
  

 

 
Abstract— Experimental data and proofs of concepts are 

used to show the feasibility of providing the basic components 
and functionalities required for the implementation of 
intelligent untethered 150 × 300µm bacterial microrobots 
capable of sophisticated collective tasks under computer 
supervision and coordination. More specifically, we show that 
it is possible to embed within such microrobots, photovoltaic 
cells supplying ~4µW necessary to power an internal 
microelectronic circuit providing embedded intelligence with 
the capability to communicate commands and data wirelessly 
to an external computer. We also show that such data or 
commands transmitted wirelessly could be used to instruct an 
external computer to send a swarm of flagellated bacteria to 
move such microrobots towards a specific target based on 
various sensory information acquired with specific sensors 
embedded in each microrobots. Similar to chemotaxis used by 
several species of flagellated bacteria, the algorithms used to 
move such microrobots could be governed by a larger range of 
sensory means, leading to what we refer to here as sensotaxis-
based hybrid microrobots. The possibility of transmitting a 
request to a central computer to send a swarm of flagellated 
magnetotactic bacteria to provide propulsion and steering in 
order to move accurately to desired locations would allow such 
microrobots to perform collective tasks. A simple example 
suggesting the possibility of implementing accurate collective 
tasks by such hybrid microrobots is demonstrated 
experimentally where a microstructure emulating a V-shaped 
microrobot is moved and rotated autonomously using a swarm 
of approximately 3000 flagellated bacteria towards another 
similar V-shaped microstructure to form the character ‘M’ as 
in Microrobot. 
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I. INTRODUCTION 

ACTERIAL microrobots where the propulsion force 
provided by flagellated bacteria are exploited to replace 

conventional technologies that cannot be implemented at 
such a scale, are becoming very popular in microrobotics. In 
other words, this interest in flagellated bacteria as bio-
actuators in hybrid systems (systems relying on synthetic 
and biological components) aims at replacing self-propelled 
micro- or nanorobots relying on an artificial or man-made 
embedded source of propulsion by an existing natural source 
of propulsion. Indeed, a man-made molecular machine built 
through the assembly of a discrete number of molecular 
components designed to carry out a specific action jointly as 
envisioned in [1] and capable of providing sufficient thrust 
force within such space constraints for practical 
applications, is still and will most likely remain beyond 
actual technological means for an extended period of time. 

As such, harnessing instead of mimicking nature by using 
flagellated bacteria and more specifically Magnetotactic 
Bacteria (MTB) for the propulsion and steering of micro- 
nanorobots, an idea first proposed and described in [2], 
appears to be a more viable solution offering many potential 
applications. Such applications could be performed in many 
types of environments including but not limited to the 
human blood vessels and particularly for traveling in the 
microvascular networks [3] as discussed later. 

To provide embedded intelligence, the hybrid microrobot 
described in this paper relies on an integrated microcircuit 
implementing the minimum functionality required to 
perform collective tasks. As in nature where single entities 
of limited intelligence can collectively perform relatively 
complex tasks through swarm intelligence, such principle 
could allow us to decrease the level of intelligence of each 
microrobot, hence minimizing the electrical power 
requirement which has been proven to be a major bottleneck 
in recent efforts attempting to miniaturize further untethered 
robots. 

To gain performance advantages in the execution of 
collective tasks over nature, such microrobots are designed 
with the capability of transmitting wirelessly data or 
requests to a central computer, the latter being used for 
coordination and supervision. Although the energy collected 
from photovoltaic cells implemented at the surface of each 
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microrobot being bounded by its overall dimensions of 150 
× 300µm is sufficient to power the onboard electronics, no 
additional electrical power would remain available to 
operate an artificial or synthetic propulsion system without 
increasing the overall size of the microrobot. As such, 
flagellated bacteria are used since they can provide 
propulsion force that does not run on electrical energy, 
hence allowing us to achieve a higher level of 
miniaturization. 

