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Abstract Microorganisms and specifically motile bacteria
have been recently added to the list of micro-actuators
typically considered for the implementation of microsys-
tems and microrobots. Such trend has been motivated by
the fact these microorganisms are self-powered actuators
with overall sizes at the lower end of the micrometer range
and which have proven to be extremely effective in low
Reynolds number hydrodynamic regime of usually less than
102, Furthermore, the various sensors or taxes in bacteria
influencing their movements can also be exploited to per-
form tasks that were previously considered only for futuris-
tic artificial microrobots. Bacterial implementations and
related issues are not only reviewed, but this paper also
proposes many techniques and approaches that can be con-
sidered as building blocks for the implementations of more
sophisticated microsystems and microrobots.

Keywords Bacteria - Taxes - Directional control -
Microactuation - Microsystems - Microrobots

1 Introduction

The conception of efficient, compact and self-powered
microsystems and microrobots faces several technical chal-
lenges. One of the first challenges being investigated was
certainly the actuation aspect of microrobots (Trimmer and
Jebens 1989; Dario et al. 1992; Abbott et al. 2007; Sharma
and Mittal 2008). Indeed, for microrobots designed to
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operate in a liquid medium, the main concern for the actua-
tors lies in the fact that they must operate in low Reynolds
number hydrodynamics (Happel and Brenner 1973; Purcell
1976) where self-propelled microorganisms (Hancock
1953) and in particular, bacterial flagellated actuation were
known to be among the most efficient mechanisms in such a
regime (Shoesmith 1960; Holwill and Burge 1963; Berg
1975; Keller and Rubinow 1976; Lighthill 1976; Greenberg
and Canale-Parola 1977a; Berg and Turner 1979; Higdon
1979; Purcell 1997; Berg 2004; Chattopadhyay et al. 2006).
Such observations stimulated research efforts to model flagel-
lar bacterial motions (Chwang and Wu 1971; Winet and
Keller 1976; de la Torre and Bloomfield 1977; Johnson and
Brokaw 1979; Phan-Thien et al. 1987; Ramia 1991; Sleigh
1991; Goto et al. 2000; Lowe 2001; Trachtenberg et al. 2003;
Earl et al. 2007; Hirofumi and Netz 2007; Lobaton and Bayen
2007). Although other modes of bacterial propulsion were
studied (e.g. Spiroplasma, helical bacteria propelled by the
propagation of kink pairs down the length of the cell body
(Shaevitz et al. 2005; Yang et al. 2009)), the best understood
and studied method based on flagellar propulsion was consid-
ered in assessing new biomimetic designs for microrobots
(Rathore and Sharma 2010). These designs were inspired by
the rotation of bacterial flagella (Berg and Anderson 1973;
Lowe et al. 1987) while being validated and tested on macro-
scale implementations and prototypes (Honda et al. 1996; Edd
et al. 2003; Ishiyama et al. 2003; Behkam and Sitti 2004;
2005, 2006a).

Then artificial micro-swimmers were developed starting
with the controlled swimming motion of an artificial flexible
flagellum made from a linear chain of colloidal magnetic
particles linked by DNA and attached to a red blood cell
(Dreyfus et al. 2005). The latter led to magnetically con-
trolled artificial nano-structured propellers (Ghosh and
Fisher 2009), helically symmetric flexible polymer struc-
tures (Garstecki et al. 2009), and micrometer-scale artificial
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bacterial flagella (ABF) (Zhang et al. 2009a; Tottori et al.
2012). ABF consists of a micro- or nano-scale helical pro-
peller attached to a ferromagnetic bead acting as the head
which is actuated using a torque from a rotational magnetic
field. Interesting enough is the fact that ABF can have a size
comparable to a natural flagellated bacterium.

Although accurate control of ABF has been demonstrated
through micromanipulation tasks (Zhang et al. 2009b; 2010)
and the fact that optimization of flagellar shape based on
previous studies (Nasseri and Phan-Thien 1997; Fijita and
Kawai 2001) and within nano- micro-fabrication constraints
could potentially increase further the displacement velocity
of such artificial swimmers, the approach still relies on an
external source of power for propulsion. Indeed, since mag-
netism was and still the preferred choice for the actuation of
such untethered micro-swimmers, the use of an external
rotating magnetic field to induce a rotational torque on
ABF for displacement purpose requires much less power
compared to the use of a magnetic pulling force. This fact
allows such artificial micro-swimmers mimicking flagellar
propulsion to be miniaturized further while offering the
possibility to increase the distance between the external
source and the micro-swimmers for remote operations in-
cluding potential medical interventions in the human body.
But although improved significantly compared to other
magnetically-actuated microdevices operating in low
Reynolds number regime, the remote distance and the level
of miniaturization achievable with an external source of
power for propulsion still represent constraints that can limit
its applicability for specific cases.

Toward the elimination of the need for an external
source of power for actuation, the development of syn-
thetic (artificial) molecular motors were investigated
(Davis 1999; Balzani et al. 2000). But in a more prac-
tical point-of-view, considering the challenge of repro-
ducing artificially the complexity of natural molecular
machines, efforts were put forward to use natural enti-
ties for actuation purpose instead of replicating them
artificially.

