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Abstract Flagellated bacteria have been embraced by the
micro-robotics community as a highly efficient microscale
actuation method, capable of converting chemical energy into
mechanical actuation for microsystems that require a small
payload and high rate of actuation. Along with being highly
motile, Serratia marcescens (S. marcescens), our bacterium
species of interest, is a highly agile biomotor capable of being
steered via chemotaxis. In this paper, we attached S. marces-
cens bacteria to polystyrene microbeads towards creating
biohybrid that can propel themselves towards an attractive
chemical source. Using a three-channel microfluidic device,
linear chemical gradients are generated to compare the behav-
ior of bacteria-propelled beads in the presence and absence of
a chemoattractant, L-aspartate. We tested and compared the

behavior of three different bacteria-attached bead sizes (5, 10
and 20 μm diameter) using a visual particle-tracking algo-
rithm, and noted their behavioral differences. The results
indicate that in the presence of a chemoattractant, the S.
marcescens-attached polystyrene beads exhibit a clear indica-
tion of directionality and steering control through the coordi-
nation of the bacteria present on each bead. This directionality
is observed in all bead size cases, suggesting potential for
targeted payload delivery using such a biohybrid micro-robotic
approach.
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1 Introduction

The recent prominence of miniature mobile robots has been
the result in the scaling down of existing robotic agents.
Many envision micro-robots able to carry out tasks in small
spaces that traditional robots would otherwise be unable to
execute successfully. However, the miniaturization of exist-
ing systems can exhibit bottlenecks when it comes to creat-
ing viable actuation and power sources necessary for
effective and efficient mobility at the microscale in mobility,
power and control (Sitti 2009).

A number of actuation techniques have been proposed to
enable the development of untethered micro-robots. The first
of two methodologies utilizes external sources for actuation
and power. In one approach, an electrostatically actuated robot
was created which utilizes a patterned substrate for remote
power delivery and control (Donald et al. 2006), while other
groups have delivered such power and control using an
externally-generated magnetic field for actuation (Pawashe
et al. 2009; Yesin et al. 2006; Diller et al. 2012a, 2012b,
2011; Pawashe et al. 2012; Floyd et al. 2011). However, these
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micro-robots can only operate within a limited workspace and
require bulky and complex external instrumentation. The sec-
ond, more recent methodology, utilizes cells or microorgan-
isms such as bacteria and algae for on-board actuation of
micro-robots (Darnton et al. 2004; Steager et al. 2007; Kim
and Breuer 2007; Weibel et al. 2005; Martel et al. 2009;
Leonardo et al. 2010). With simple nutrients such as glucose,
biomotors of these biological entities are capable of convert-
ing chemical energy to mechanical energy with high efficien-
cy. More importantly, scientists can exploit the integrated
sensors and complex behaviors already present within the cell
body to control cell and micro-robot movement. While such a
bio-hybrid approach has many advantages when compared to
off-board actuation methods at tens of micron or smaller
scale, there are also new challenges introduced. In particular,
the limited actuation duration due to the limited lifetime of
cells, the sensitivity of cell motility to environmental and
cultivation conditions, the potential pathogenic effects of
some cell types for future potential medical applications,
and the coordination of the stochastic behavior of large num-
ber of cells and micro-robots are all problems which need to
be addressed for such biohybrid approaches to become
feasible.

Serratia marcescens (S. marcescens) is a multi-flagellated
bacterium species that is highly agile and efficient swimmer at
viscous low Reynolds number environments. Moreover, the
sensors within the bacterium can allow for steering via che-
motaxis or phototaxis (Steager et al. 2007). The use of S.
marcescens for micro-scale manipulation and actuation has
been well documented in a variety of applications. For exam-
ple, S. marcescens was used to accomplish active mixing by
adsorbing swarmer cells onto polydimethylsiloxane (PDMS)
surfaces, and also for the propulsion of microscale objects by
attaching them to the microobject surface (Darnton et al.
2004). With an ultraviolet light source, S. marcescens was
also able to accomplish active mixing in microfluidic chan-
nels, as well as the propulsion of PDMS microbarges by the
same bacteria (Steager et al. 2007; Kim and Breuer 2007) via
phototaxis. Behkam and Sitti explored the behavior of
bacteria-propelled objects of various geometries in a static
fluid, in addition to investigating a chemical switchingmethod
to establish on/off control of the bacteria-propelled objects
(Behkam and Sitti 2007; Behkam and Sitti 2008). Moreover,
to reduce cancelling forces from attached on opposite sides of
each micro-object, they proposed chemical and physical pat-
terning techniques to allow for controlled bacteria adhesion in
order to achieve higher speeds and more directional motion
trajectories (Behkam and Sitti 2008, 2009).