II. BACTERIAL ACTUATORS FOR MICROROBOTS 

Although there are several species of flagellated bacteria, 
the MC-1 cell depicted in Fig. 1 has been selected by our 
research group for the implementation of such hybrid 
microrobots. The diameter of the MC-1 cell is ~2µm (being 
approximately half the diameter of the smallest capillaries in 
human). The thrust force provided by each MC-1 bacterium 
and measured experimentally by our group, exceeds 4pN. 
Knowing present technological constraints and the fact that 
this thrust force is approximately 10 times the typical thrust 
force provided by other well known flagellated bacteria, 
identified the MC-1 bacterium as a powerful bio-actuator for 
such hybrid microrobots. Our experiments conducted in 
water and in human blood showed an average velocity often 
exceeding 200µm/s. This value is greater than the average 
velocity of ~30µm/s for many other flagellated bacteria. 
Furthermore, our group recorded peak velocities of 
~300µm/s for the MC-1 cells, i.e. 150 times its own cell’s 
length per second. More recent results achieved in our 
laboratory also showed that this speed can be increased 
significantly when these bacteria were previously cultivated 
in specific conditions. 

Propulsion

Directional
(Steering)

Control

 
Fig. 1.  Electron microscopy image of one MC-1 magnetotactic bacterium 
acting as a computer-controlled bio-actuator for microrobots. Each 
bacterium has two flagellar bundles providing propulsion, and a chain of 
magnetosomes that can be used for directional (steering) control. The lines 
superposed over the image show the magnitude of distortion of the 
surrounding magnetic field with the magnetosomes being at saturation when 
placed in a clinical MRI machine, allowing a swarm of bacteria and hence 
future bacterial microrobots to be tracked and navigated precisely towards 
specific targets inside the human body. 

 

The MC-1 bacteria do not only provide propulsion but 
can also be steered accurately along specific paths defined in 
a software executable implemented in an external computer. 
This steering capability proves to be essential in such 
environment where precise displacement control must exist. 

III. BACTERIAL DIRECTIONAL CONTROL FOR MICROROBOTS 

In [4], the first random (without control) motions of an 
auto-mobile microchip with flagellated bacteria attached 
have been reported. But to be considered in the context of 
robotics where precise tasks must be performed, sufficient 
control must be implemented. More specifically, many 
applications that could be envisioned with such microrobots 
propelled by bacteria would also require steering or 
displacement control of the flagellated bacteria. This 
steering control will also prove to be critical particularly in 
precise collective tasks executed by several microrobots. 

The use of light to control the direction of motion of 
phototaxis-based bacterial microrobots could also be 
envisioned but the use of light to power the microrobots 
could be a source of major interferences. Furthermore, 
although there is still effort required to achieve precise 
chemical-based steering control for chemotaxis-based 
bacterial microrobots, the use of chemicals would not only 
contaminate the medium but it may prove to be 
impracticable when interfacing with a computer. 

As depicted in Fig. 2, our experiments show that MTB 
can be used as a computer controlled bio-actuator [5] where 
a flagellated bacterium pushing a microbead is swimming 
along a pre-programmed path [6]. 

 

1. Go straight for 2.5 sec.;
2. Then turn left 30o;
3. Continue for 1.5 sec.;
4. Then stop.
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Fig. 2. Optical microscopy images showing a microbead being pushed 
(right) and a larger microbead being pulled (top left) by a single flagellated 
bacterium while being controlled by computer. The black circles with 
numbers along the trajectory of the bead being pushed by the bacterium 
correspond to the sequence of software instructions depicted in the lower 
left corner of the figure. 

 
In these cases, the steering control is based on 

magnetotaxis [7-9] where a directional torque is applied to a 
chain of nanoparticles named magnetosomes embedded and 



  

synthesized in the cell of the MTB. The torque can be 
induced in different ways. Typically, an electrical current 
flowing in a special conductor network interfaced to a 
computer and located in proximity of the bacterium is used. 
The electrical power requirement can then remain extremely 
low compared to other approaches considering that a field 
slightly superior to the Earth’s geomagnetic field is 
sufficient to influence the motion behavior of these cells and 
by the fact that the motility of these flagellated bacteria is 
also fully exploited to achieve mechanical motion without 
electrical energy. Indeed, MTB with their chain of 
magnetosomes which are membrane-based nanoparticles of 
a magnetic iron, are influenced not only by chemotaxis and 
aerotaxis, but also by magnetotaxis as stated earlier. To 
make the effect of chemotaxis and aerotaxis negligible for 
our purposes since they cannot be under the influence of an 
electronic controller or a software program, a very low 
intensity directional magnetic field but slightly higher than 
the Earth’s magnetic field of 0.5 Gauss, is applied. This 
causes the directional motion of these MTB to become 
mainly influenced by magnetotaxis and therefore fully 
controllable in a precise manner by electronics and 
computers as demonstrated in [6]. 

