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Abstract— Magnetotactic bacteria have the potential to controllably reach deep-seated regions of the body via vessels and
achieve targeted drug delivery. In this application, motion of
the magnetotactic bacteria is influenced by the strength of the
external magnetic field. Here, we investigate the swimming
characteristics of magnetotactic bacteria (Magnetospirillum
gryphiswaldense strain MSR-1) under the influence of uniform
and adaptive magnetic fields inside microfluidic chip with depth
of 5 µm. This depth enables tracking of single bacterium
and comparison of uniform and adaptive magnetic field on
the positioning accuracy. We find that under the influence
of magnetic field reversal with approximately twice the field
strength, the diameter of the U-turn trajectories taken by
the magnetotactic bacteria is decreased by 63%. In addition,
the adaptive magnetic field decreases the size of region-ofconvergence of the controlled bacteria within the vicinity of the
reference position by 65.5%, compared to control using uniform
magnetic field. The comparisons between motion control using
uniform and adaptive magnetic fields are done on the same
culture of magnetotactic bacteria and using the same cell in
each motion control trial.

I. INTRODUCTION
Magnetotactic bacteria (MTBs) hold promise in targeted
drug delivery. These microorganisms have the potential to
controllably navigate throughout the human circulatory system and reach deep-seated regions. Their size, magnetic
properties, and motility enable high precision motion control
using an external magnetic field only for directional control.
The flagellated propulsion of MTBs allows researchers to use
weak magnetic field (millitesla range) for steering without
relatively large magnetic field gradient. Martel et al. have
demonstrated the directional control of swarm of MTBs
(magnetotactic coccus strain MC-1) and single bacterium [1],
[2]. In addition, this strain has been used to achieve
micro-actuation [3] and micro-assembly [4], [5] of nonmagnetic beads and objects, respectively. Khalil et al. have
also demonstrated open- and closed-loop control of MTBs
(Magnetospirillum Magnetotacticum Strain MS-1 and Magnetospirillum Magneticum Strain AMB-1) inside capillary
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Fig. 1.
Transmission Electron Microscopy image of a magnetotactic
bacterium (MTB), i.e., Magnetospirillum gryphiswaldense strain MSR-1.
The cell and flagella of the bacterium are indicated using the dashed
white and red lines, respectively. The magnetite nano-crystals allow the
MTB to align along external magnetic field lines and swim using its
flagella. Magnetotactic bacteria (MTBs) are contained inside microfluidic
chips (bottom-left corner) with depth of 5 µm. The chip is surrounded
with electromagnetic coils (upper-right corner) to enable directional control
of the MTB in two-dimensional space under microscopic guidance, using
maximum magnetic field of 10 mT. The depth of the chip does not allow the
MTB to swim out-of-plane, and hence the effect of the controlled magnetic
field is studied on the same bacterium. The average diameter and length of
the MTBs are calculated to be 240±6 nm and 5±0.2 µm, respectively.

tubes and microfluidic channels with structure of a maze [6],
[7]. In addition, a comparative study between MTBs and selfpropelled microjets has proven that MTBs are more efficient
than microjets (MTBs have an average swimming speed of
approximately 6 body lengths per second, whereas microjets
swim at approximately 2 body lengths per second) [8].
Kim et al. have also demonstrated control of Tetrahymena
Pyriformis cells in three-dimensional space using two sets
of Helmholtz coils and single electromagnet to control the
planar and vertical motion of these cells, respectively [9]. A
null-space control has also been proposed in [10], and the
accuracy of the motion control is increased by projecting an
additional control input onto the null space of the magnetic
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Fig. 2. A representative closed-loop control of a magnetotactic bacterium (MTB), i.e., Magnetospirillum gryphiswaldense strain MSR-1, under the influence
of the controlled magnetic fields. (a) The closed-loop control system localizes the MTB within the vicinity of the reference position (small blue circle).
(b) Three reference positions (vertical black lines) are given to the control system and the MTB is localized within their vicinity. The diameter of the
region-of-convergence of the three reference positions are 51 µm, 38.9 µm, and 38.2 µm. The speed of the MTB is calculated to be 24.7 µm/s, in this
trial. The green circle indicates the position of the MTB. Please refer to the accompanying video that demonstrates the closed-loop proportional control
of an MTB.