This paper investigates the chemotactic steering behavior
and the increased directionality of S. marcescens propelled
micro-beads when placed in a uniformly linear chemical gra-
dient. Such a linear chemical gradient method is selected be-
cause it enables a uniform chemical gradient across the entire

microfluidic channel for long durations. In addition, it allows
for repeatable and precise gradients to be created, allowing for
better analysis than point source based circular chemical gra-
dients, which were used in previous work (Kim et al. 2011).
Three different bead sizes are used to compare differences in
bacteria-attached bead behavior, both with and without the
presence of the chemoattractant, L-aspartate. Here, L-
aspartate is selected as the chemoattractant as different from
our previous study (Kim et al. 2011) because it provides
increased attraction for flagellated bacteria (Park et al. 2003)
and it has higher diffusion coefficient, which makes experi-
mental preparation time shorter. Using visual tracking software,
the displacement of each bead was recorded and analyzed to
determine displacement, speed, and directionality results.

2 Methods and materials

2.1 Bacteria cultivation

The bacteria, S. marcescens (ATCC 274, American Type
Culture Collection, Manassas, VA), were first grown in
nutrient broth (25 g Difco LB Miller Broth and 1 L deion-
ized (DI) water, pH 7.0) for 4 h at 37 °C. A 2 μL aliquot was
placed on one end of a nutrient agar plate (25 g Difco LB
Miller Broth, 6 g Bacto Agar, 5 g glucose, and 1 L DI water,
pH 7.0) and incubated at 30 °C for 14 to 18 h (Kim et al.
2010). After bacteria swarming behavior developed, the
inoculation site generally contained a pink pigmentation,
exclusive to S. marcescens. The swarming colony spanned
across the plate with the most motile bacteria faintly pig-
mented and located along the leading edge of the swarm, as
shown in Fig. 1.

2.2 Polystyrene bead preparation

Polystyrene beads were prepared for bacteria attachment
through a cleaning process. An aliquot of polystyrene
microbeads (Fluka, Sigma-Aldrich, Germany) was first di-
luted in DI water 5 times from the initial concentration of
10 % by volume. Because these beads are supplied with a
surfactant coating, we performed a mild cleaning procedure
to remove the surfactant and allow the bacteria to bind to the
bead surface (Behkam and Sitti 2008). The bead suspension
was centrifuged and re-suspended in 1:1 DI water/Isopropyl
alcohol (50 % IPA). The wash procedure was repeated five
times to ensure removal of the adsorbed surfactant. After the
cleaning sequence, the beads were placed in 1 ml of motility
medium (0.1 M potassium phosphate tribasic, 10−4M ethyl-
enediaminetetraacetic acid (EDTA), 0.067 M sodium chlo-
ride, 0.01 M glucose, and 0.002 % Tween-20, pH 7.0)
(Adler and Templeton 1967). The beads were then concen-
trated five-fold in preparation for bacteria attachment. This
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preparation method was performed for all 5, 10, and 20 μm
diameter beads.

A 10 μl aliquot of the final suspension was pipetted onto
the leading edge of the swarm agar plate. The sample was
incubated at room temperature for 5 min. During this time,
bacteria randomly interact with the beads and some adhere
to the beads through hydrophobic interactions at an approx-
imate density of 1 bacterium/10 μm2 (Behkam and Sitti
2009), as shown in Fig. 2. After allowing 5 min for binding
to occur, the aliquot was pipetted back into 1 ml of motility
medium, and the resulting solution is ready for observation.

