated by three orthogonally-
placed coil pairs which are depicted in Fig. 2 (b). The coils
are placed under an optical microscope onto which a camera
is mounted for recording. A tank with dimensions 20mm
(length) × 15mm (width) × 2mm (depth) is filled with DI
water and placed in the middle of the coils. The substrate
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with the ABF arrays is placed in the tank together with an
Si substrate that provides either a flat surface or an array
of microchannels (see Fig. 2 c). Using a micromanipulator
probe an individual ABF is picked and placed above the Si
substrate. The ABF remains attached to the probe while it
is being transferred due to Van der Waal forces. After the
ABF is released above the Si substrate by gently tapping the
manipulator, the rotating field is switched on.

The velocity of the ABF was measured by driving the
ABF for a time ∆t at a constant frequency input and dividing
the travelled distance by ∆t. Imprecisions of the velocity
measurements are attributed to the uncertainty of the distance
and angle measurement on the recorded 480 × 640 pixel
images. The velocity is projected into the directions parallel
and perpendicular to the helical axis of the ABF. The desired
direction of motion is in the direction of the helical axis,
whereas the perpendicular component is labeled as drift
velocity. The angle between the forward velocity and the
actual direction of motion is the drift angle ϕ as shown in
Fig. 2 (d).

III. EXPERIMENTAL RESULTS

The ABF was driven over a wide range of frequencies
above a smooth Si substrate and the forward and drift veloc-
ity were extracted from the recorded images. The frequency-
velocity plot is depicted in Fig. 3. From the propulsion matrix
(3) a linear relationship between the frequency input and the
velocity of the ABF is expected.

v =−B
A
·ω (5)

Note that the matrix coefficient is B < 0 and F = 0. In Fig.
3, however, a linear relationship is only found at middle
frequencies. A sudden decrease in velocity occurs at higher
frequencies, and a sudden increase in velocity is evident
at very low frequencies. It is apparent that the increase in
the velocity at low frequencies occurs in the drift velocity,
i.e. the velocity component perpendicular to the helical axis,
while the forward velocity decreases almost linearly. For this
particular ABF prototype the drift velocity dominates the
swimming motion, i.e. the drift angle (ϕ) grows larger than
45 degrees, as the input frequencies drops below 2Hz.

Additionally, the swimming motion of the ABF was
recorded and at low frequencies a wobbling motion in sync
with the magnetic field frequency was detected. The time-
lapse images in Fig. 4 show the wobbly swimming motion
of the ABF at three different input frequencies. The angle
β describes the deviation of the helical axis of the ABF to
the desired direction of motion and it is constant for a given
frequency and decreases rapidly for higher frequencies as
shown in Fig. 4. This resembles a precession phenomenon.
The precession angle β was measured over a larger input
frequency range and is depicted in Fig. 5 together with the
drift angle ϕ . Both the wobbling and the drifting are signifi-
cant at low frequencies and decrease for higher frequencies.
The precession angle approaches almost zero, whereas the

Fig. 3. Velocity of the ABF. A linear frequency−velocity relationship is
found at middle-ranged frequencies. At high frequencies the velocity drops
after the step-out frequency and for low frequencies a sudden increase in
the drift velocity is apparent. Below 2Hz the drift velocity is larger than
the forward velocity.

drift angle levels out and remains approximately constant at
higher frequencies.

Fig. 6 shows experiments with a different ABF prototype
inside a channel. The velocity of the ABF inside the channel
did not significantly change compared with the velocity
swimming above a flat surface. Fig. 6 (a) shows the ABF
drifting slightly to the left as it advances along the channel
(downward in image). Fig. 6 (b) shows the same ABF at
a lower frequency where the wobbling and drifting is more
prominent and where the drift propulsion is large enough
for the ABF to roll along the sidewall and eventually to
move out of the channel. The results imply that the non-
ideal wobbling of the ABF at low frequencies enhances the
drifting of the ABF to an extent that is not negligible. It
is therefore desirable to optimize the ABF and avoid the
wobbly swimming region in applications.