An initial example was a hybrid implementation consist-
ing of an F;-adenosine triphosphate synthase (F,-ATPase)
biomolecular motor actuating a fabricated inorganic nano-
propeller (Soong et al. 2000). The F,-ATPase molecular
motor is not only known to be the rotary motor found in
flagellated bacteria (Berg 2003) but its conception relying
on a rotor turning 360° stepwise inside a stator has design
similarities with its counterpart macroscale electrical motor
designed by engineers with the exception of the material and
the energy source. Indeed, flagellated bacteria as self-
powered actuators avoid the technical constraints related to
electrical energy storage and generation that make miniatur-
ization of self-powered untethered artificial microsystems
and microrobots so difficult.

@ Springer

Bacteria use the free energy stored in transmembrane ion
gradients to manufacture ATP to provide a proton flux
(Meister et al. 1987) that generates a torque (Berg 1995;
Samuel and Berg 1996; Ryu et al. 2000) for rotating the
flagella and hence, achieving a corresponding swimming
velocity (Chen and Berg 2000; Inoue et al. 2008). But more
interesting is the fact that F-ATPase was reported to convert
chemical into mechanical energy with near 100 % efficiency
(Yasuda et al. 1998). It is then not surprising that not only the
ATPase molecular motors but the whole bacteria containing
such efficient energy conversion unit were also considered as
self-powered micro-actuators in microsystems.

2 Bacterial microsystems

Initial bacterial microsystems took the form of a monolayer
consisting of flagellated bacteria attached to a solid surface
and referred to as a bacterial carpet that was used to pump
liquid in a microfluidic channel (Darnton et al. 2004; Kim
and Breuer 2008) or to enhance mixing in microfluidic
systems (Kim and Breuer 2007a). The chemotactic swim-
ming characteristics of flagellated bacteria were also
exploited to enhance controlled mixing in microfluidic sys-
tems (Kim and Breuer 2007b).

The static substrate used in microfluidic applications then
evolved to integrate moving micro-parts. For instance, glid-
ing bacteria were used to actuate a micro-rotary motor
(Hiratsuka et al. 2006). Asymmetric sub-millimeter gears
were also actuated by random movement of bacteria
(Sokolov et al. 2010). Indeed, instead of carefully aligning
and binding flagellated bacteria on the synthetic surface of a
microsystem in order to have them work cooperatively, one
strategy is to obtain a spontaneous and unidirectional mo-
tion or rotation of fabricated objects by immersing them in
an active bacterial bath within an asymmetric environment
(Angelani et al. 2009; Di Leonardo et al. 2010).

A microelectronic bacterial microsystem was also pro-
posed (Martel 2006a; Lu et al. 2007a; b) and designed for
the detection of live pathogenic bacteria using controlled
flagellated magnetotactic bacteria (MTB) (Blakemore 1975;
Blakemore 1982). Instead of relying on random motion of
free-swimming bacteria as in some previous bacterial micro-
systems, another strategy was used where magnetotaxis
(Frankel and Blakemore 1980; Frankel 1984; Debarros et
al. 1990) inherent in MTB was exploited to magnetically
guide them in a deterministic manner between pairs of
microelectrodes in microfluidic channels drilled through a
microelectronic integrated circuit. To accelerate the detec-
tion process, MTB coated with phages or antibodies with
binding specificity to the targeted pathogens could be di-
rected to sweep through the sample medium and redirected
through the narrowed microfluidic channels with a potential
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pathogen attached to the MTB cell. In such a case, detection
could be done through specific impedance signatures
recorded by each pair of electrodes prior to be processed
by the microelectronic circuit.

Magnetotactic bacteria as integral parts of microsystems
were also considered for other purposes such as directional
controlled microcarriers to transport samples in microfluidic
microsystems (Lu and Martel 2006a; 2006b; 2007) which
expanded for transport on microelectronic circuits and other
microsystems (Martel 2007), and in micromanipulation. For
instance, the orientation and location of the MTB can be
controlled with minimum electrical power due to the prox-
imity of micro-electromagnets arrays capable of inducing a
directional electro-magnetic torque on the chain of
aligned membrane magnetic nanoparticles known as
magnetosomes synthesized inside each cell (Bazylinski
and Frankel 2004) during cultivation. For example,
micro-electromagnets consisting of multiple layers of
lithographically patterned conductors were used to trap
and control the orientation of a single or groups of
MTB prior to remove their cellular membranes by cell
lysis for leaving the magnetic nanoparticles on a sub-
strate (Lee et al. 2004). Another system using micro-
electromagnets arrays where micro- or nano-objects to
be manipulated could be attached to the surface of the
cell of the MTB has also been developed (André et al.
2007).

3 Bacterial microrobots

A motile bacterium can be seen as an actuator-sensor-
processing unit, i.e., with the fundamental embedded func-
tionalities found in autonomous robots. Sensory-based
reactions or signal transduction mechanisms shown by
motile microorganisms are known as “taxes” (positive
and negative taxes indicate taxes towards the source and
away from the source respectively) and the behavioral
response of bacteria seeking optimal metabolic activity,
a process referred to as energy taxis (Taylor and Zhulin
1998; Taylor et al. 1999; Alexandre and Zhulin 2001;
Schweinitzer and Jesenhans 2010) or bacterial taxis
(Glagolev 1980; Krell et al. 2011) when referring spe-
cifically to bacteria can be exploited to control these
motile microorganisms to execute specific tasks.

The Paramecium, a microorganism propelled by cilia and
much larger than a single bacterium, was initially used as a
prototype biomicrorobot (also referred to as microbiorobot)
to demonstrate this concept (Fearing 1991). This was done
by controlling its motion along a planned trajectory using an
approach based on previous observations of the galvanic
response (Roberts 1970), the bioelectric control of ciliary
activity (Eckert 1972), and the cilia frequency and

orientation response (Machemer and Eckert 1975) of this
microorganism.

