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Abstract
One of the great challenges in microscale science and engineering is the independent
manipulation of cells and man-made objects on the micron scale. For such work, motile
microorganisms are integrated with engineered systems to construct microbiorobots (MBRs).
MBRs are negative photosensitive epoxy (SU-8) microfabricated structures with typical
feature sizes ranging from 1 to 100 μm coated with a monolayer of swarmer cells of the
bacterium Serratia marcescens. The adherent cells naturally coordinate to propel the
microstructures in fluidic environments. In this study, ultraviolet light is used to control
rotational motion and direct current electric fields are used to control the two-dimensional
movement of MBRs. They are steered in a fully automated fashion using computer-controlled
visual servoing, used to transport and manipulate micron-sized objects, and employed as
cell-based biosensors. This work is a step toward in vitro mechanical or chemical
manipulation of cells as well as controlled assembly of microcomponents.
S Online supplementary data available from stacks.iop.org/JMM/21/035001/mmedia
(Some figures in this article are in colour only in the electronic version)

Bacteria, in particular, offer several advantages as controllable
microactuators: they draw chemical energy directly from their
environment, they can be genetically engineered and employed
as sensing elements [23] and they are scalable and configurable
in that the cells can be selectively patterned [24].
Bacteria are a key component of several hybrid
organic/inorganic MEMS devices, including a host of
actuators and sensors. In one of the first instances of
biointegrated, mechanical actuators, microscale rotors were
driven using the gliding bacteria Mycoplasma mobile, which
were directionally attached to the rotor teeth [16]. Labon-a-chip fluid pumping and mixing was also demonstrated
with Serratia marcescens and Escherichia coli, respectively
[25, 26]. The chaotic interactions of swimming bacteria with
microscale gears have also been shown to produce useful work
given the proper choice of device geometry [27, 28].
Much of the current work on harnessing the mechanical
energy of bacteria has been directed by researchers with
interest in robotic microassembly. As such, there has been

1. Introduction
There is a need for controllable actuators to accomplish tasks
including single cell manipulation and microassembly [1–6].
It is well understood that non-reciprocal movements are
necessary for propulsion in low Reynolds number fluidic
environments, and bio-inspired devices based on the helical
shape of the bacterial flagellum or the shape-varying stroke of
the eukaryotic flagellum have garnered considerable attention
[7–13]. Such biomimetic microactuators can be manufactured
using inorganic materials; however, the ability to fabricate
the required geometries is practically limited by the planar
nature of microfabrication processes. Using biomolecular
motors is another option, but these systems are difficult to
employ when isolated from the supporting cells [14, 15].
As an alternative solution, previous studies explored different
forms of actuation and control with microorganisms [16–22].
3
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a focus on the ability to control groups of cells with the goal
of directing and harnessing their energy to accomplish tasks
such as manipulation and assembly. Magnetotactic bacteria
may be controlled to swim en masse in the direction of
magnetic field lines and have been used as collectives to move
microscale structures [18]. On/off microbead propulsion in
response to chemical stimulus has been demonstrated using
the bacterium S. marcescens [19], but controlled actuation
in response to chemical gradients is inherently limited by
the development of the chemical concentrations, as governed
by the diffusion equation. On/off control of microstructure
movement powered by swarming S. marcescens has also been
investigated using short-term exposure to ultraviolet light [20].
For the specific application of automatic, remotely
controlled manipulation of cells or microobjects, control of
both rotation and translation is desired. Rotational control is
of particular interest where the device has a nonsymmetrical
geometry designed for engagement and trapping. Since many
potential applications for micromanipulation are performed
on a glass slide in a single focal plane using standard light
microscopy, the manipulation techniques presented in this
work are restricted to two-dimensional planar motion.
In this paper we investigate an alternative solution for
the controlled manipulation of microscale components with
a biointegrated approach. Bacteria attached to the surface of
microfabricated parts, referred to as microbiorobots (MBRs),
are shown to naturally impart a predominantly rotational
motion, largely due to the distribution of bacterial cell body
orientations and hence flagellar thrusts [29]. We show that
the rate of rotation can be predictably adjusted using optical
stimulus and demonstrate two-dimensional control of MBRs
using electric fields to harness the electrical potential of the
cells. The control techniques are applied to orient and steer
bacterial microbiorobots as well as to transport target loads.
The ability to monitor the behavior of these robots in response
to biologically relevant chemicals is an important requirement
for further development; therefore, we also demonstrate that
integrated live cells can be employed as sensing elements using
copper ions as an example.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. Microfabrication of biocompatible SU-8 microstructures.
(a) The glass slide is coated with Dextran. (b) The SU-8 layer is
spin coated onto the sacrificial dextran layer. (c) UV light is
transmitted through a photomask to create an exposure pattern.
(d) SU-8 photoresist is developed. (e) Sections of the glass slide
each with many microstructures are inverted along the swarm edge
for bacterial attachment. (f ) Individual microstructures are released
into the motile buffer.