IV. PROPULSION AND STEERING WITHIN A SWARM 

 Embedding a propulsion system that does not rely on an 
external energy source for activation is important in the 
context of acting on individual microrobots within a swarm. 
By embedding a miniature propulsion system such as 
flagellated bacteria, a single microrobot can be moved 
independently from other microrobots in the vicinity. This is 
depicted schematically in Fig. 3. 

With other methods such as the use of magnetic gradients 
generated by a clinical MRI system [10] to navigate 
microrobots in the blood vessels, the whole swarm would be 
moved at once. Similarly, the use of a synthetic flagellum 
implemented in the form a miniature coil [11] still rely on an 
external rotating field and to actuate the propulsion coil 
acting as an artificial flagellum, it may prove to be difficult 
to move one particular microrobot without moving other 
microrobots in the swarm. As such, a biological version 
where the power source responsible for the rotation of each 
flagellum is embedded within each cell may prove to be 
more practical when operating within a swarm. 

 
Fig. 3.  Schematic showing the advantage of embedding the source of 
propulsion within the swarm, allowing us to move a single microrobot 
instead of the whole swarm which is typically the case when relying on an 
external source of power such as when a magnetic field or gradient is used 
to move the microrobots. 

 
The closest technique capable of moving individual 

microrobots in a swarm would be photon trapping, also 
known as optical tweezers. Unfortunately, optical tweezers 
would not be powerful enough to move objects or 
microrobots of such dimensions required to embed sufficient 
functionality and intelligence while providing sufficient 
surface for the photovoltaic cells to collect sufficient 
photons for power. In the case of bacterial actuation, we 
show later in this paper that the propulsion force can be 
scaled up well beyond the upper limit of photon trapping by 
increasing the number of flagellated bacteria proportionally. 

V. INTELLIGENT BACTERIAL MICROROBOTS 

A schematic of a version of the microrobot under tests is 
depicted in Fig. 4. Most of the surface of the microrobot is 
covered with photovoltaic cells providing the electrical 
current for an analog circuit implementing some level of 
embedded intelligence. A sensor appropriate for the type of 
application is implemented. The intensity of the signal 
captured by the sensor (path 2 in Fig. 4) is used to modulate 
a signal on top of the microrobot (path 1 in Fig. 4) that can 
be detected wirelessly by a magnetic sensor. Higher is the 
intensity of the signal recorded by the sensor, higher will be 
the frequency of the modulated signal being transmitted. 

Communication
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Computer
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Fig. 4. Simple schematics showing the top and bottom views of the 
sensotaxis-based intelligent microrobot. 
 

A first version of the microrobot (757 × 507µm) is 
depicted in Fig. 5. This version has been used to assess the 
possibility of powering an onboard electronic system. In Fig. 
5, four photovoltaic cells can be depicted on top of the 
microrobot. A second version of the microrobot (300 × 
300µm) is also shown in Fig 5. The second version has been 
developed to assess the possibility of wireless transmission 
at very low power. The experimental results obtained with 
version 1 and version 2 suggest that a new version (version 
3) of the microrobot with overall dimensions as small as 150 
× 300µm could use a single pad generating local 
electromagnetic field for transmission while gathering 
~4µW of power with smaller photovoltaic cells. Based on 
simulation results, this power would still be sufficient for the 



  

embedded electronics presently used to implement the 
required onboard intelligence. 

