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Main Actual Technological Constraints 
for Implementing Micro- Nano-Robots in 
Particular Environments (e.g. to Operate 
in the Smallest Capillaries (dia. ~5 µm))

• Embedding on-board intelligence

• Implementing “conventional” mechanical tools 
(e.g. tweezers);

• Relying on batteries or any other embedded 
sources of power;

• Embedding a communication system;

• Developing a propulsion system with sufficient 
thrust force to be embedded.
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Main Options for the Implementation of 
an Embedded Propulsion System 
Providing Sufficient Thrust Force

• Conceiving such propulsion system capable of sufficient thrust force, 
considering the power source and the size of each robot is still a 
formidable task at the present time. Many mention developing 
artificial molecular machines through the assembly of a discrete
number of molecular components designed to carry out a specific 
action jointly but at present, existing components and methods need 
to be considered for the implementation of these robots.

• Therefore, today there are two main approaches available:

– An approach based on the laws of physics: e.g. using magnetism where 
the source is outside the robot;

– An approach based on biology: e.g. using and embedding the 
flagellated propulsion system of bacteria (do not rely on an external 
source for propulsion)
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Some Relatively Short Term Applications 
of Medical Nanorobotics

• Targeted chemotherapy (drug 
delivery);

• Targeted embolization and 
chemo-embolization;

• Targeted hyperthermia;
• Advanced interventional 

procedures out-of-reach or at 
high risk for conventional 
instruments such as the 
catheter;

• Navigable bio-sensors for 
diagnostics, enhanced imaging 
information, research purposes, 
etc.;

• Navigable contrast agents;
• Etc. http://dceg.cancer.gov/newsletter/jul03/brainMRI.jpg

The
Enemy
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The Environment

• Almost 100,000 km of blood vessels in the human body (the robots 
need directional (navigation) information/control from a system 
capable to track them in the human body, e.g. use of MRI when 
the shortest routes must be taken, e.g. in cancer therapy);

• Fluidic environment that can be considered homogeneous for larger 
(towards mm-sized robots) to a non-homogeneous medium for 
robots approaching a few micrometers in overall dimensions (e.g., 
presence of blood cells a few micrometers in diameter);

• Blood vessels vary from approx. 25 mm dia. for the aorta and down 
to ~5 µm dia. for the smallest capillaries;

• Blood flows are much larger in larger diameter vessels;
• No line of sight available for feedback control based on visual 

information.



NanoRobotics Laboratory
7

The Major Accessible Routes for Medical 
Nanorobotics

(smaller vessels, e.g. capillaries not shown)
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Loaded Bacteria (Microrobots
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Martel S., Mathieu J.-B., Felfoul O., Chanu A., Aboussouan É., Tamaz S., Pouponneau P., 
Beaudoin G., Soulez G., Yahia L’H., and Mankiewicz M., “Automatic navigation of an untethered 
device in the artery of a living animal using a conventional clinical magnetic resonance imaging 
system,” Applied Physics Letters, vol. 90, 114105, March 12, 2007 
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Introduction

Why bacteria?
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Some Advantages of Using 

Bacteria
• Compared to other methods, they are very efficient as 

actuators in low Reynolds number hydrodynamics;

• Do not require electrical energy to propel or move 
objects (only to control) and hence:

– Lower electric power required on-chip;

– Mechanical approach hence independent of dielectric 
properties of the objects being manipulated;

• Inexpensive

• Very small actuator which is great for miniaturization

• Force scales up with a higher number of bacteria, etc. 
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Some Disadvantages of Using 

Bacteria
• The bacteria that can be controlled by micro-

electronics are typically extremely difficult to 

cultivate and very sensitive to cultivation 

parameters;

• Cannot operate in all environments (e.g. toxic 

medium);

• Are affected by temperature;

• Limited lifespan, etc.
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Magnetotactic Bacteria (MTB)