2.3 Materials for bacterial chemotaxis

Microfluidic chemical gradient generators of two basic
types have been proposed in the literature, flow-based and
diffusion-based. Flow-based chemical gradient generators
excel in creating steady gradients of arbitrary shape but flow
can affect the trajectory of free-swimming cells under study.
Consequently, flow-based gradient generators are only ap-
propriate for use in studying surface-attached cells. On the
other hand, diffusion-based microdevices can generate a
chemical gradient without flow, making them appropriate
for use on free-swimming microobjects. One simple ap-
proach utilizes source and sink microchannels to maintain
a 1D in-plane gradient through hydrogel (agarose) layers
(Ahmed et al. 2010). A third test channel located between
the source and sink contains the bacteria-propelled

microbeads and develops the chemical gradient, as shown
in Fig. 3. Any out-of-plane chemical gradients created in the
test channel will be small, and are neglected in this work.

To create this microfluidic channel setup, a PDMS (Sylgard
184, Dow Corning, Midland, MI) negative mold of the chan-
nels was first fabricated. To do this, the three-channel pattern
was laser etched into a 150μm thick acrylic film. This positive
mold was then mounted to the base of an empty petri dish and
an 8 mL PDMS solution was poured into the dish and cured at
30 °C for 24 h. The PDMS was then removed to serve as a
positive mold.

The procedure to create the experimental platform with
the agarose-based channels is illustrated in Fig. 4: (1) The
PDMS positive mold was placed on a non-stick polypropyl-
ene surface, and a PDMS spacer of thickness 300 μm was
placed on top of the mold; (2) An aqueous solution of

Fig. 2 Images of S. marcescens-attached polystyrene microbeads: (a)
Scanning electron microscope (SEM) image of 30 μm diameter beads
with attached bacteria. The individual bacteria are seen as small dots on
the smooth surface of the bead. (b) Inverted optical microscopic image
(using a 40× oil immersion objective lens) of 20 μm diameter beads
suspended in motility medium. Attached bacteria can be seen roughly
as black spots on the bead surfaces

Fig. 1 Top-view photograph of swarming S. marcescens on a nutrient
agar plate. The most pigmented area on the right marks the inoculation
site (denoted by the yellow circle), while the leading edge is seen
slightly over halfway across the plate. The polystyrene beads are
placed for bacteria attachment near the leading edge, marked by the
yellow line, where the bacteria are the most motile
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agarose (40 g Eiken Agar and 1 L DI water) was heated on a
hot plate and poured in the area enclosed by the spacer. The
agarose was promptly covered by a 1 mm thick Plexiglas
manifold containing holes at the inlets and outlets of each of

the 3 channels. Care was taken to make sure that the inlets
and outlets were aligned with those on the PDMS positive
mold; (3) After allowing 10 min for the agarose to gel
sufficiently, the platform was flipped, and the PDMS posi-
tive mold was removed, exposing the channels. To allow
insertion of solution into each channel, a 1.8 mm diameter
capillary tube (Kimble Glass, KIMAX-51, Vineland, NJ)
was used to puncture a hole at the inlets and outlets of each
channel through the agarose to the holes on the Plexiglas
manifold. (4) Lastly, the exposed channels were sealed by a
glass slide, and the platform flipped back upright. In order to
ensure proper adherence between layers and to prevent
leakage between channels, the platform was lightly
squeezed between two aluminum mounting brackets to
sandwich the layers together (Cheng et al. 2007).

Upon mounting the platform, 10 μl motility medium was
inserted in the test channel and observed briefly to ensure no
leakage into other channels. Upon seal confirmation, 10 μl
of a 10−3ML-aspartate (chemoattractant) solution was
inserted into the source channel, and 10 μl motility medium
was inserted into the sink channel. Diffusion of 10−4M
fluorescein at such a concentration through agarose has been
characterized by Cheng et al., and was shown to effectively
diffuse linearly, given a sufficiently low concentration under

Fig. 3 Schematic of the imaging enclosure: (a) In order from bottom
to top, 1: glass slide, 2: thin PDMS layer, 3: agarose shaped with three
channels, and 4: acrylic manifold with six holes for access to channel
inlets and outlets. (b) Channel layout of diffusion-based chemical
gradient generator, from top to bottom: chemoattractant microchannel
(as source), test microchannel (for placement of microbeads), and
deionized water microchannel (as sink). (c) Illustration of chemoat-
tractant concentration based on distance from the source channel on the
chemical gradient generator