MBRs move upon release from the substrate. An analysis
of the orientation of the attached bacteria showed local
correlation. With a fluorescent labeling technique, it was
observed that the flagella were free to move even though
the cell bodies were fixed (movie S1 available online at
stacks.iop.org/JMM/21/035001/mmedia).
Electric fields (EF) were applied to the MBRs in a
custom-designed galvanotaxis chamber via agar salt bridges,
Steinberg’s solution and graphite electrodes (see section 3).
The design minimizes the adverse effects of electrode
byproducts while keeping the pH and temperature relatively
constant (±1 ◦ C) inside the control chamber. The control
chamber was filled with a standard cell motility buffer solution.
Observations were performed in the central portion of the
control chamber where dielectrophoretic effects due to field
nonlinearities are minimized.

2. Results and discussion
The synthetic component of the MBR is fabricated out of SU8 (figure 1), which is biocompatible, patternable in a wide
range of shapes and thicknesses, and is only slightly denser
than the working fluid. The bacteria S. marcescens were
cultured using a swarm plate technique (L-broth containing
0.6% Difco Bacto-agar and 5 g l−1 glucose) [17]. They are
hyperflagellated, elongated and migrate cooperatively [30].
The polysaccharide-rich pink slime produced by swarmer
cells of S. marcescens enables them to stick to the surface of
the microstructures [31]. Bacteria were attached by blotting
directly along the active swarm edge and readily adhered to the
SU-8 microstructures, generally covering more than 90% of
the surface (figure 2(a)). Using a water-soluble sacrificial
dextran layer [32], hundreds of MBRs were released into
the fluidic chamber without causing structural damage (see
section 3).
Greater than 90% of properly fabricated

2.1. Electrokinetic characterization
MBRs were initially tested without external stimuli, that is,
with no electric field or ultraviolet (UV) light. The MBRs
were free to move inside the fluid, and their movement due to
bacterial actuation was immediately observed. This collective
response is due to flagellar actuation of the adherent bacteria
and results in translation of the center of mass combined with
rotation (figure 2(b)). We call this self-actuation. As a control,
the SU-8 microstructures without bacteria attached were tested
in the galvanotaxis chamber by applying direct current (dc)
electric fields (EFs) ranging from 1 to 10 V cm−1 . During
these experiments, the structures demonstrated no movement
as expected. Next, EFs ranging from 1 to 10 V cm−1 were
applied to the MBRs. They responded by moving toward
2
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a change of the pH level especially around the electrodes
which in turn triggers a chemotactic response in bacteria [33].
However, it should be noted that the directed movement we
observed is not chemotactic, as the response times of the MBRs
were considerably shorter (1s) than the time necessary for
the development of gradients of chemoeffectors by diffusion.
Experiments with individual bacteria showed that the
movement is electrophoresis caused by the inherent charge of
the bacterial cells rather than galvanotaxis, a directed response
arising from the thrust of the bacterial flagella. Galvanotaxis
in bacteria is caused by a difference in electrophoretic
mobility between the cell body and flagellum [34]. Unlike
previous observations made on swimming cells of E. coli and
Salmonella typhimurium, swarmer cells of S. marcescens did
not align themselves along the applied electric fields. The
results of experiments designed to study the fundamental
electrokinetics of individual bacteria (see section 3) indicated
that there was not a significant effect of electric fields on the
orientation of S. marcescens for the experimental conditions of
this research, with a uniform distribution of orientations across
the range of angles and applied electric fields. This would
imply that there is not a significant difference in electrophoretic
mobility between the flagella and the cell body. As electric
fields were applied, cells were pulled toward the positive
electrode. However, the orientations of the individual cell
bodies were not affected. Thus, the overall velocity vector
for the cells could be decomposed into the velocity due to
the thrust of the swimming bacterium and the electrophoretic
component. The bulk cell movement is electrophoretic in
nature due to negative surface charge. It should be emphasized
that the cells in this study were swarm cells taken directly from
the agar plate to reflect the morphology of the cells blotted on
the MBRs.