IV. DISCUSSION

A. Step-out frequency

The desired linear relationship between input frequency
and output velocity is interrupted at the step-out frequency.
This phenomenon is well understood and occurs when the
drag, which increases with angular and translational velocity,
grows larger than the maximum magnetic torque available
[7]. At that point the ABF can no longer follow the rotation
of the field, and the step-out frequency is reached. This
limiting frequency is linearly dependent on the magnitude
of the maximum magnetic torque that can be conveyed.
The magnetic torque can be amplified by increasing the
magnetic field strength or by increasing the volume of the
magnetized head, which is shown in (4). Increasing the
field strength has no further implications on the swimming
behavior of the ABF and is only a matter of changing the
design of the coil setup. Increasing the head size of the ABF
results in higher step-out frequencies as well [2]. The bigger
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Fig. 4. Time-lapse of the ABF swimming at three different input frequencies f1 > f2 > f3. The frequency of the precession is equal to the the input
frequency. The precession angle β decreases rapidly for higher frequencies.

head, however, causes additional drag forces on the swimmer
which moderate the gain of the additional torque. It has been
shown that an optimal trade-off between torque maximization
and drag minimization of the head can be found for a given
tail [2].

B. Wobbling at low frequencies

The wobbling of the ABF at low Reynolds numbers is
reminiscent of a spinning top that rotates stably around its
axis at high frequencies but begins to wobble when the
frequency decreases. While the gravitational pull induces
a torque perpendicular to the rotational axis of a spinning
top, an alternative explanation is required for the helical
swimmer. Thus, the instantaneous force and torque equilibria
are found, for a stable screw-type motion which consists
purely of a rotation around and translation along the helical
axis, using RFT established by Gray and Hancock [13]. The
RFT divides the drag force on a filament into the force
components along and perpendicular to the filament and
relates these forces to the local velocities u‖ and u⊥. On
an infinitesimally small length of filament, the parallel and
perpendicular forces are

d fd,‖ = −u‖ξ‖ds
d fd,⊥ = −u⊥ξ⊥ds

(6)

and the drag coefficients are given by [14]

ξ⊥ =
4πη

ln
(

0.36πR
rsinψ

)
+0.5

(7)

ξ‖ =
2πη

ln
(

0.36πR
rsinψ

) (8)

The rigid body motion of the ABF is described by
~V = (vx,0,0)T and ~Ω = (−ωx,0,0)T , ωx > 0. Note that the
analysis is for a left-handed helix. The coordinate systems
used in the calculations are depicted in Fig. 7. The body
coordinate system rotates around the xI-axis with α = ωx · t
with respect to the inertial frame

RI→B = RXI (α)

Fig. 5. The drift angle ϕ and precession angle β . The precession angle
is measured from the axis to the lateral surface of the cone. Below 2Hz
ϕ > 45◦ and the sidewise drift of the ABF is larger than the forward velocity.
Both angles decrease exponentially for increasing frequencies.

and the local filament coordinate system can be described
with respect to the body coordinate system with the rotational
matrices

RB→F = RYC(ψ)RXB(θ).

The force and torque equilibria are found by integrating
the drag forces (6) along the whole length of the helix.

I~Fext =

 uxRΓ/ tanψ−ωxR2Ξ/ tanψ

0
0

 (9)

I~τext =

 uxR2Ξ/ tanψ−ωxR3Λ/ tanψ

−uxR2Ξsinα +ωxR3Λsinα

−uxR2Ξcosα +ωxR3Λcosα

 (10)

where
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Fig. 6. Time-lapse images of an ABF inside a channel. (a) The ABF
prototype swims along the channel (downward in image) and exhibits a
slight drifting to the left. (b) For a lower frequency, the ABF wobbles and
has an enhanced drift. The sidewise propulsion is large enough for the ABF
to climb out of the channel.

Γ = 2nπ(ξ⊥ cos2
ψ +ξ‖ sin2

ψ)sinψ/cos2
ψ

Λ = 2nπ(ξ⊥ sin2
ψ +ξ‖ cos2

ψ)sinψ/cos2
ψ

Ξ = 2nπ(ξ⊥−ξ‖)sin2
ψ/cosψ

In the body coordinate system of the helix the torque is

B~τ =

 uxR2Ξ/ tanψ−ωxR3Λ/ tanψ

0
uxR2Ξ−ωxR3Λ

 (11)

As expected, there is no resulting force perpendicular to
the helical axis. It is apparent, however, that the torque
required to sustain a pure translation along and rotation
around the x-axis includes not only a torque along, but also
perpendicular, to the axis. It can be regarded as an actuation
and a stabilization torque, which is constant along the zB-
axis of the helix in the body coordinate system. If the drag
force and torque are averaged over a full period Tp = 2π/ωx
of the rotation around the helical axis

1
Tp

∫ Tp

0
~Fdt and

1
Tp

∫ Tp

0
~τdt

only the torque in the xI-direction remains, which leads to
the well-known propulsion matrix (3) [8].