 

VERSION 1

VERSION 2

 
 
Fig. 5. Top - Optical microscopy image showing the first and largest version 
of the intelligent microrobot (overall dimensions of 757 × 507µm). The 
photovoltaic cells are shown as four squares and are easily visible on top of 
the microrobot. Experimental results obtained with this version suggest that 
the overall size of the microrobot using actual technologies could be 
reduced to approximately 150 × 300µm. – A second version of the 
microrobot (overall dimensions of 300 × 300µm) with a transmission-pad 
has been used to gather preliminary experimental data showing that the 
local electromagnetic field created by the 10µA current and used for 
communication with an external computer would be sufficient. Bottom – 
example showing displacement of the version 1 intelligent microrobot in an 
aqueous medium. 
 

An Ion Sensitive Field Emission Transistor (ISFET) has 
been considered for the implementation of a sensor on the 
initial versions of the microrobot. The pH gradient sensed by 
the ISFET could then be used to influence the displacement 
of the microrobot. Other parameters to be detected including 
but not limited to the level of oxygen, light, etc., could also 
be implemented on other microrobots. 
 

VI. EXPERIMENTAL RESULTS FOR POWER AND 

COMMUNICATION 

The experimental results depicted in Fig. 6 confirm that 
the version 3 of the microrobot could gather enough energy 
to communicate with an external computer. It is shown that 
the sensitivity of magnetic sensors can be exploited to 
decrease the electrical energy required to generate an 
electromagnetic field that can be detected for 
communication purpose. 

The modulated frequency is expected to increase slightly 
beyond 1 kHz (used with version 2) if further significant 
reduction of the microelectronic circuit is implemented in 
subsequent versions. Nonetheless, more advance and 
sensitive sensors coupled with additional signal processing 
will allow enhancements for such type of communication 
system. This approach avoids the technological limitations 
of the more traditional RF transmissions where relatively 
large power requirement and relatively large area antenna 
can be avoided for the microrobots. 

 

Magnetoresistance (Magnetic field sensitivity 0.8 %/G, 
field noise (10-100kHz): 10-90 nT/Hz)

Signal transmitted

Signal received

 
Fig. 6. A 1 kHz signal (bottom) is being recorded wirelessly (top signal) 
from a microrobot with overall size of no more than 300 × 300µm. 
Although weak, the experiment shows that wireless transmission at such a 
scale is possible using a photon-based energy source to power the 
microrobot. 

VII. BACTERIAL PROPULSION AND STEERING FOR 

COLLECTIVE TASKS - A PROOF OF CONCEPT 

With the embedded functionality provided by the onboard 
intelligence coupled with communication and sensory 
capabilities, the overall size of a single microrobot, although 
remaining relatively small, becomes too large to be 
propelled by a single bacterium. Therefore, more flagellated 
bacteria are required to provide sufficient propulsion and 
steering forces. The number of bacteria required would then 
increase with the size of the microrobot being propelled. 

As such, a first approach would be to attach flagellated 
bacteria directly to the structure or to the surface of the 
microrobot, at a location that would propel the microrobot 
forward. But there is a major drawback associated with this 
approach. Since the lifespan of the bacteria is relatively 
short (in the order of a few hours depending on several 
aspects but mainly on environmental conditions), the 
operational time of the microrobots is therefore also 
reduced. Another approach consists of not attaching the 
flagellated bacteria but to move them towards a specific 
microrobot for propulsion and steering on a need basis (e.g. 
when a request from a particular microrobot has been 
transmitted wirelessly based on sensory inputs) while 
maintaining all bacteria grouped together as a swarm in 
order to provide sufficient collective propulsion and steering 
forces for the microrobot. With this approach, new swarms 
of bacteria can be introduced in the medium when the 
previous swarm becomes less active. This strategy would 
maintain the microrobots operational as long as a new 
swarm of freshly cultured bacteria would be injected inside 
the same aqueous medium. 
 This concept opens the way to multiple scenarios at the 
microscale while providing opportunities for molecular 
communication, swarm intelligence and collective 
behaviors, to name but a few concepts. For instance, to 
bypass some of the limitations of electronic-based 
communication, it could be envisioned that a swarm of 



  

micro- or nanorobots could reassemble in a manner to form 
characters, words, and even sentences that would be visible 
to the naked eyes, providing a powerful means of 
communication between microrobots and humans. For 
example, our research group demonstrated that we can 
increase the size and density of a swarm of MC-1 bacteria to 
become visible to the naked eyes without the use of a 
magnification device. This is significant considering the fact 
that it would be impossible to see without magnification, a 
single bacterium, each having a diameter of only 2µm. 