(b)

(c)

(d )

Figure 2. Microbiorobot self-actuation and electrokinetic response.
(a) Phase contrast image of 40 × 40 μm2 MBRs with the bacterial
carpet monolayer. (b) Shown in this time-lapse image, the
coordination of bacterial flagella leads to self-actuation of the MBR
resulting in a net rotation and translation. (c) Upon application of
electric fields the MBRs exhibit increased translational movement;
however, the component due to self-actuation is superimposed on
this translational motion. (d) MBR speed is directly proportional to
the applied electric field which shows that electrophoresis is the
dominant electrokinetic phenomenon. The component of speed due
to self-actuation is evident from the y-intercept of the best-fit line.
The color-coded bars represent time evolution (30 s) as well as
length scale (50 μm).

2.2. Photoresponse
Exposure to UV light has been established as a mechanism
which affects the motility of bacteria [35]. Since MBRs
generally exhibit rotational motion in the absence of external
stimuli, UV light exposure is an effective means of adjusting
angular velocity or completely stopping rotational motion [20].
Several trials were performed to characterize the UV response.
Video was first captured for 10 s to record unexposed motion
and was continuously recorded during three subsequent 5 s
exposures. The optical path included a 100 W Hg light
source and a 63× PL Fluorotar objective. The orientation
of the MBRs was tracked and evaluated in MATLAB using a
feature-based tracking algorithm [36]. While each individual
trial had significant differences in initial angular velocity,
and minor fluctuations in angular velocity during exposure,
it was discovered that the general behavior was quite similar
between trials, and three distinct regions could summarize
motion (figure 3). As expected, between 0 and 10 s angular
velocity was relatively constant since no stimulus had been
applied. After the initial exposure to UV light, the rotational
motion nearly ceased for 1–2 s before resuming at a lower
angular velocity. It is hypothesized that this initial cessation
may be related to the brief induction of tumbling in the bacteria

the positive electrode. Upon switching the polarity of the
system, the motion reversed direction in less than 30 ms. The
linear movement was manifested as an additional component
of the velocity. The component due to the self-coordination
of bacteria remained active during the application of electric
fields (figure 2(c)).
To investigate the fundamental electrokinetics of the
microbiorobot, several trials were performed by measuring
velocity versus the electric field. This investigation yielded
a linear relationship between the two variables reflective of
electrophoresis with a measured electrophoretic mobility of
0.56 μm cm s−1 V−1 (figure 2(d)). The result was consistent
over all bacterial swarm cultures. This value implies that
MBRs may be useful to perform tasks in the typical field of
view of light microscopes at low applied voltages. The detailed
motion of the microbiorobot was accurately modeled by a
sum of the movement due to self-actuation and electrophoretic
actuation. Indeed, surface patterning of bacteria imparted a
charge that leads to a direct mechanism to control the motion
of MBRs. Previous work showed that electrolysis can cause
3
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demonstrated the same electrophoretic movement as before
the exposure, and as expected, the movement due to selfcoordination of the bacterial carpet was completely missing.
2.3. Microtransport
As a demonstration of the ability to steer MBRs, microscale Cshaped parts that we call goals were fabricated using standard
lithography and SU-8 photoresist. The goals were released
in the control chamber along with square-shaped MBRs
measuring 40 μm on each side. By varying the direction
of the electric field, the MBRs were easily steered through
the entrance of the goals even while continually rotating
(figure 4(a)).
As an exhibit of directional control, a line-tracking
experiment was designed. A simple path defining the letters
‘UP’ was fed to a feedback control algorithm that uses
estimates of the current location of the MBR and the error
with respect to the predefined trajectory to control the EF
(figure 4(b)). The MBR was tracked using an imageprocessing algorithm, and visual feedback control was
demonstrated (figure 4(c)). The overall performance can
be easily improved by using a more sophisticated control
algorithm.
Coupling the light and electric field mechanisms together
enables control over the angular orientation as well as twodimensional positioning of the MBR. A task was assigned of
transporting a cube-shaped target load measuring 10 μm on
each side using a U-shaped MBR referred to as a transporter,
which was positioned and oriented using a combination of
bacterial self-actuation, electrokinetics and photoexposure

Figure 3. Characterization of the effect of photoexposure on
angular orientation. Shown are the averaged results from several
trials of exposure of MBRs to UV light, as well as trend lines
between UV exposures. The white regions represent UV exposure.
The final data point (70 s) was normalized as zero radians for all
trials to reveal characteristic trends. Note that the slope of this curve
represents angular velocity.