force-current map of a configuration of electromagnetic coils.
The projection of this additional control input enables oscillation of the magnetic fields and directional control towards a
reference position to decrease the speed of the MTBs within
the vicinity of the reference position. Although this nullspace control strategy decreases the region-of-convergence
of the controlled MTBs within the vicinity of the reference
position, the generation of oscillating magnetic fields may
have adverse effects on the electromagnetic coils. The alternating current causes the coils to heat up and decreases
their availability, for instance. In this study we achieve the
following:
•

•

Study the influence of the magnetic field strength on
the positioning accuracy of MTBs. This study is done
by applying different magnetic fields on the same bacterium from the same culture, in each trial;
A comparative study between closed-loop motion control using uniform magnetic field and adaptive magnetic
field with the position tracking error.

We present a control strategy to increase the positioning
accuracy of the magnetotactic bacterium (MTB) using an
adaptive magnetic field. The adaptation is accomplished
based on the magnitude of the error of the MTB with
respect to the reference position. In addition, we study
the influence of the magnetic field [11], [12], [13] on the
closed-loop control characteristics of the MTB, and conduct
comparative control trials using two control systems on the
same bacterium (in each trial), inside microfluidic chip that
does not enable MTBs to swim out-of-plane.
The remainder of this paper is organized as follows:
Section II provides modeling of the MTB, design of a
proportional motion control system, and its error dynamics
based on passivity analysis. Motion control of MTB inside
microfluidic chips using uniform and adaptive magnetic
fields are provided in Section III. Finally, Section IV concludes and provides directions for future work.

II. MODELLING AND MOTION
CONTROL OF MAGNETOTACTIC BACTERIA
Under the influence of external magnetic field in twodimensional space, an MTB is subjected to the following
magnetic force (F ∈ R2×1 ) and magnetic torque (T ∈
R2×1 ):
)
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where V is the volume of the magnetite (Fe3 O4 ) nanocrystals that are contained inside the cell of the MTB, as
shown in Fig. 1. Further, m ∈ R2×1 and B(P) ∈ R2×1
are the magnetization (magnetic moment per volume) and
the induced magnetic fields at point (P ∈ R2×1 ), respectively. Our MTBs are contained inside microfluidic chips
with depth of 5 µm (equal to the depth of focus of the
microscopic system). Therefore, the MTBs do not undergo
out-of-plane swimming, and we can assume planar motion
(B(P) ∈ R2×1 ). In (1), m̂ is the skew-symmetric form of the
magnetization vector (m), where m̂ = SK(m), and SK(·)
is the skew-symmetric operator [14]. An MTB navigates in
a viscous flow and experiences drag force (f ∈ R2×1 ) and
drag torque (t ∈ R2×1 ) that are approximated by [15], [16]
)( )
(
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v
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where v ∈ R2×1 and ω ∈ R2×1 are the linear and angular
velocity vectors of the MTB, respectively. Further a, b, and c
are the coefficients of the propulsion matrix and are given by
)
(
ξ∥ sin2 θ + ξ⊥ cos2 θ
.
(3)
a = 2πnRh
cos θ
In (3), n and Rh are the number of turns of the helical flagella
and the radius of the helix. Further, θ is the helix angle, and
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Fig. 3. A representative U-turn experiment of a magnetotactic bacterium (MTB), i.e., Magnetospirillum gryphiswaldense strain MSR-1, under the influence
of magnetic field reversals. (a) This trial is done using the same MTB. The U-turn experiment is done at 2 magnetic fields, i.e., 4.1 mT and 8.3 mT.
(b) Uniform magnetic field of 4.1 mT is applied and at time, t=3.2 seconds, the field is reversed. The MTB undergoes a U-turn (blue line) with diameter
of 19 µm. (c) Uniform magnetic field of 8.3 mT is applied on the same bacterium and at time, t=3.0 seconds, the field is reversed. The MTB undergoes a
U-turn (red line) with diameter of 7 µm. Please refer to the accompanying video that demonstrates the U-turn trajectories taken by the same MTB under
the influence of two magnetic field reversals with magnitudes of 4.1 mT and 8.3 mT.

the drag coefficients (ξ∥ ) and (ξ⊥ ) are given (respectively) by
ξ∥ =

4πηa
( 2a )
ln b −

1
2

and ξ⊥ =

8πηa
( 2a ) 1 ,
ln b + 2

(4)

where a and b are the length and diameter of the cell
of the MTB. The average diameter and average length of
the Magnetospirillum gryphiswaldense strain MSR-1 are
calculated to be 240±6 nm and 5±0.2 µm, respectively.
Further, η is the dynamic viscosity of the growth medium.
In (2), b is given by [15]
(
)
(5)
b = 2πnRh2 ξ∥ − ξ⊥ sin θ.
Finally, c is calculated using [15]
)
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Our motion control strategy is based on directing the magnetic field lines towards a reference position. Therefore, we
use the rotational dynamics of the MTB to analyze and
design the control input. Using (1) and (2), we obtain the
following rotational dynamics of an MTB:
V m̂B(P) − bv − cω = 0.