In its simplest form, a single bacterium can be seen as a
bacterial microrobot with an overall dimension in the ex-
treme lower end of the micrometer (wm) scale. The same
bacterium can also take the form of a bio-hybrid microrobot
or microcarrier with one or more nanoscale synthetic or
artificial objects to a few micrometers in size single object
attached to its cell. A larger bio-hybrid microrobot can also
be made of several motile bacteria acting as micro-actuators
attached to a larger artificial microstructure.

For instance, several bacteria attached to a fragment of
polydimethylsiloxane without motion control (steering) has
been initially reported in (Darnton et al. 2004) and later with
a polystyrene bead (Behkam and Sitti 2006b) with the aim
to potentially applying it for patterned PDMS micro-
cylinders (Behkman and Sitti 2008a), again without steer-
ing. Steering was done on a flagellated algae (slightly larger
than a bacterium) using phototaxis to carry a few microm-
eter in diameter polystyrene bead attached to the cell using
surface chemistry prior to be released using photochemistry
(Weibel et al. 2005).

A method based on magnetotaxis for the directional
control along a predetermined path or trajectory of one or
more bacteria and a single bacterium carrying an attached
object and acting like a microrobot has been initially filed in
(Martel 2004; 2006b). Experimental results of a 3-
micrometer bead attached to a single flagellated MC-1 bac-
terium being accurately controlled with magnetotaxis along
a preprogrammed trajectory were initially published in
(Martel 2006¢) and described in more details in (Martel et
al. 2006). One of the main motivations for using magneto-
taxis directional control instead of another taxis-based di-
rectional control method was to assess the possibility of
targeted delivery of therapeutic agents using such controlled
bacterial microcarriers in the human blood vessels (Martel
2006d). Indeed, magnetism provides a suitable and nonin-
vasive communication link between an external computer-
ized control unit and the magnetotactic bacteria at any
depths inside the human body. Furthermore, since the chain
of magnetosomes in the cell of MTB responds to directional
magnetic field as low as the geomagnetic field, the power
required by a magnetic source for directional control pur-
pose is therefore much lowered and hence easier to imple-
ment compared to the ones used to induce a directional
displacement force on artificial entities including micro-
swimmers. Unlike the Paramecium or the algae used as a
directionally controlled biomicrorobot, the rounded cell of
the MC-1 magnetotactic bacterium has a sufficiently small
diameter (1-2 wm) to allow it to transit through the tiniest
capillaries found in humans to reach targets such as tumors
while offering the maximum surface on the cell to attach
therapeutic payloads (Martel et al. 2009).
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3.1 Directional control methods

Directional control of bacteria is for sure a fundamental
requirement for the implementation of bacterial microro-
bots. In this paper, we categorize the main directional con-
trol methods for bacteria as taxis-based or structural-based.
In turn, taxis directional control as depicted in Fig. 1 is
divided as deterministic, environmental, autonomous, assis-
ted, and multi-taxes control.

3.1.1 Deterministic directional control

Deterministic directional or steering control allows a bacte-
rium or a bacterial microrobot to follow precisely a prede-
fined path or trajectory, often being under the control of an
external computer. Although deterministic magnetotaxis di-
rectional control of motile bacteria (magnetotactic bacterial
microrobots) has shown accurate results while offering sig-
nificant advantages for many applications, other determin-
istic taxis-based control methods are also possible.

Besides magnetotactic bacterial microrobots, other deter-
ministic taxis-based directional control methods offer the
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Fig. 1 Schematics illustrating the fundamental taxis directional control
methods
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possibilities for the implementation of galvanotactic, photo-
tactic, and electrophoretic bacterial microrobots, to name
but only three examples. For instance, ultraviolet light was
used to control the flagellar rotational motion and hence
affecting the motility of the bacteria (phototactic stop-
resume control), a phenomenum previously reported in
(Taylor and Koshland 1975). In this example, direct current
electric fields were used to achieve electrophoretic direc-
tional control of a two-dimensional movement of a micro-
fabricated structure coated with a monolayer of motile bac-
teria (Steager et al. 2011). Unlike in galvanotaxis which is
caused by a difference in electrophoretic mobility between
the bacterial cell and the flagella (Shi et al. 1996), electro-
phoretic directional control is caused by the inherent charge
of the bacterial cells. Although electrophoretic directional
control could also be achieved by a charge in the bacterial
artificial microstructure itself, it would impose specific
requirements in the microstructure. Furthermore, having
such taxis embedded in the bacterium itself, allows for the
use of a single bacterium to act as a microrobot. The same
holds true for other deterministic taxis modes including
directional magnetic control using a torque on a magnetized
bacterial artificial microstructure.

3.1.2 Environmental and autonomous directional control

Environmental and autonomous directional control methods
for bacteria exploits a bacterial taxis acting as onboard
sensor to seek and move towards (or away) a specific target
without the help of a source of control external to the
bacterial microrobot for autonomous directional control;
and outside in the environmental liquid medium for envi-
ronmental directional control. Although in some particular
cases, environmental directional control could be done with
a taxis mentioned in deterministic directional control to find
the source inside a liquid medium influencing the same
respective taxis, practically, another taxis including but not
limited to aerotaxis (Baracchini and Sherris 1959;
Stanbridge and Preston 1969; Barak et al. 1982; Shioi et
al. 1988; Wong et al. 1995; Zhulin et al. 1996; Hou et al.
2000) and chemotaxis (Adler 1966; Berg and Brown 1972;
Adler and Tso 1974; Lovely and Dahlquist 1975; Greenberg
and Canale-Parola 1977b; Noble and Levine 1986; Adler
1988; Schnitzer et al. 1990; Crenshaw 1993; Zhulin and
Armitage 1993; Hillesdon et al. 1995; Armitage and
Schmitt 1997) is usually considered.