Fig. 4 Step-by-step preparation of three-channel chemical gradient
generator, similar to design by Cheng et al.: (a) A PDMS spacer is
placed on top of a PDMS positive mold to create a reservoir for hot
agarose. (b) Upon placement of hot agarose, the setup is covered by an
acrylic manifold, ensuring that the inlet and outlet holes line up with
those on the positive mold. (c) After the agarose is given sufficient time
to gel (~10 min), the PDMS positive mold is removed. Holes are then
created for solution insertion, and the exposed side is covered by a
glass slide. (d) The final enclosure is then sandwiched together and
mounted between two metal frames for secure insertion of solutions
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10−3M. Therefore, we utilized a 1 mML-aspartate concen-
tration for our application (Cheng et al. 2007). Given the
dimensions of the channels, the chemoattractant was given
approximately 90 min to diffuse through the test channel
and generate a uniformly linear chemical gradient.

Following the linear chemical gradient generation, a
small aliquot of bacteria-attached beads was placed in the
test channel. Upon placement into the channel, the apparatus
was left for 10 min to allow the test channel flow to settle,
and for the chemoattractant gradient to restore itself through
the test channel. In order to maintain the chemoattractant
gradient, 10–20 μl chemoattractant solution or motility me-
dium was placed in their corresponding channels approxi-
mately every 20 min (Cheng et al. 2007).

To ensure that free-swimming background bacteria with-
in the bacteria-attached PS bead solution do not engage in
collective behavior and consequently affect the movement
of the beads themselves, we diluted the bead solution with
motility medium to reduce the concentration of background
bacteria. In a study on the concentration dependency of
dynamic collective behavior, it was shown that for density
numbers (volume fraction) under 0.14, no collective behav-
ior is observed (Sokolov et al. 2007). In our experiments, we
diluted the various bead solutions accordingly to ensure
background bacteria density under 0.14.

2.4 Visual tracking of microbeads

For non-chemotactic experiments, the source and sink chan-
nels were both filled with motility medium, while the poly-
styrene beads were placed in the test channel. For
chemotactic experiments, the source and sink channels were
filled with chemoattractant and DI water, respectively. The
motion of the bacteria-attached PS beads was observed via
using an inverted optical microscope (Axiovert 100, Zeiss,
Germany) under 20× and 32× objective lenses, as well as a
40× oil immersion objective lens (Zeiss, Germany). Videos
were recorded at 23 frames per second for each bead sample
using a CCD camera (WV-CD110-A, Panasonic, Japan).
These videos were processed in Image J, using a particle
tracking plugin (free software and plugin available from
NIH, http://rsbweb.nih.gov/ij/), and the trajectory data out-
put from the plugin was analyzed in MATLAB to determine
bead mean speeds and directionality information.

2.5 Mean speed calculation

In the test channel, microbeads exhibited different behaviors
based on whether they were in contact with the glass bottom
surface or floating free in the bulk of the liquid. When near the
surface, the beads exhibited a wall effect due to very low
Reynolds number regime and were consequently slower in
speed; when the beads were further than a few times the bead’s

diameter away from the surface, the beads tended to be faster,
as they were less influenced by the wall effect (Goldman et al.
1967).When the beads were first placed in the test channel, the
liquid within the channel exhibited a high flow rate, and the
bead trajectories could not be accurately measured. After
approximately 10 min, the flow stopped and the chemical
gradient was stable throughout the channel. Moreover, by
the end of this waiting period, the beads tended to settle near
the glass. Therefore, for both non-chemotactic and chemotac-
tic experiments, the beads were observed near the surface only.