(7)

The magnetic field (B(P)) is controlled to align the MTB
towards a reference position. Therefore, the angular position
and velocity errors (e and ė) are given by
e = Φ − Φref and ė = Φ̇ = ω,

(8)

where Φ and Φref are the angular position of the MTB and
the fixed reference orientation that directs the MTB towards
the reference position, respectively. We rewrite (7) using (8),
and devise a proportional control input (B(P) 7→ Kp e) to
obtain the following error dynamics:
ė −

b
V
m̂Kp e = − v,
c
c

(9)

where Kp is a positive-definite matrix. We select the following storage function S(e):
1
(10)
S(e) = eT e.
2
Taking the time-derivative of (10) yields
b T
b T
V
T
(11)
Ṡ(e) = eT KT
p m̂ e − v e ≤ − v e.
c
c
c
Therefore, the system with the input (-v) and output (e) is
passive with the storage function (S(e)). We implement two
control strategies and compare the motion characteristics of
the MTBs. The first control strategy is based on uniform
magnetic fields, whereas the second strategy depends on
adapting the magnetic field based on the position error. The
same culture of MTBs is used in each case to study the
influence of the control on the closed-loop motion characteristics. Magnetospirillum gryphiswaldense strain MSR-1
is obtained from the German collection of microorganisms
and cell cultures (DSM 6361, Deutsche Sammlung von
Mikro-organismen und Zellkulturen, Brunswick, Germany).
The strain is inoculated in magnetospirilum growth medium
with an oxygen concentration of 1%. The cultures are then
cultivated at 26◦ C for two to four days. The samples are
harvested and selected for experiments based on the presence
of individual magnetic chains and their response to external
magnetic fields.
Fig. 2(a) provides a representative closed-loop control trial
using uniform magnetic fields based on (11). In this trial,
the MTB swims at an average speed of 24.7 µm/s, and the
maximum region-of-convergence is calculated to be 51 µm,
within the vicinity of the first reference position ¬. The
region-of-convergence is calculated at the steady-state and
represents the maximum peak-to-peak amplitude with respect
to the reference position (vertical black lines). This closedloop control trial shows that the magnetic fields successfully
orient the MTB towards the reference position and enables
localization within the vicinity of the three reference positions (¬, , and ®), as shown in Fig. 2(b). Although the
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Fig. 4. The influence of the magnetic field on the size of the region-of-convergence is analyzed on the same magnetotactic bacterium (MTB), i.e.,
Magnetospirillum gryphiswaldense strain MSR-1, by increasing the magnitude of the magnetic field. The MTB is localized within the vicinity of the
reference position (vertical black line) and the magnetic field is increased from 1.0 mT to 1.4 mT at time, t=12.0 seconds. The size of the region-ofconvergence is decreased from 18.4 µm to 11.3 µm. The red and blue lines indicate the path of the MTB under the influence of the magnetic fields of
1.0 mT and 1.4 mT, respectively. (a) The path taken by the controlled MTB towards the reference position (vertical black line). (b) Position of the MTB
along x-axis. (c) Position of the MTB along y-axis. The black dashed lines represent the calculated standard deviation. Please refer to the accompanying
video that demonstrates the response of an MTB to magnetic fields with different magnitudes.