as the cells adjust to the stimulus [35, 37]. Subsequent
exposures further decreased the angular velocity without the
cessation phenomena. Between the subsequent exposures,
angular velocity remained constant at the decreased levels.
This characterization was used to temporarily stop rotation and
adjust angular orientation of MBRs for later microtransport
experiments.
To determine if photoexposure affects the electrokinetic
reponse of MBRs, we repeated our characterization procedure
by applying electric fields (ranging from 1 to 10 V cm−1 ) to
MBRs after deactivating them using UV light. The MBRs

(c)

(a)

(b)

Figure 4. MBR control. (a) An MBR is directed through the entrance of a C-shaped microfabricated goal using teleoperation (movie S2
available online at stacks.iop.org/JMM/21/035001/mmedia). Scale bar represents time (2 min) as well as length (100 μm). (b) Block
diagram for vision-based computer control of MBRs with a picture of the experimental setup. (c) Using a feedback control algorithm, an
MBR is steered along a specified path (movie S3 available online at stacks.iop.org/JMM/21/035001/mmedia). Scale bar represents time
(1 min) as well as length (50 μm).
4
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Figure 5. Movement of target loads. On the left is shown a summary of the complete path of an MBR transporter moving a target load
described in detail in steps 1–4 (movie S4 available online at stacks.iop.org/JMM/21/035001/mmedia). The total time is 2 min, and the scale
bar is 25 μm. (1) The transporter initially rotates clockwise due to the self-coordination of the bacterial carpet. Electric fields are applied to
move the transporter to the left, and then up. (2) With the application of UV light, the transporter stops rotating in 6 s. As rotation is
stopped, electric fields are applied to position the transporter close to the target. (3) The target is engaged and transported to the right.
(4) The target is disengaged/reengaged by switching field polarity.

impair its motion instantaneously. Adding chelating agents
eliminates this effect as they form metal complexes. We
carried out several experiments where we added different
concentrations of CuSO4 into the solution and the lowest
copper ion concentration that our robots can detect was found
to be 10 μM. The steady-state angular velocity of the devices
decreases as the concentration of copper ions is increased
from 10 to 100 μM. For concentration values higher than
100 μM, MBRs stopped moving immediately as expected and
they started moving again with the addition of the chelating
agent [19]. For the given concentration levels, exposure to
copper does not damage the bacteria and the process can be
repeated multiple times. As the MBRs stay on the same focal
plane throughout the experiment, their motion can be recorded
at all times.
Next, to demonstrate the ability to sense chemicals while
scanning the whole control chamber with the MBRs, we
designed a simple setup where we apply direct current electric
fields in one dimension using a copper and a platinum electrode
(figure 6(a)). MBRs were released into the central part of
the experimental setup and an electric field of 10 V cm−1
was applied. Positively charged copper ions released from the
anode migrated toward the negative electrode while negatively
charged MBRs moved in the opposite direction. When MBRs
encountered the copper ions, their motion due to bacterial
actuation stopped immediately as the attached bacteria were
paralyzed (figure 6(b)). The angular velocity became almost
zero accordingly, as the main source of rotational motion
of the MBRs is flagellar propulsion (figure 6(c)). The
translational motion of the MBRs was slightly affected from
copper. The contribution of the bacterial actuation to the
translational velocity of the MBRs is small compared to their

(figure 5). A self-rotating transporter was first positioned
near the object by varying the direction of the electric field.
Next, the transporter was stopped at an appropriate orientation
to engage the target using localized UV light exposure.
Once the rotational motion was stopped, the transporter was
positioned to engage and move the load. The transporter was
disengaged and reengaged by switching the polarity of the
electric field.
These results suggest several potential applications for
biological robotic systems. As demonstrated here, transport
of microscale or even nanoscale objects is one application area.
The dimensions of objects transported in these experiments are
similar in scale to many types of living cells. These systems
could also be employed for the assembly of small microparts.
2.4. Biosensing
Beyond purely mechanical tasks, MBRs may also be employed
as mobile biosensors.
In this section, we build on
the previously developed techniques and demonstrate how
changes in motility of MBRs in the presence of analytes can be
used for biosensing using copper ions as an example. As the
angular velocity of the MBRs is fully dependent on bacterial
actuation, any significant change in the angular velocity will
be understood as a change in the motility of attached bacteria,
which points to the existence of the analyte. We monitor the
changes in the motion of the MBRs and report directly on the
activity of copper inside the chamber simply by visualization
of their angular speed.
It has been shown that copper ions paralyze S. marcescens
temporarily and in a reversible fashion [19]. Heavy metal
ions directly bond to the rotor of the flagellar motor and
5
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The experimental framework that we develop in this paper
is meant as a model system for other biological systems. We
can extend our approach to use ‘on-board’ sensing combined
with electrokinetic actuation to steer the MBRs to chemically
or biologically relevant goals. With minimal fluid disturbance,
using MBR biosensors in this fashion we can monitor signals
in close proximity to target cells. While monitoring the
local environment of target cells, we can simultaneously
apply forces with the same microrobots. With appropriate
genetic engineering, chemical signals could be generated to
influence target cells. This technique may enable MBR–MBR
communication by using genetically programmed sender and
receiver cells [39].