A simple example of this scenario is depicted in Fig. 7 
[see accompanying video].  But unlike the preceding 
scenario, this proof of concept includes an additional level 
of difficulty to demonstrate the level of accuracy and control 
that can be achieved. Indeed, the initial orientations of the 
microrobots have been selected so that accurate rotational 
motion of one of the microrobots would be required. 

Specifically, the proof of concept shows two V-shape 
microstructures representing microrobot A and microrobot 
B. Each microrobot has an overall dimension of ~100µm 
across (selected arbitrary as being approximately equivalent 
to the thickness of a human hair) and both microrobots are 
initially located relatively far apart. In a more sophisticated 
version with the embedded functions described earlier, 
microrobot B could sense microrobot A using an embedded 
sensor such as an ISFET as the one described earlier. Then, 
microrobot B could send a corresponding modulated signal 
to the main computer using the technique mentioned in the 
preceding section. This signal would request a swarm of 
flagellated bacteria for providing propulsion and steering in 
order to move towards microrobot A. This particular task 
showing the V-shaped microrobot B moving toward the V-
shaped microrobot A and to position itself accurately with 
the help of a swarm of 3000 flagellated bacteria of type MC-
1 in order to form the character ‘M’ as in the word 
‘Microrobot’, took 90 seconds to execute. 

A B

C D

Microrobot A

Microrobot B

Swarm of 3000 flagellated bacteria Swarm of 3000 flagellated bacteria
pushing microrobot B towards
microrobot A

Direction
of motion

Microrobot B being rotated and 
pushed by the swarm towards
microrobot A

The swarm finally places the V-
shaped microrobot B next to the V-
shaped microrobot A to form a 
structure resembling the character 
‘M’ as in Microrobot.

 
Fig. 7. One possible scenario showing an interactive task between two 
microrobots using a swarm of 3000 flagellated bacteria as propulsion and 
steering system on demand. The experiment was observed under an optical 
microscope. The total execution time for this particular task was 
approximately 90 seconds. 
 

The experimental demonstration shows two 100µm V-
shaped structures that could be replaced in subsequent 
experiments by version 3 of the microrobot described earlier 
in the paper. This will enhance the demonstration with the 
addition of integrated sensors, embedded intelligence, and 
the capability of wireless transmission to a central computer. 
Here, a swarm of 3000 MC-1 flagellated bacteria swimming 
under computer control in an aqueous medium is moving 
towards what is referred to as microrobot B. This is depicted 
in frame A of Fig. 7.  In frame B, microrobot B is pushed 
towards microrobot A with the swarm of flagellated bacteria 
providing propulsion and steering. Notice that as explained 
earlier in this paper and represented schematically in Fig. 3, 
only one microrobot (here microrobot B) is moving while 
other microrobots (here represented by microrobot A) 
remain immobile. Frame C demonstrates how flexible a 
swarm of bacteria can be for propulsion and steering where 
microrobot B is rotated and moved accurately with respect 
to microrobot A. Finally, frame D demonstrates the accuracy 
of the bacterial propulsion and steering method where the V-
shaped microrobot B is placed precisely next to the V-
shaped microrobot A to form the character ‘M’. Notice that 
during this last maneuver, microrobot A remained immobile 
as initially planned. 

VIII. DISCUSSION AND FUTURE PROSPECT FOR SWARMS OF 

BACTERIAL MICROROBOTS IN THE MICROVASCULATURE 

In sight of this experimental demonstration, one can see 
that further movements or interactions within a swarm of 
intelligent microrobots as the ones described in this paper 
would lead to more sophisticated scenarios. 

(a)

0 sec

(b)

2.5 sec

4 sec

1 2 3

 
Fig. 8. (a) The images show that a proportionally scaled swarm of MC-1 
flagellated magnetotactic bacteria can be used to move microrobots from a 
few micrometers to a few hundreds of micrometers in overall dimensions, 
represented schematically by a trapezoid. (b)  A 3-micrometer bead is being 
pushed by a single attached magnetotactic bacterium swimming along a 
planned trajectory. The experimental results suggest that a microrobot of 
only a few micrometers in overall dimensions could be controlled by 
computer along a pre-programmed path without disturbing the position of 
other microrobots in the swarm, here being represented by the other static 
beads in the vicinity of the MTB-tagged bead in motion.  