When analyzing stochastic random motions of living cells,
a metric called the mean square displacement L2 is used. This
metric examines the mean distance travelled by the bead as a
function of the observation time duration, averaged over the
entire observation period. The mean square displacement
allows for the comparison of diffusion and other causes of
motion in such randomly driven systems. For our chemotactic
bead behavior study, we examined the bead behavior for three
different bead diameter sizes: 5 μm, 10 μm, and 20 μm. For
both non-chemotactic and chemotactic cases, these beads were
coated with bacteria, observed under an optical microscope for
a duration lasting 30 s, and subsequently tracked to determine
the mean square displacement of each bead as a function of
time. The two dimensional (2D) displacement of bacteria
propelled beads follows the general equation (Arabagi et al.
2011; Behkam and Sitti 2008; Howse et al. 2007)

< ΔL2 >¼ 4DΔt þ V 2
meant

2
R

2

2Δt

tR
þ e�

2Δt
tR � 1

� �
; ð1Þ

whereΔt is the time duration, V is the mean bead velocity,D is
the bead diffusion coefficient and tR is the randomization time.
Here, the first term 4DΔt of Eq. (1) represents the diffusion of
a non-propelled bead in 2D. The second term is the active self-
propulsion based translation and rotational stochastic bead
motion. Here, the randomization time is tR ¼ 8pηR3=ðkBTÞ,
where η is the liquid dynamic viscosity, R is the bead radius,
and kB is the Boltzmann constant. The bead will experience
rotational diffusion with characteristic rate oftR. In this case,tR
is around 1.4, 11 and 88 min for bead diameters of 5, 10 and
20 μm, respectively. When t is much larger than τR, the
diffusion term 4DΔt will dominate the bead’s motion, result-
ing in Brownian motion with a given effective diffusion con-
stantD. However, when t is much smaller thantR, the diffusion
term can be neglected and Eq. (1) can be approximated as

< ΔL2 >� V 2
meanðΔtÞ2: ð2Þ

In this regime, the mean square displacement should
increase with the square of the time duration Δt (Howse et
al. 2007).

The specific bead tracking duration of 30 s was chosen to
ensure accuracy in tracking while maintaining an observation
window well under τR (Behkam and Sitti 2009). Thus, by
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assuming Δt is much smaller than tR and fitting Eq. (2) to
data of the mean squared displacement of each bead as a
function of Δt, we determined the mean speed Vmean of each
stochastically propelled bead. Mean square displacement L2

for a given time duration Δt is calculated from raw position
data by stepping through each datapoint and finding the
square of the magnitude of the 2D displacement at a time
Δt later, and averaging all of these displacements over the
entire observed path.

3 Experimental results

To accurately analyze the bead behavior and establish a
baseline for chemotactic experiments, we first tracked the
motion of bacteria-attached beads in the absence of a chemo-
attractant for three different bead sizes. These experiments
were conducted in a small fluid well with PDMS sides and
glass bottom and top. These beads were tracked while near
the bottom glass slide surface, resulting in reduced motility
due to wall effects between the bacteria-attached bead and
the glass surface at the bottom of the experimental apparatus.
The trajectories of ten beads of each size for a 30 s duration
are illustrated in Fig. 5(a)-(c). Each bead is represented by a
different color on the graph, and the starting points of each
are denoted by a double concentric circle.

The bead motion is summarized by the mean square
displacement, as calculated using the methods from the
previous section. The mean square displacements of all
beads tracked in the non-chemotactic case are shown in
Fig. 6(a)-(c). By fitting a parabola to each trajectory, the
mean velocity Vmean can be found as in Eq. (2). Also shown
in the insets of Fig. 6 are the directionality histograms, taken
with aΔt of 2.2 s, showing the tendency of the bead to move
in any particular direction. For each frame in the captured

video, the bead exhibits a displacement, which can be quan-
tified by a vector. The angles of these each vector are calcu-
lated with respect to the chemoattractant, located at the
bottom of the frame, and plotted on the histogram. To min-
imize pixel discretization errors in this directionality calcu-
lation, a relatively large Δt of 2.2 s was used.

The mean speeds and standard deviations of each bead
throughout different durations are organized by bead size
and shown in Table 1. Here, different sizes of beads were
investigated because it is important to understand and quan-
tify the scaling effects of bacteria propelled micro-robotic
systems where such micro-robots could require larger pay-
loads or any additional on-board components.