Description of the magnetotactic 

bacteria 



NanoRobotics Laboratory
16

MC-1 MTB General 

Description
• The cell of the MC-1 bacterium is 

spherical in shape and measures 
approximately 2 micrometers (µm) in 
diameter. Each cell has two flagella 
providing a thrust force exceeding 4 
picoNewtons (pN). This value is 
relatively high compared to other 
flagellated bacteria with typical thrust 
forces in the range of 0.3-0.5pN. This 
allows the MC-1 bacteria to swim in 
water at room temperature and without 
load at speeds often exceeding 200µm/s. 
This is a very high speed when we know 
that the swimming speeds of most 
flagellated bacteria in the same conditions 
are ~30µm/s. Maximum displacement 
speeds of ~300µm/s in water at room 
temperature and corresponding to ~150 
times its cell’s length for a relatively 
large proportion of the bacteria samples 
have also been recorded experimentally 
by our group. Human Red Blood Cells

Human Hair

Size of the
MC-1 cell
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MTB as Controlled Bio-actuators

• Instead of developing nanomotors, we 
proposed and demonstrated (Martel et al. 
2006) the use and integration of bacteria and 
more specifically Magnetotactic Bacteria 
(MTB) (Blakemore 1975) with their molecular 
motors as a means of propulsion or bio-
actuation to transport and manipulate objects.

• Martel, S., Tremblay, C., Ngakeng, S., and Langlois, G. 2006. Controlled 
manipulation and actuation of micro-objects with magnetotactic bacteria. 
Applied Physics Letters, 89, pp. 233804-6.

• Blakemore, R.P. 1975. Magnetotactic bacteria. Science, 190, pp. 377-379.
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Propulsion

Directional
Control and

Tracking
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Sensors (Chemotaxis and Aerotaxis)

Propulsion Engines
(< 30 nm Overall Size,
> 4 pN Thrust Force)

Steering Wheel
(Magnetotaxis)

Nutrients-to-Protons (Fuel)
Converter

Propellers (Flagella)

MC-1 Magnetotactic Bacterium (MTB) 

Represented as a Controllable Actuator
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Propulsion and Steering

• Propulsion: Flagellated nanomotors 
(with rotor and stator) capable for the 
MC-1 MTB of thrust force >4 pN 
greater than 0.3-0.5 pN for many other 
flagellated bacteria;

• Steering: Chain of single magnetic 
domain nanoparticles called 
magnetosomes that align to the 
direction of a magnetic field. Hence, 
the swimming direction of MTB can be 
controlled by inducing a torque on the 
chain acting like a compass needle. 
This directional field can be achieved 
with electrical coils. Although also 
influenced by chemotaxis and 
aerotaxis, magnetotaxis becomes the 
predominant factor for directional 
control when a field intensity greater 
than 0.5 Gauss (ideally ~2-3 Gauss) is 
used. (1 Tesla = 10,000 Gauss)

(Based on data from T. Kubori et al., J. Mol. Biol. 226:433  446, 1992, and

N.R. Francis et al., Proc. Natl. Acad. Sci. USA 89:6304  6308, 1992.) 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.2879
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Propulsion

• The molecular motor embedded in 
flagellated bacteria measures less than 300 
hydrogen atoms across. This rotary engine 
composed of proteins is powered by a flow 
of protons which makes it particularly 
attractive in implementations where the 
availability of electrical power is very 
limited or constrained.

• The shape of the bacterial flagellum acting 
like a propeller consists of a 20 nanometer 
(nm) -thick hollow tube. It has a helical 
shape with a sharp bend outside and next to 
the outer membrane. Put together, they form 
what looks like a hook where a shaft runs 
between the hook and the basal body. The 
shaft then passes through protein rings in the 
cell's membrane that act as bearings. 
Counter-clockwise rotations of a polar 
flagellum thrust the cell forward.
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Steering – Directional Control

• The magnetite chain in 
magnetotactic bacteria acting 
like a compass needle can be 
rotated by a magnetic field 
because of the torque exerted 
on their magnetite particles.
In other words, this chain of 
magnetosomes imparts to the 
MTB a magnetic moment 
that generates sufficient 
torque so that the bacteria can 
align themselves to magnetic 
field lines. This is referred to 
as magnetotaxis.
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Choice of MTB

• Until now, all MTB that have been studied are motile 

by means of flagella and as such they could 

theoretically be considered for the implementation of 

actuation and propulsion systems;

• Practically, although several types of MTB exist and 

can be found all over the world, the selection process 

for the type of MTB to be used is still constrained 

since only a few types can be cultured in artificial or 

laboratory conditions.
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Magnetosomes
• The magnetosomes embedded in each MC-1 

MTB are Fe3O4 single magnetic domain 
crystals of a few tenths of nanometers in 
sizes (35 nm to 120 nm) separated by a 
membrane.