MTB is controlled and its motion is localized within the
vicinity of the reference positions, the size of the regionof-convergence is relatively large (10 times greater than a
body-length). The region-of-convergence can be decreased
to increase the accuracy of localization. This decrease is
done by increasing the magnitude of the applied magnetic
field. We observe that the MTB undergoes U-turn trajectories
within the vicinity of the reference positions, as shown in
Fig. 2, due to the multiple field reversals of the closed-loop
control system to decrease the position error based on (11).
The diameter (D) of the U-turn trajectory is given by [17]
D=

απ | Ṗ |
,
| m || B(P) |

(12)

where α is the rotational drag coefficient of the MTB, and
is approximated using [13]
( )
[ ( )
]−1
πηa3
b
a
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.
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+ 0.92
ln
− 0.662
3
b
a
Equation (12) indicates that increasing the magnetic field
decreases the diameter of the U-turn trajectory, and hence
reduces the size of the region-of-convergence of a controlled
MTB. Fig. 3 demonstrates the effect of the magnitude of
the magnetic field on the diameter of the U-turn of the same
bacterium. At magnetic field of 4.1 mT, the MTB undergoes a
U-turn with diameter of 19 µm after the reversal of the magnetic field. Increasing the magnitude of the magnetic field to
8.3 mT causes the U-turn diameter to decrease to 7 µm,
for the same MTB. The magnetic field is calculated using a
finite-element model [10], and this model is verified using
a calibrated 3-axis digital Teslameter (Senis AG, 3MH3A0.1%-200 mT, Neuhofstrasse, Switzerland). We repeat this
experiment 5 times on different MTBs and observe consistent
decrease in the U-turn diameter with the increasing magnetic
field. We find that under the influence of magnetic field
reversal with approximately twice the field strength, the
diameter of the U-turn trajectories taken by the MTBs

is decreased by 63%. Therefore, we design a closed-loop
control system based on this observation to enable reduction
of the region-of-convergence.
III. CONTROL OF MTB S USING
UNIFORM AND ADAPTIVE MAGNETIC FIELDS
The size of the region-of-convergence can be decreased
using an adaptive magnetic field that depends on the magnitude of the error. First, we study the influence of the magnetic
field on the positioning accuracy of the MTBs. The magnetic
field is increased from 1.0 mT to 1.4 mT, as shown in Fig. 4.
In this representative experiment, the MTB is controlled at
magnetic field of 1.0 mT towards a fixed reference position
(Fig. 4(a)). The magnetic field is increased at time, t=12
seconds, from 1.0 mT to 1.4 mT. The region-of-convergence
is calculated to be 18.4 µm and 11.3 µm for magnetic fields
of 1.0 mT to 1.4 mT, respectively. The blue and red lines
represent the path taken by the MTB under the influence of
magnetic fields of 1.0 mT and 1.4 mT, respectively. Figs. 4(b)
and (c) indicate that increasing the magnetic field by 40%
achieves 38.5% reduction in the region-of-convergence of the
controlled MTB.
We repeat this experiment 6 times on 6 different MTBs
(from the same culture) and increase the magnetic field
on each controlled MTB. The corresponding region-ofconvergence for each MTB is shown in Fig. 5. These control
trials indicate that the magnitude of the applied magnetic
field decreases the size of the region-of-convergence regardless to the magnetic properties of the MTB. An MTB with
greater (e.g., MTB6 ) dipole moment can be localized within a
smaller region-of-convergence under the influence of lower
magnetic fields. The influence of the magnetic dipole moment of the MTBs on the size of the region-of-convergence
is qualitatively shown in Fig. 6, at a uniform magnetic field
of 1.4 mT. The magnetic dipole is calculated using (12)
for 6 different MTBs from the same culture. This result
indicates that an MTB with larger magnetic dipole moment is
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Fig. 5. Closed-loop control of magnetotacitic bacteria (MTBs) at different
magnetic fields is achieved. Increasing the magnitude of the magnetic
fields results in a decrease in the region-of-convergence of the controlled
magnetotactic bacterium (MTB) and does not have an influence on its
swimming speed. The 6 closed-loop control trials are done using MTBs
from the same culture (Magnetospirillum gryphiswaldense strain MSR-1).
Each trial is done using the same MTB.

localized within a smaller region-of-convergence, compared
to another MTB with lower magnetic dipole, at the same
magnetic field. Therefore, its essential to devise a control
system that increases the magnitude of the magnetic field
with the decreasing error. This adaptation is accomplished
by varying the control gains based on the calculated error
(8), using the following adaptation law:
(