In the presence of a chemoattractant, S. marcescens bac-
teria attached to the beads are expected to propel the beads
up the chemical gradient, towards the source of the chemo-
attractant. As described previously, a diffusion-based three-
channel agarose chemoattractant gradient generator was
fabricated to generate a uniformly linear gradient throughout
the width of the test channel (Cheng et al. 2007). By main-
taining a flow in the source and sink channels, the chemical
continually diffuses through the agar and test channel, main-
taining the gradient. Each bead sample was tracked for 30 s,
as plotted in Fig. 5 (d)-(f), with respect to their own starting
positions within the capture frame, and superimposed upon
each other.

The chemotactic nature of the bacteria-attached beads
under the influence of a chemical gradient is most clearly
illustrated in Fig. 6, which illustrates angle histograms based
on 30 s trajectory data from all bead samples, based on bead
size. The calculated mean speeds Vmean for each bead size
for the chemotactic case and their standard deviations are
shown in Table 1 along with the non-chemoattractive cases.

Example typical non-chemotactic and chemotactic bead
propulsion videos are shown in the supporting documents.

Fig. 5 Trajectory maps of S.
marcescens-attached
microbeads through a duration
of 30 s: Non-chemotactic be-
havior of (a) 5 μm, (b) 10 μm,
and (c) 20 μm diameter
microbeads; chemotactic behav-
ior of (d) 5 μm, (e) 10 μm, and
(f) 20 μm diameter microbeads.
For chemotactic behavior, the
chemoattractant source is located
at the bottom of each map. The
starting point of each bead tra-
jectory is marked by a double
concentric circle
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4 Discussions

The large variance in a single bead size’s speed, shown in
Table 1, is due to the random stochastic nature of the
actuation method, and could be largely explained by noting
that the number of bacteria attached to each bead can vary
widely. As seen in Fig. 2(a), the bacteria do not completely
cover the bead surface, and random distribution and number
of bacteria could have a large effect on bead speed, as
studied previously (Behkam et al. 2008). For each non-
chemotactic and chemotactic case, all sample data within
one bead size was taken within a single bacterial cultivation.
If samples were from different bacterial cultivations, we

would expect to see even greater standard deviation for
mean speed.

In Table 1 we see that the mean velocity in the chemotactic
case was roughly twice that in the non-chemotactic case,
indicating that the presence of the chemical gradient resulted
in directed motion along a single direction. In Fig. 5(a)-(c),
one can observe that in the absence of a chemoattractant, the
beads exhibited no preferential direction of travel. This lack of
directionality is characteristic of a randomwalk like stochastic
behavior. However, in Fig. 5(a)-(c), one can observe that in the
presence of chemoattractant, the beads did exhibit a preferen-
tial downward direction of travel.

For both non-chemotactic and chemotactic cases, the mean
speed of each bead size are slightly increasing with bead size,
but only to a small extent. While the amount of data is too
small here to fully support such a trend, we propose a hypoth-
esis to explain a possible increase in speed with bead size. As
the size of the bead increases, the surface area of bead
increases as well. However, because our experiments were
performed near the glass surface at the bottom of our channels,
an increase in contact surface area translates to a greater
magnitude of the wall effect. Additionally, while surface area
increases with the square of the bead radius and more bacteria
are able to attach to the bead surface, propulsive force only
increases linearly with radius. As a result, propulsive force

Fig. 6 Mean square displacement of S. marcescens-attached microbe-
ads through a duration of 30 s: Non-chemotactic behavior of (a) 5 μm,
(b) 10 μm, and (c) 20 μm diameter microbeads; chemotactic behavior
of (d) 5 μm, (e) 10 μm, and (f) 20 μm diameter microbeads. Insets
show angle histograms of bead directionality, taken with aΔt of 2.2 s. In
the absence of chemoattractant, the beads exhibit no preferential

direction, and therefore the corresponding angle histograms show a fairly
uniform distribution among all angles. However, in the presence of a
chemoattractant, the beads have a tendency to move towards the chemo-
attractant source, located at the bottom of the frame. As seen on the
chemotactic angle histograms, there is a peak near the bottom, indicating
an increased directionality towards the chemoattractant source

Table 1 Mean speed Vmean and standard deviation of 5, 10, and 20 μm
diameter bacteria-attached bead propulsion for chemoattractive and
non-chemoattractive cases, taken from 10 different bead trajectories
each tracked over 30 s

Bead diameter 5 μm 10 μm 20 μm

Non-chemoattractive 1.55±0.56
μm/s

1.81±0.76
μm/s

1.21±0.38
μm/s

Chemoattractive 2.83±1.28
μm/s

3.29±1.31
μm/s

2.59±1.01
μm/s
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does not scale proportionally with an increase in bead size
(surface area).