While aerotaxis is a general term that defines the move-
ment of a microorganism toward (positive aerotaxis) or
away (negative aerotaxis) from air or oxygen, the term
oxytaxis is also used to indicate the movement or orientation
towards a supply of oxygen. An example of environmental
directional control is in aerotaxis that was exploited in
clinical medicine where anaerobic motile bacteria were used
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to seek oxygen depleted areas in heterogeneous tumor tissue
(Coley 1891; Nauts et al. 1946; Willis 1960) as discussed
later in this paper.

The general principle of motion control of bacterial
microrobots using oxygen gradients has been described in
(Shechter and Martel 2010). This principle led to the possi-
bility of programming bacterial microrobots to achieve en-
vironmental directional control using oxygen micro-bubbles
in the surrounding fluidic environment or inside a bacterial
artificial microstructure to implement autonomous direc-
tional control. Such concept referred to as oxygen program-
ming, has been proposed and described in (Martel 2010) and
it is represented schematically in Fig. 1 for autonomous
directional control. With oxygen programming, not only
the miniaturization constraints of powering an onboard elec-
tronic computer could be avoided since the approach does
not rely on electrical energy, but the desired motion behav-
ior of a single bacterium, a single aggregate or several
aggregates of bacteria could also be defined from a comput-
er graphical interface or a special computer language. Such
commands or instructions could be compiled and written as
a pattern of oxygen micro-bubbles of various sizes and
locations inside the microstructure (autonomous) of a bac-
terial robot or in the surrounding fluidic environment
(environmental). Sequential execution and the timing from
one sequence to the next is then achieved by the consump-
tion of oxygen by the bacteria being diffused from micro-
bubbles of predetermined locations and sizes.

Bacterial chemotaxis on the other hand as first described
by T.W. Engelmann and W.F. Pfeffer in 1881 and 1884
respectively, is known as the phenomenon in which bacteria
or bacteria propelled microstructures such as microbeads
(Kim et al. 2011) direct their movements according to cer-
tain chemicals in the fluid environment. As such, chemo-
taxis can be used in environmental directional control to
seek particular sources of chemicals without external con-
trol. Negative chemotaxis can also be used to indicate by
observation of the movement of the motile bacteria, the
presence of other chemicals that are repulsive to the bacte-
ria, e.g. phenol. Although never attempted yet, chemical
programming as opposed to oxygen programming for au-
tonomous directional control of bacterial microrobots could
potentially be achieved for positive chemotaxis using a
nutrient that can be consumed by the bacteria (e.g. glucose
programming).

But besides the limitation in the types of chemicals that can
be considered in positive chemotactic directional control for
instance, chemotactic motion is not as straight and predictable
(Berg 1983; Nossal 1983) as in pure deterministic directional
control such as magnetotactic motion. As such and confirmed
later with bacteria attached to a bead (Kim et al. 2011),
chemotactic directional control may not be suitable for appli-
cations where directional control accuracy is critical. Indeed,

chemotactic movement is the result of alternating random
tumbles that re-orient the bacterium, and straight swimming
phases. Temporal sensing in motile bacteria can help achiev-
ing longer straight swimming patterns only in the presence of
a higher concentration of an attractant.

From observations, models of chemotactic motions that
could potentially be used in applications involving chemotac-
tic bacteria or chemotactic bacterial microrobots have also
been developed (De Robertis and Peluffo 1951; Keller and
Segel 1971; Brown and Berg 1974; Alt 1980; Koshland 1980;
Alt et al. 1985; Tranquillo and Lauffenburger 1987; Rivero et
al. 1989; Frymier et al. 1993; Spiro et al. 1997; Bearon and
Pedley 2000; Muller et al. 2002; Othmer and Hillen 2002;
Bearon 2003; Mello and Tu 2003; Arabagi et al. 2011). Such
models could be used to predict the motion paths of bacteria
and chemotactic bacterial microrobots in well known fluid
environment or inversely, although not yet published, the
chemotactic motion of the bacteria could be used against
chemotactic behavioral models to estimate the locations and
assessing the concentration of certain chemicals in the fluid
environment.

An autonomous directional control microelectronic mag-
netotactic bacterial microrobot has also been proposed
(Martel and André 2006; André and Martel 2007). The
microrobot had an onboard control computer that was
designed to generate from embedded software, the onboard
directional magnetic fields. Such directional fields were
intended for directional control of free-swimming MTB
acting as micro-propulsion systems inside special embedded
reservoirs. Since the onboard electronic circuit was powered
by photovoltaic cells (André and Martel 2006), such type of
hybrid implementation has the disadvantage of requiring an
external power source. On the other hand, it could also deal
with the addition of proper sensors, with attractants that are
not compatible with known motile chemotaxis bacteria.