 
Other communication methods could also be considered 

including chemical and contact-mode communication, to 



  

name but only two methods. It was demonstrated 
experimentally that bacterial propulsion can be applied to 
microrobots of several hundreds micrometers when using a 
swarm consisting of a number of flagellated bacteria 
proportional to the size of the microrobots, to microrobots as 
small as a few micrometers, the latter being propelled by a 
small swarm of unattached bacteria. The latter could also be 
propelled and steered with a single flagellated bacterium 
being attached to the microrobot. This possible scaling range 
in the implementation of bacterial microrobots is shown in 
Fig. 8. On the other hand, a reduction of the size of the 
microrobot will also reduce the photonic energy gathered for 
operating the onboard electronics or embedded intelligence 
and other functions such as wireless transmissions. 
Nonetheless, even swarms of bacterial microrobots only a 
couple micrometers in diameter could play a significant role 
in particular applications. 

Tumor targeting for the delivery of therapeutic agents is 
one particular example where swarms of bacterial micro- or 
nanorobots could provide a powerful tool [12]. The 
magnetosomes embedded in each MC-1 MTB are Fe3O4 
single magnetic domain crystals of a few tens of nanometers 
in size and act as MRI contrast agents through a local 
distortion of the magnetic field inside the bore of a clinical 
MRI scanner. This local field distortion from each 
magnetosome can be approximated at a point P of 
coordinate r(x, y, z) by that of a magnetic dipole as 
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In Eq. 1, µ0 = 4π10-7 H·m-1 is the permeability of free space. 
For a uniformly magnetized object, the dipolar magnetic 
moment (A·m2) is given by 

34
.

3 SATm a M
  (2) 

It depends not only on the saturation magnetization but also 
on its radius a (m) considering a spherical shape.  A 
numerical simulation of the field perturbation with 11 
aligned magnetosomes (each with 70 nm in diameter) 
plotted over an electron microscopy image of the MC-1 cell 
is depicted in Fig. 1. The results confirm that the 
magnetosome chain significantly disturbs the local magnetic 
field with values greater than 100 ppm near the bacterium. 
This is quite significant considering that an accepted 
homogeneity level of modern MRI clinical scanner is 
approximately 5 ppm over a 50 cm diameter spherical 
volume at 1.5 T. We showed in earlier experiments that 
these perturbations mostly affect the spin-spin (T2) 
relaxation times allowing us to determine not only the 
position but also the concentration of MTB using a fast spin 
echo sequence. These results suggest that MRI could 
potentially be used to track in 3D, a swarm of magnetotaxis-
based bacterial microrobots involved in collective tasks 
inside the hardly accessible regions inside the human body 
such as the microvasculature or the more complex and 
chaotic angiogenesis blood networks surrounding tumors. 

IX. CONCLUSION 

We showed that it is possible with technologies presently 
available, to implement intelligent microrobots as small as 
150 × 300 micrometers and capable of sensing and operating 
in an aqueous medium. Photovoltaic cells have been 
proposed and implemented to assess and to confirm the 
possibility of powering the microelectronics or embedded 
intelligence of such small autonomous microrobots. The 
same power was used and further experimental tests 
confirmed that with existing highly sensitive magnetic 
sensors, it is possible to receive data and commands 
wirelessly from such robots based on sensory information 
recorded by these microrobots. To maintain the electrical 
power sufficiently low to enable the implementation of such 
small autonomous microrobots, the motility of a swarm of 
flagellated magnetotactic bacteria acting under computer 
control has been used to propel and steer individual 
microrobots in proximity of other microrobots. An 
experimental demonstration of a collective task using 3000 
flagellated bacteria acting under computer control has been 
shown, suggesting the possibility of implementing in a 
relatively short term, more sophisticated collective tasks 
using several intelligent untethered microrobots as the ones 
proposed here. 
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