In the non-chemotactic case, we expect to see a uniform
distribution of motion throughout all directions. In the angle
histograms of Fig. 6 (a)-(c), we can see that this is primarily
the case with all the non-chemotactic bead angle histogram
results, due to the fact that there are no pronounced prefer-
ence in any specific direction. On the other hand, given the
presence of a chemical gradient, whose source lies at the
lower edge of the channel, we expect the corresponding
angle histograms to exhibit a unimodal distribution towards
the bottom. As seen in the angle histograms of Fig. 6(d)-(f),
each of the three bead sizes show a peak at near the bottom,
although the 5 μm bead chemoattractive case shows less
downward preference than the 10 and 20 μm beads. A
potential explanation for this is that there are fewer bacteria
attached to the 5 μm bead than are attached to the 10 and
20 μm beads. It has been shown previously that the number
of bacteria can be as low as 1–2 for such a small bead
(Behkam and Sitti 2008), which indicates that each individ-
ual bacterium is acting independently to push the bead,
rather than acting in aggregate. In such a case, the presence
of chemoattractant may be overpowered by the random
walk characteristics of each individual. Looking at the indi-
vidual trajectories in Fig. 5(d), we see that some of the beads
undergo much more directional motion than others, suggest-
ing that the lack of clear directionality in the aggregate
histogram data may be due to some low-performance beads.
Such effects must be further studied in future work.

As a final observation, the orientation of individual S.
marcescens bodies on the bead surface can greatly affect the
overall bead motion. As observed in a small percentage of
beads, the beads not only exhibited a two-dimensional dis-
placement, but also engaged in a rolling movement not
captured in the data presented here, but seen in the experi-
mental videos. If the cell body of the bacterium attaches by
its side to the bead, then its “run” mode would contribute
more to the rolling motion of the bead rather than its trans-
lational motion, which would reduce its translational speed.

5 Conclusions

This paper demonstrated the behavior of S. marcescens-
attached 5 μm, 10 μm, and 20 μm diameter polystyrene
beads in the absence and presence of a chemoattractant, L-
aspartate. When no chemoattractant is present, the bacteria-
attached beads engage in a stochastic non-directional mo-
tion, in accordance with the behavior documented by previ-
ous studies. However, when the beads are placed in the
presence of a linear chemoattractant gradient, the bead
behaviors change. By using a diffusion-based linear micro-
fluidic chemical gradient generator and observing the bead

motion, the following conclusions could be made. In the
presence of a chemoattractant, the bead motions become
significantly straighter, resulting in faster mean bead veloc-
ities, which suggests that the run-to-tumble ratio of each
individual bacteria is increasing. Through angle histograms
of their motion, the bacteria-attached beads have a tendency
to move towards the direction of the chemoattractant source,
indicating that chemical gradients can act as direction con-
trol for bacteria-attached beads. Additionally, in both non-
chemotactic and chemotactic cases, as bead size increases,
the mean bead speed increases slightly. This was attributed
to an increasing proportion of propulsive force over surface
area as the bead diameter increases. While other recent
results have demonstrated progress in control of individual
or swarms of bacteria, this study has shown the first exam-
ple of directed payload motion driven solely by attached
bacteria.

This study has demonstrated the potential for utilizing
bacteria-attached micro-beads controlled by bacterial che-
motaxis as a passive steering control method for various
future biohybrid micro-robotics applications in medicine
such as local disease diagnosis and targeted drug delivery
and in environmental monitoring. Moreover, through the
testing of various microbead sizes, it can be concluded that
there exists an optimal micro-robot body size that allows for
a balance between propulsive force and wall effects. Im-
proving bead patterning (Behkam and Sitti 2008) and bac-
teria attachment techniques could further improve the
motility and steering capability of the bacteria-propelled
microbeads as future works. Finally, because the wall effects
reduce the bead speeds close to the glass slide, we will
investigate buoyant microbeads that could move without
any wall effects far from surfaces.
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