Other strategies relying on chemical properties instead of
artificial technologies as the previous example can be used
in some cases to influence the chemotactic responses. For
instance, it was shown that change in intracellular pH of
Escherichia coli mediates the chemotactic response to cer-
tain attractants and repellants (Repaske and Adler 1981).
Again, this example emphasis the fact that the development
of bacterial microrobots should be initiated from an inter-
disciplinary assessment of the methods best suited for a
given task having specific requirements. Other environmen-
tal conditions can also influence the swimming direction of
bacteria. For instance, porous media has an influence on the
random walk for bacterial migration (Dufty et al. 1995).

3.1.3 Assisted directional control

Assisted bacterial directional control has been first proposed
and described for tumor targeting (Martel 2006a; Martel et
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al. 2009). Indeed, the dimensions of capillaries in angiogen-
esis network providing the only routes to deliver therapeutic
cargos carried by flagellated magnetotactic bacteria to a
tumor are well below the spatial resolution of any medical
imaging modalities. As such, no information of a path to be
followed can be gathered and therefore, closed-loop servo
control cannot be used in this particular application. Instead,
an artificial magnetic pole generated at a targeted location in
the tumor is used. Through magnetotaxis, the bacteria swim
toward such artificial pole following the line of magnetic
field oriented toward such pole. But like futuristic sophisti-
cated artificial microrobots, they do so by avoiding
obstacles and seeking a path along the direction of the tumor
in this complex and chaotic blood network instead of
remaining immobile when encountering a relatively large
vessel wall. This type of autonomy referred to also as path
finding (PF) capability, is critical to enhance targeting and
hence, the therapeutic outcome. Various time-multiplexed
magnetic field directional methods with frequencies adapted
to the motion behavior of the bacteria are used to create such
pole in a 3D space. The whole process is also assisted by
various magnetic field modulation modes taking into ac-
count the characteristics of the angiogenesis network as well
as the motion behaviors of the bacteria when encountering
various types of obstacles.

3.1.4 Multi-taxes directional control

Although dual external stimuli-based deterministic direc-
tional control consisting of galvanotactic (change in swim-
ming direction toward the cathode) with phototactic (high
intensity broadband light causing a rotational motion of the
cells) directional control of ciliate protozoa has been dem-
onstrated (Kim et al. 2009), applying such approach with the
use of more than one type of bacterial taxes for directional
control is also possible.

For instance, the AMB-1 MTB shows phototaxis re-
sponse (Chen et al. 2011) independent (i.e. with equal
migration) of the wavelength (tested from 400 to 750 nm).
This suggests that phototaxis could temporarily replace
magnetotaxis for directional control by lowering the magni-
tude of the magnetic field. Such type of scenario of switch-
ing directional taxis has been proposed in (Martel et al.
2010) for switching between magnetotaxis and aerotaxis
for the MC-1 MTB in this particular case. In (Martel
2010), magneto-aerotaxis (simultaneous multi-taxes instead
of switched or time-multiplexed multi-taxes) as previously
observed for marine coccoid bacteria (Frankel et al. 1997)
has been proposed to achieve accurate directional control
and maximum propelling force by aligning all bacteria while
achieving full autonomy through on-board oxygen program-
ming. Light-induced tumbling response in chemotaxis mo-
tility (chemo-phototaxis) has also been recorded (Macnab
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and Koshland 1974). Previous observations on the chemo-
tactic, magnetotactic and tactile behaviours in magnetic
spirilum (Spormann and Wolfe 1984) suggest that more than
dual taxes in directional control are also possible. Although
little is known so far about multi-taxes directional control
used simultaneously or one at a time (switched multi-taxes),
it is obvious that combining taxes offers many opportunities
and flexibility in the development of bacterial microrobots
characterized by a higher level of sophistication.

For instance, considering aerotaxis and magnetotaxis on-
ly, switched or simultaneous multi-taxes directional control
could offer a significant advantage depending upon the
application. Switched multi-taxes directional control could
be used to seek a distant source of oxygen in an aqueous
medium where the oxygen gradient would be too weak to be
initially detectable by the bacteria. In such a case, magneto-
taxis could be used to direct the bacteria closer to such a
source prior to switch to aerotaxis. The same idea could be
applied to other taxes including but not limited to phototaxis
and chemotaxis. For simultanecous multi-taxes, magneto-
aerotaxis in this particular case could be advantageous if
aerotaxis is used to influence the movement of the bacteria
whereas magnetotaxis would be used to force the alignment
of the bacteria towards a suitable direction in order to
optimize the flow generated by the flagella. In this particular
case, the absence of magnetotaxis would lead to random
orientations of the bacteria and hence, a far from optimal
flow that could be used for moving micro-objects, to men-
tion but only one example.

3.1.5 Structural directional control

As mentioned earlier, an asymmetric structure can result in a
spontaneous and unidirectional motion or rotation of fabri-
cated objects immersed in an active bacterial bath (Angelani
et al. 2009; Di Leonardo et al. 2010). But other forms of
structural directional control are possible. For instance, high
throughput and dense structural directional controlled bac-
terial transport was achieved using geometrically-selected
fluidic micro-channels and/or 3D microfiber structures
(Martel and Mohammadi 2007) as depicted in Fig. 2.