From the non-averaged instantaneous torque equilibrium,
it can be seen that no optimal screw-type swimming can
be achieved unless a stabilization torque is applied to the
helical swimmer. Additionally, if the design of the ABF is
considered, it can be assumed that the wobbling is likely
to be aggravated by the non-ideal placement of the head,

Fig. 7. (a) The body coordinate system is attached to the helical body and
rotates with α = ωx · t with respect to the inertial coordinate frame. (b) The
local filament coordinate system is reached via a rotation around the helical
xB-axis and a rotation around the new yC-axis with the constant helicity
angle ψ .

which is located at a distance of radius R from the helical
axis. Fluidic forces and any un-modeled magnetic gradient
forces on the head are therefore applied off axis.

Alternatively, the ABF can be approximated by an elon-
gated elliptical body [6] for which the drag coefficient for
the torque around the long and short axis are according to
the slender-body approximation, i.e.

ζellipse,x = 3
16 πηab2

ζellipse,y = ζellipse,z = πηa3/3
ln(2a/b)−0.5

(12)

where a and b are the major and minor axes, respectively
[16]. From (12) it can be seen that the resistive torque around
the long axis is larger than the resistive torque around the
short axis of the ABF. The rotation around the x-axis is there-
fore preferred, and this acts in favor of helical swimming and
provides resistance against the wobbling motion.

The two fluidic torques presented compete to stabilize and
destabilize the rotation of the helix around its axis. It was
shown in the experiments, however, that the precession angle
changes with the frequency. We presume that this effect is
attributed to inertial effects that have been neglected. In fact,
the attenuation of the wobbling motion of 1-D nanostructures
with higher rotating speed has also been observed for the
self-assembled microparticles [17] and nanowires [18], that
are actuated by rotating magnetic fields.

C. Drift

The drifting of microscopic swimmers occurs due to wall
effects. The presence of a solid boundary increases the drag
on a body, and this drag decreases with a growing distance
between the body and the wall. Instead of having independent
drag coefficients, such as (7) and (8), the local drag becomes
a function of the distance h from the wall [19].

From Fig. 8 (a) it can be seen that the drag on a filament
segment of the helical tail closer to the wall encounters a
higher drag than a segment further away. This causes the
helix to roll along the surface perpendicular to the helical
axis.
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Fig. 8. Wall effects on the ABF. (a) Due to the drag force imbalance on
the tail segments while rotating around the x-axis, the ABF rolls along the
surface in the y-direction. (b) With the precession of the ABF propulsion in
the y-direction grows larger while the desired movement in the x-direction
decreases.

The influence of solid boundaries has been observed and
analyzed for E. coli bacteria [15], [20]. The bacteria swim in
circles due to the counter-rotation of their head and helical
tail. The ABF has no such counter-rotation and is stabilized
with the magnetic steering torque to keep its orientation
while it is drifting [7]. The rolling speed increases linearly
with the input frequency, as does the forward speed. This
leads to a stable drift angle ϕ which was observed in Fig. 5
for high frequencies. The increase in the drift angle lies in
the increased efficiency of the sidewise propulsion when the
ABF wobbles (see Fig. 8). While the screw-type swimming
becomes less efficient because of the non-optimal wobbling
motion, the ABF pushes itself along the wall in a manner that
resembles a paddling motion. This paddling near a surface
is used for propulsion of other microdevices such as the
colloidal microbeads [17] or nickel nanowires [21]. For the
ABF, however, paddling enhances the undesired side drift.
Indeed, paddling is so effective that the total velocity grows
despite the decrease of the input frequency, and a local
maximum is reached before the velocity goes to zero.

V. CONCLUSION

It has been shown that the frequency-velocity relationship
can be divided into three different regions, i.e. the linear
region, the step-out region and the drift-dominated region.
In the step-out region at high frequencies the linear range
is limited by the applicable torque. At low frequencies the
ABF wobbles due to the helical shape of the tail itself and
the off-axis placement of the head. It has also been shown
that for larger precession angles the undesired sidewise drift
increases. In the linear region the wobbling is attenuated and

a screw-type swimming is achieved with a linear frequency-
velocity relationship.
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