• A magnetic field will exert a torque on a 
ferromagnetic material such as magnetite or 
on a material with diamagnetic anisotropy. 
Only ferromagnetic or superparamagnetic 
crystals with length below 35 nm are able to 
produce a response to a field as weak as the 
geomagnetic field (0.5 Gauss) that is 
detectable against thermal motion. 
Magnetosomes within the permanent single 
domain size range are uniformly magnetized 
providing the maximum magnetic dipole 
moment per unit volume. When arranged in 
a chain as it is the case for the MC-1 MTB, 
magnetostatic interactions between the 
single domain crystals cause the magnetic 
moments to spontaneously orient parallel to 
each other along the direction of the chain 
resulting in a permanent magnetic dipole for 
the entire chain with a magnetization 
approaching it saturation value at 0.6T.
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Control of MTB

Factors influencing MTB - Control modes 
(chemotaxis, aerotaxis, magnetotaxis) and how to 
take advantage and to switch between the control 

modes using electronics   
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Chemotaxis, Aerotaxis, and 

Magnetotaxis
• Unlike most bacteria that are based on chemotaxis to detect nutrient 

gradients and hence influence their motility (Berg and Brown 1972; Ford et 
al. 1991; Armitage 1992), the direction of displacement of MTB with their 
chain of magnetosomes which are membrane-based nanoparticles of a 
magnetic iron, although influenced by chemotaxis and aerotaxis, are also 
influenced by magnetotaxis (Frankel and Blakemore 1980; Denham et al. 
1980; Debarros et al. 1990).

• Berg, H.C. and Brown D.A. 1972. Chemotaxis in Escherichia coli analyzed by three-
dimensional tracking. Nature, 239, pp. 500-504.

• Ford, R.M., Phillips, B.R., Quinn, J.A., and Lauffenburger, D.A. 1991. Measurement of 
bacterial random motility and chemotaxis coefficients. I. Stopped-flow diffusion chamber 
assay. Biotech. and Bioeng., 37(7), pp. 647-660.

• Armitage, J.P. 1992. Bacterial motility and chemotaxis. Sci. Progr., 76, pp. 451-477.

• Frankel, R.B. and Blakemore, R.P. 1980. Navigational compass in magnetic bacteria. J. of 
Magn. and Magn. Materials, 15-18 (3), pp. 1562-1564.

• Denham, C., Blakemore, R., and Frankel, R. 1980. Bulk magnetic properties of magnetotactic 
bacteria. IEEE Trans. on Magnetism, 16(5), pp. 1006-1007.

• Debarros, H., Esquivel, D.M.S., and Farina, M. 1990. Magnetotaxis. Sci. Progr., 74, pp. 347-
359.
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Chemotaxis and Aerotaxis

• Chemotaxis

– Chemotaxis is defined as directed movement of a 
cell or organism toward (or away from) a chemical 
source. 

• Aerotaxis

– Aerotaxis is defined as the movement of an 
organism, especially a bacterium, toward or away 
from air or oxygen.
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Magnetotaxis

• Stable single-domain (SD) particles (only possible 
for nano-scale particles) permit only two possible 
stable positions in which the magnetic moment can 
lie, either closely parallel or anti-parallel to the 
particle long axis.

• When subjected to a magnetic field slightly higher 
than the earth’s magnetic field of 0.5 Gauss, the 
directional motions of these MTB become mainly 
influenced by magnetotaxis and therefore fully 
controllable by electronic equipments and computers 
(Martel et al. 2006).
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Increasing/Decreasing the Effect of 

Magnetotaxis

(Directional Electronic Control)
• Although at lower magnetic field intensities, i.e. 

around the geomagnetic field of 0.5 Gauss, 
magnetotaxis has an influence on the swimming 
directions of MTB, previous experiments conducted 
by our group show that a higher magnetic field with a 
minimum value of approximately 2-3 Gauss (or even 
less) provides the best control and responses of the 
MTB from directional commands generated by an 
electrical source by making magnetotaxis the 
predominant factor over chemotaxis and aerotaxis.
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Control of MTB

Swimming speed profile of MC-1 

MTB in blood samples at 37 Celcius
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Control of MTB