For example a single square fluidic micro-channel
replaced four channels for the bacteria by exploiting capil-
lary force at each corners. The same approach was also
applied between two or more microfibers and on a single
fiber where a thin layer of fluid on the surface of the micro-
fiber could be retained. In the latter case, it was demonstrat-
ed that a fluidic layer thickness of only a few micrometers
was sufficient for the MTB to swim along providing effi-
cient yet very dense transport channels where bacterial
transport was done in two reciprocal directions simulta-
neously. By adding a higher magnitude magnetic field of
just approximately 120 Gauss using stronger permanent
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4 capillary channels, one in each corner
of a square channel
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Fig. 2 Capillary force being exploited to implement high density
fluidic channel networks for bacterial transport in square channel
(top-left) and in 3D fiber networks; combining taxis and structural
directional mode such as increasing the magnitude of the magnetic
field within a specific range results in continuous back-and-forth
movements of magnetotactic bacteria along a specific channel. (Nano-
Robotics Laboratory, Ecole Polytechnique de Montréal)

magnets or placing the magnets closer to the fluidic micro-
structure, the bacteria automatically reversed their swim-
ming directions when reaching the end of a swimming
path which was not the case when the field intensity was
lower. Hence, by integrating magnetic fields of various
intensities within fluidic microstructures and constraining
the swimming paths of the bacteria with thin layers of water,
directional controlled micro-transport systems requiring no
electrical power could be implemented. The same idea using
MTB swimming in a thin fluidic layer has also been applied
on electrical wires in microelectronic systems (Saeidlou et
al. 2009). In (Shechter and Martel 2009), magnetic field and
structural geometries have been exploited to change the
directional preferences of MTB and hence, increasing the
level of directional control in more complex structures with-
out the use of an electrical controller.

Restricted geometries (Biodi et al. 1998) and solid planar
surfaces can also be exploited to influence the motion behavior
of flagellated bacteria (Harkes et al. 1992; Frymier et al. 1995;
DiLuzio et al. 2005). For instance, the implementation of a
solid surface can be used to force the bacteria to swim in circles
as recorded in (Lauga et al. 2006) while constrained areas such
as glass-capillaries have shown to have an influence on the
chemotactic motions of bacteria (Berg and Turner 1990).

3.2 Swimming velocity and stop/resume control methods

Although directional control is critical for bacterial micro-
robots, swimming velocity control including stop and re-
sume (also known as on/off) control may be a requirement
for some specific tasks. Indeed, although the trend in many

applications is to achieve the fastest execution of a given
task including maximum velocities in transport or delivery
where there will be no motivation for reducing the swim-
ming velocities, in particular cases, especially when the
bacteria are attached to an artificial microstructure, swim-
ming velocity and/or stop/resume control can be desirable or
essential.

Such bacterial velocity control can be achieved in differ-
ent ways. For instance, it is known that the pH level can
regulate genes for flagellar motility (Maurer et al. 2005) and
as such, on/off control can be done by modifying the prop-
erty of the liquid medium by adding the proper chemicals
(Gannon et al. 1991; Gross and Logan 1995; Behkam and
Sitti 2007). As mentioned earlier, phototactic stop/resume is
also possible (Taylor and Koshland 1975). It was also
known awhile ago that the temperature influence motility
(Preston and Maitland 1952) and that the motility and the
chemotaxis behavior of the Escherichia coli are also influ-
enced by the temperature (Maeda et al. 1976). Such effect of
temperature has been recorded at body temperature to assess
the motility of the MC-1 magnetotactic bacteria as thera-
peutic microcarriers for cancer therapy in humans (Martel et
al. 2009) indicating a continuous decrease before no motility
is observed after ~40 min. of exposure. The increase in the
pitch angle of the MTB helical motion at higher magnetic
fields has also been observed (Yongxin et al. 2009). Such
increase in amplitude of the helical motion of MTB trans-
lates onto an apparent decrease of the velocity along the
longitudinal axis. Other environmental approaches are also
possible such as the addition of oxygen and arginine that can
also play a role on bacterial motility (Sheeris et al. 1957).

Structural approaches such as the proximity of a solid—
liquid interface can also influence bacterial swimming speed
(Frymier and Ford 1997). The same holds true for environ-
mental approaches (Adler and Templeton 1967) such as a
modification or an exploitation of the viscosity of the envi-
ronmental liquid medium (Schneider and Doetsch 1974;
Ramia et al. 1993). For instance, it is known that viscosity
in linear-polymer solutions increases bacterial swimming
speeds (Magariyama and Kudo 2002).

Although other methods are likely to be developed, these
approaches provide an idea of the possibilities in bacterial
velocity control. In turn, among several possible avenues,
one could exploit the knowledge about the causes of the
variations in swimming velocity of bacteria to use them to
implement novel motile biosensors or measurement/charac-
terization devices.

4 Attached vs. free-swimming bacteria

It is clear that when a single bacterium must carry
nanometer-scale objects or a single object with dimensions
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of no more than a few micrometers, such load as depicted in
Fig. 3 is typically attached to the cell. But when such
artificial object to be moved (transported or manipulated),
or when the application requires more than a single bacteri-
um, then two approaches are possible: attaching or not
attaching the bacteria to the artificial microstructure.