(a)

(b)

3. Experimental details
3.1. Fabrication of parts
The SU-8 microfabrication and development procedure is
compatible with a technique of release using a water-soluble
sacrificial dextran layer [32]. Traditional techniques for the
release of structures using a sacrificial layer required toxic
chemicals. Using dextran for the release layer, the motility
medium in which the studies are performed acted as an agent
of release.
The chosen substrate for the patterning of SU-8
microstructures is glass. The fabrication sequence is shown in
figure 1. The first spin-coating procedure was used to prepare
a water-soluble sacrificial dextran layer. An aqueous solution
of 5% (w/v) dextran 50–70 kDa was prepared by heating at
95 ◦ C on a hot plate to enhance dissolution of the dextran
into water. The solution was dispensed onto the glass slide
and spin-coated at 3000 rpm for 15 s. The sacrificial layer
was then baked for 2 min at 125 ◦ C. Next, a 5 μm layer of
SU-8 series 2 was spin-coated at 1000 rpm and pre-baked for
1 min at 65 ◦ C and 3 min at 95 ◦ C. The exposed substrate
was post-baked and developed in PGMEA (SU-8 developer).
The substrate was simply dried with nitrogen after PGMEA
development.

(c)

Figure 6. Biosensing. (a) Schematic of the setup used for the
copper-sensing experiment. (b) Sensing of copper ions is observed
as a loss of rotation. The translational movement due to the applied
electric field persists (movie S5 available online at
stacks.iop.org/JMM/21/035001/mmedia). (c) Angular position and
velocity versus time. Scale bar represents time (100 s) as well as
length (50 μm).

3.2. Galvanotaxis chamber
We designed and fabricated a scalable experimental apparatus
that we call a galvanotaxis chamber. Direct current electric
fields were applied to the MBRs in this galvanotaxis chamber
via agar salt bridges, Steinberg’s solution (60 mM NaCl,
0.7 mM KCl, 0.8 mM MgSO4 ·7H2 O, 0.3 mM CaNO3 ·4H2 O)
and graphite electrodes. It has been shown that salt bridges
avoid contamination of possible electrode byproducts by
successfully applying electric fields to a variety of cell
types using similar galvanotaxis chambers [40]. The whole
galvanotaxis chamber was fabricated on a glass plate out
of polydimethylsiloxane (PDMS), a biocompatible material
with well-known properties. This design was optimized to
apply EFs efficiently in multiple directions. In order to
minimize the possible adverse effects of electrode byproducts,
we used graphite electrodes. The electrodes were fixed in
parallel horizontal positions inside the compartments filled
with Steinberg’s solution to generate parallel EFs all over

electrokinetic mobility. Starting from the robots closest to
the positive electrode, all the robots inside the observation
chamber stopped rotating one by one. We verified once again
that the observed phenomenon was due to the released copper
ions, by adding 0.01 M potassium phosphate into the solution.
Potassium phosphate precipitates with copper and forms a
visible compound. Heavy metal ions directly bond to the
flagellar motor without initiating biochemical signals [19],
but the method applied here can be extended to scenarios
where chemical agents interact with chemoreceptors. Sensing
capabilities of attached bacteria can also be extended by
genetically engineering motility as a phenotypic response to
other external stimuli [38].
6
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the control chamber. The control chamber was filled with
the motility buffer (0.01 M potassium phosphate, 0.067 M
sodium chloride, 10−4 M ethylenediaminetetraacetic acid
(EDTA) and 0.002% Tween-20, pH 7.0). Observations were
performed in the central portion of the control chamber
where dielectrophoretic effects due to field nonlinearities are
minimized.

applications include single cell manipulation, microassembly
and biosensing. MBRs can be used as building blocks for
more sophisticated functional microdevices. Furthermore,
the paradigm introduced here can be integrated with other
microelectromechanical systems (MEMS) technologies.

3.3. Data acquisition, analysis and feedback control
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