Controlling characteristics of MC-1 

MTB by changing the parameters 

during cultivation   
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very small amounts of oxygen 
added daily (0.5 ml of oxygen 
is added daily to 125 ml bottle 
containing 50 ml of medium).
B- Bacteria have growth in 
medium containing 1% oxygen.
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An Example of the Effects of Cultivation 

Parameters Coupled with Field Intensity to 

Control the Speed of MC-1 MTB
(Source: NanoRobotics Laboratory)
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Control of MTB
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1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

1. Go straight for 2.5 sec.;
2. Then turn left 30o;
3. Continue for 1.5 sec.;
4. Then stop.

1

2-3

4
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Accurate Pre-programmed Swimming 

Path in Open Space 

Magnetic fields direction

100 µm

620 m/s

T0

T5

T10

T15

Fluorescent bead attached to a bacterial cell

T Time
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Examples of Steering Control of the MTB

• Close Space - Computer-based control of an agglomeration 
(swarm) of bacteria to navigate them in pre-planned paths in 
microfluidic channels. The arrow indicate the MTB 
swimming direction.
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Magnetotactic bacteria swimming
in blood between red cells (© NanoRobotics Laboratory)
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Main Methods of Loading the Bacterium

• A - Embedded: Therapeutic agents 
can potentially be embedded in the 
cell, released by hyperthermia using 
the magnetosomes (e.g. penetrating 
peptides);

• B - Nanoparticles: Polymeric 
nanoparticles (e.g. 100-150 nm) 
containing the therapeutic agent can 
be attached at the surface of the cell; 

• C - Microparticle: A polymeric 
microparticle containing the 
therapeutic agent can be attached to 
the cell, the microparticle should not 
exceed too much the diameter of the 
cell (approx. 2 micrometers) to avoid 
an increase of the drag force and 
potentially an increase of the wall 
retarding effect in smaller capillaries.

A - Embedded

B - Nanoparticles

C - Microparticle

Or a larger structure for implementing
micro-robots propelled by one 
or more bacteria

Example
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Tracking 
Magnetotactic 
Bacteria in the 
Human Body 

with MRI

• The magnetosomes of each 
MTB cause a local distortion of 
the magnetic field (top);

• With a higher density of MTB, 
this distortion (shown in ppm) 
becomes detectable by MRI 
(bottom left);

• Example of MR-image of an 
agglomeration of unloaded 
MTB (bottom-right) with no 
MTB (a) and with MTB (b)

a

b

10 µm

100 ppm

10 ppm

3 ppm
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DIRECTION OF INTENDED MOTION
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Micro-reservoir

MTB

Photovoltaic-module

650 µm × 550 µm

The first version of the microrobot 

propelled and steered by bacteria (70 
µA, 0.6 Gauss)

(1)

(2)

(4)

Photovoltaic cell Micro-reservoir (2, 3. 4)

(3)
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To Probe Further
• Journal paper on propelling and steering micro-objects including micro- nano-robots with 

bacteria: Martel S., Tremblay C., Ngakeng S., and Langlois G., “Controlled manipulation and 
actuation of micro-objects with magnetotactic bacteria,” Applied Physics Letters, 89, 233904, 2006 

• Conference paper on the use of carriers defined in the paper as micro-robots carrying 
loads in the human body being steering and propelled with bacteria: Martel S. “Targeted 
delivery of therapeutic agents with controlled bacterial carriers in the human blood vessels,” 2nd 
ASM/IEEE EMBS Conference on Bio, Micro and Nanosystems, January 15-18, 2006, San 
Francisco, California, USA

• Another conference paper on the steering control and propulsion for micro- nano-robots 
including the manipulation of other micro-structures or objects using bacteria: Martel S., 
“Controlled bacterial micro-actuation,” Proceedings of International Conference on 
Microtechnologies in Medicine and Biology, pp. 89-92, Okinawa, Japan, May 9-12, 2006

• Proof of potential applications: Patents: Martel et al., US Provisional Patent Application No. 
60/576,609 , June 2004; Martel et al., US Patent Application No. 11/145,007, June 2005, etc…

• Other more recent references on the topic can also be found at: www.nano.polymtl.ca/ (look for 
publications), also http://wiki.polymtl.ca/nano/index.php/Publications

• For enquiries, email to: sylvain.martel@polymtl.ca