4.1 Bacterial adhesion and patterning

For the first approach, microbial adhesion (Busscher and
Weerkamp 1987; Fletcher 1996; Hermansson 1999) and
patterning are two fundamental requirements. Bacterial ad-
hesion can be done in various ways including physicochem-
ical approaches (van Loosdrecht et al. 1989), ionic
attachments (Zita and Hermansson 1987), hydrogen bonds
(Jucker et al. 1997), the use of antigen (e.g. Palomar et al.
1995), the exploitation of hydrophobic properties (van
Loosdrecht et al., 1987; Van der Mei et al. 1998; Salerno
et al. 2004) and the surface properties of the bacteria (Van
der Mei et al. 1992), as well as electrostatic parameters (van
Loosdrecht et al. 1990). Successful attachments have been
done on many types of surface including but not limited to
cells on cells (Van Oss 1989), polymeric surfaces (Tsuneda
et al. 2003) including polydimethylsiloxane (Darnton et al.
2004) and polysterene (Rosenberg 1981; McEldowney and
Fletcher 1986; Martel et al. 2006; Behkam and Sitti 2006b)
as well as SU-8 microstructures (Steager et al. 2007), and
glass (McClaine and Ford 2002a; McClaine and Ford
2002b). Efforts are also underway to attach using polyclonal
and monoclonal antibodies other types of nanostructures
such as drug-encapsulated liposomes being attached to the
cell of the MC-1 bacteria to build new therapeutic

Fig. 3 Example of a microstructure being built using few micrometer
in diameter beads being assembled by coordinated flagellated magne-
totactic bacteria acting like microrobots (NanoRobotics Laboratory,
Ecole Polytechnique de Montréal)

@ Springer

microcarriers to treat colorectal cancer in humans (Martel
et al. 2011). Reversible bacterial adhesion (Rijnaarts et al.
1995) including cells on cells (Hara et al. 2001) or with
polysterene surface using photochemistry (Weibel et al.
2005) is also possible.

But blotting bacteria on the surface of a microstructure
often leads to random displacement patterns or far from
effective or optimal directional propelling force. Although
random motion has been eliminated on such bacterial
blotting on a microstructure by making a specific blotting
area inactive after exposing ultraviolet rays (Steager et al.
2007), such approach results in less than optimal direc-
tional propelling force. As such, patterning oriented bac-
teria to a predetermined area is required for achieving
maximum directional propelling force (Behkman and
Sitti 2008a; 2008b; 2009). Such patterning can be done
in various ways including but not limited to the use of a
polymer film template (Rowan et al. 2002), via optical
trapping (Haruff et al. 2002), using soft lithography (Cerf
et al. 2008), or other oriented adhesion techniques (Jones
et al. 2003).

4.2 Free-swimming bacterial implementations

Because the lifespan of bacteria is limited, attaching them to
an artificial microstructure limits the useful operating life of
the whole bio-hybrid microsystem or microrobot. For in-
stance, an aggregate of free-swimming flagellated bacteria
can be used to propel bio-hybrid microrobots (Martel and
Mohammadi 2010; Khoshbakht Marvi et al. 2010). With
MTB, magnetotaxis is used to construct and move such
bacterial aggregation while aligning the bacteria to provide
a cumulative directional force towards the artificial micro-
structure of the microrobot. As such, not only the same
bacteria can be dispatched between several microrobots
but can also be easily replaced at the end of their lifespan
without compromising the operating life of the artificial
microstructures.

5 Swarming and bioconvection
5.1 Swarming

Bacterial swarming can be defined as a collective behavior
exhibited by bacteria aggregated together or a collective
motion of a large number of self-propelled entities being
the bacteria in this specific case. Swarming is critical in
targeted cancer therapies (Martel et al. 2009; Martel et al.
2011) not only to achieve enhanced targeting efficacy but
also to deliver a known therapeutic dose using a specific
number of bacteria within an aggregate where each cell is
carrying a specific amount of drug.
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In the context of microsystems and microrobots, the
swarming motility (Berg 2005) and more specifically its
collective fluid dynamics (Kessler 1985; Pedley and
Kessler 1992a; Hopkins and Fauci 2002; Dombrowski et
al. 2004; Cisneros et al. 2007; Sokolov et al. 2007) is of
special interest especially in non-contact microrobot propul-
sion and micromanipulation or microassembly tasks based
on free-swimming bacteria such as in (Martel and
Mohammadi 2010). In the latter example, magnetotaxis
was used to not only aggregate the bacteria but also to
obtain the maximum collective force acting on the artificial
microstructures.

5.2 Bioconvection

Instead of creating a continuous directional flow as in the
previous example, another strategy is to accumulate energy
in the form of a swarm and to release such energy in one
stroke to actuate a microstructure. Bioconvection ((Pedley
and Kessler 1992b; Hill and Pedley 2005) is one possible
method to achieve such mode of actuation. Bioconvection is
defined as the process of spontaneous pattern formation in
suspensions of up-swimming microorganisms. For biocon-
vection to occur such microorganisms must first be denser
than the fluid medium which is the case for bacteria in water
and second, they must up-swim. Such up-swim can be
motivated by various taxes including but not limited to
oxytaxis, magnetotaxis, chemotaxis, or phototaxis. Then in
a fluid of finite depth, bacteria accumulate near the top
surface forming an aggregation. The density of such

aggregation or cell concentration then increases as more
bacteria join and then becomes so high that it will sink with
a falling concentrated plume being formed creating a dy-
namic force that can be exploited for actuation purpose.

6 Main applications
6.1 Microfluidic systems and microassembly

As mentioned previously, bacteria have been used in micro-
fluidic systems to pump fluid (Darnton et al. 2004; Kim and
Breuer 2008), to enhance mixing (Kim and Breuer 2007a;
2007b), for transports (Lu and Martel 2006a; 2006b; 2007)
or to detect pathogens (Martel 2006a; Lu et al. 2007a; b), to
name but some examples.

The first large-scale coordinated microassembly task us-
ing bacteria was published in (Martel and Mohammadi
2010) where micro-bricks were moved one at a time to build
a small pyramid as previously recorded in a video (Martel
and Mohammadi 2009). Such approach could lead to free-
swimming mass-scale micro-assembly systems (Martel
2011) and towards the concept of bacterial micro-factories
(André et al. 2006).