Kp = k1 exp

)
− ke Π
2

+k3 Π,

(14)

where k1 , k2 , and k3 are positive control gains, and Π is
the identity matrix. The adaptation law (14) allows us to
increase the magnetic field strength for errors with relatively
small magnitudes. Relatively low magnetic field can be used
when the error is large since low torque ultimately allows the
MTB to align along the magnetic field lines. Once the error is
decreased and the MTB is localized within the vicinity of the
reference position, control law (14) increases the magnetic
field to decrease the U-turn diameter and enables faster
reversals and higher positioning accuracy. Fig. 7 provides a
representative closed-loop motion control result of an MTB
using control law (14). Four reference positions are given
to the control system and the MTB swims towards each
reference at an average speed of 94.3 µm/s. The region-ofconvergence of the 4 reference positions are calculated to
be 18.1 µm, 13.9 µm, 12.3 µm, and 14.7 µm, respectively.
Although Figs. 2 and 7 provide a qualitative comparison between the control using uniform and adaptive magnetic fields,
the difference between the magnetic properties of the MTBs
(we use bacteria from the same culture throughout this study)
does not enable a fair comparison to be made. Therefore, we

Fig. 6. The influence of the magnetic dipole moment on the positioning
accuracy of magnetotactic bacteria (MTBs). This experiment provides a
qualitative information pertaining to the influence of the magnetic dipole
moment of the MTBs (Magnetospirillum gryphiswaldense strain MSR-1) on
their positioning accuracy in terms of region-of-convergence. The bacterium
with relatively large dipole moment achieves smaller region-of-convergence
under the influence of the same control and magnetic field strength. The
magnetic dipole moment is calculated using (12), at magnetic field of 1.4
mT for 6 different MTBs from the same culture.

implement the two control systems on the same MTB. The
average region-of-convergence is calculated to be 42.7±7 µm
and 14.75±2 µm for the control using uniform and adaptive
magnetic fields, respectively. This experiment indicates that
a decrease of 65.5% is achieved using the same average
magnetic field for the two control systems. Please refer to the
accompanying video that demonstrates the influence of using
uniform and adaptive magnetic fields on a controlled MTB.
Although the adaptive control system achieves a decrease
in the size of the region-of-convergence of the controlled
MTB, the magnetic properties of the MTBs have greater
influence on the positioning accuracy. Fig. 5 shows the
difference in region-of-convergence for closed-loop control
trials on 6 MTBs. Not only do we observe the influence
of the increased magnetic field on the positioning accuracy,
but we also find that the magnetic properties of each MTB
has a major effect on the control characteristics. The blue
(MTB5 ) and yellow (MTB6 ) lines in Fig. 5 represent control
of 2 MTBs with region-of-convergence of less than a bodylength, whereas the red (MTB1 ) and green (MTB2 ) lines
represent controlled results of 3 other MTBs with regionof-convergence that is slightly greater than a body-length.
Therefore, it is essential to implement closed-loop motion
control using adaptive magnetic field with the position error
on MTBs with the greatest magnetic dipole moment.
IV. CONCLUSIONS AND FUTURE WORK
In this study, we control the motion of magnetotactic
bacteria, Magnetospirillum gryphiswaldense strain MSR-1,
using uniform and adaptive magnetic fields. In contrast to the
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Fig. 7. A representative closed-loop control of a magnetotactic bacterium (MTB), i.e., Magnetospirillum gryphiswaldense strain MSR-1, under the
influence of the controlled magnetic fields. (a) The closed-loop control system localizes the MTB within the vicinity of the reference position (small blue
circle). (b) Four reference positions (vertical black lines) are given to the control system and the MTB is localized within their vicinity. The size of the
region-of-convergence are 18.1 µm, 13.9 µm, 12.3 µm, and 14.7 µm. The speed of the MTB is calculated to be 94.3 µm/s, in this trial. The green circle
indicates the position of the MTB. Please refer to the accompanying video that demonstrates our closed-loop adaptive control of an MTB.

control using uniform magnetic field that achieves localization of an MTB with relatively large region-of-convergence,
the adaptive magnetic field enables reduction of the regionof-convergence of the controlled MTBs with 65.5%. This
reduction is achieved by increasing the magnitude of the
applied magnetic fields as the error between the position
of the MTB and the reference position decreases. The
motion control using the adaptive magnetic field achieves
localization of MTBs with maximum positioning error of 3
body-lengths.
As part of future studies, motion control of magnetotactic
bacteria will be achieved inside micro-fluidic channels with
controlled time-varying flow rate. This study is necessary
to translate these microorganisms into in vivo applications.
The motion control characteristics will be studied along and
against the flowing streams of the growth medium to analyze
the ability of the flagellar propulsive force to overcome the
force due to time-varying flow and drag [18], [19].
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