6.2 Medical applications
The main application of bacteria in the medical field has

been in cancer therapy. Anaerobic bacteria have been inves-
tigated as tumor-targeting vectors (Pawelek et al. 2003) and

Table 1 Chronology of some of the main recent milestones for bacterial microsystems and microrobots

Year Description References

2000 Hybrid implementation of F,-ATPase biomolecular motor Soong et al. 2000

2004 Bacterial carpet used to pump liquid in a microfluidic channel and random movement Darnton et al. 2004
of a micro-part propelled by bacteria being attached

2004 Bacteria and more specifically MTB being proposed and investigated as microrobots Martel 2004
or components for hybrid microrobots

2006 Gliding bacteria used to actuate a micro-rotary motor Hiratsuka et al. 2006

2006 First accurate displacement of a bacterium along a planned trajectory and first transport Martel et al. 2006
(micromanipulation) of an object attached to a bacterium along a planned trajectory

2006 First microelectronic bacterial microsystem and microrobot Martel 2006a

2006 Magnetotactic bacteria being proposed and investigated as controlled microcarriers in Martel 2006d; Martel et al. 2009
blood vessels for cancer therapy

2007 Controlled mixing in microfluidic systems Kim and Breuer 2007b

2008 Patterning oriented chemotactic bacteria to a predetermined area for achieving maximum Behkman and Sitti 2008a; 2008b; 2009
directional propelling force

2009 First coordinated microassembly task using bacteria Martel and Mohammadi 2009; 2010

2010 Concept of oxygen programming for the implementation of autonomous bacterial Martel 2010
microrobots

2011 Chemotactic movement of a bacteria-patterned bead Kim et al. 2011

2011 Initiate R&D for MC-1 bacteria as new computer-controlled therapeutic microcarriers to Martel et al. 2011
treat colorectal cancer in humans

2011 Electrophoretic directional control and phototactic stop/resume (dual-taxes) Steager et al. 2011
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for gene therapy (Lemmon et al. 1997; Chwanrow et al.
2010) based on initial reported observations (Coley 1891;
Nauts et al. 1946; Willis 1960). Indeed, anaerobic bacteria
were and still of special interest for such type of treatments
since they are attracted to the oxygen starved areas of
tumors which is precisely these areas which are the most
difficult to reach with current cancer therapies such as
chemotherapy, gene therapy, and radiotherapy (Kimura et
al. 1980; Dang et al. 2001; Yazawa et al. 2001; Liu et al.
2002; Toso et al. 2002; Bettegowda et al. 2003; Forbes et al.
2003; Kasinskas and Forbes 2006).

To enhance tumor targeting, a robotic component in the
form of assisted directional control using directional mag-
netic fields capable of guiding anaerobic flagellated magne-
totactic bacteria acting as computer-controlled therapeutic
microrobots effectively within a volume well beyond the
range of attraction of the previous anaerobic bacteria to-
wards oxygen depleted areas of tumor has been proposed
and is under investigation (Martel et al. 2008; Martel et al.
2009; Felfoul et al. 2011). It was demonstrated experimen-
tally that MTB were able to penetrate multicellular tumor
spheroids (Mokrani et al. 2010) and the synthesis of a MTB-
tagged agent for colorectal tumors in humans has already
been initiated (Martel et al. 2011).

7 Discussion and conclusion

Table 1 summarizes in a chronological order some of the
main milestones in the field of bacterial microsystems and
microrobots. Although not exhaustive, it provides an idea of
the progress made in recent years and the pace at which such
field is progressing.

In an engineering point of view, motile bacteria are
sophisticated highly efficient self-powered sensory-based
micro-actuators that can be exploited for the development
of new microsystems including microrobots and biosensors.
Bacteria directional control and velocities can be achieved
by exploiting taxes, as well as environmental and/or struc-
tural conditions. Such exploitation leads to applications
ranging from micromanipulations, microassemblies to med-
ical targeted interventions, including other bacterial applica-
tions under investigation. Such investigated applications
include but are not limited to the fabrication of nanostruc-
tures such as tunable microbial conducting nanowire net-
works (Nikhil et al. 2011; Malvankar and Lovely 2012), and
power generation such as in microbial fuel cells (Logan 2009).

Quorum sensing (Wolfe et al. 1987; Fuqua et al. 1994;
Weiss et al. 2008) involving bacterial interactions and com-
munications or signaling in a swarm is another aspect that
could be exploited. Mutants (Armstrong et al. 1967;
Parkinson 1978, 1981; Fisher 1997; Firtel and Chung
2000; Charon and Goldstein 2002; Voigt 2006; Snyder and

@ Springer

Champness 2007; Schiiler 2008; Mokrani et al. 2009) cre-
ated through methods such as changes in cultivation param-
eters, addition or subtraction of components, or through
genetics, to create bacteria better suited for particular micro-
systems, microrobots, applications or environmental condi-
tions, is also a promising avenue.

Nonetheless, although it is difficult to provide an exhaus-
tive and complete review and assessment on this relatively
new field of research, one thing is sure, the use of motile
bacteria in microsystems and in the field of microrobotics
although in its infancy, is growing at a very fast pace.
Furthermore, this particular field is likely to do so for awhile
since it offers advantages and research opportunities beyond
what is possible with entirely artificial microsystems and
microrobots.
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