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Steering of Aggregating Magnetic Microparticles Using
Propulsion Gradients Coils in an MRI Scanner
Jean-Baptiste Mathieu* and Sylvain Martel
Upgraded gradient coils can effectively enhance the MRI steering of magnetic microparticles in a branching channel. Applications of this method include MRI targeting of magnetic
embolization agents for oncologic therapy. A magnetic suspension of Fe3O4 magnetic particles was injected inside a yshaped microfluidic channel. Magnetic gradients of 0, 50, 100,
200, and 400 mT/m were applied to the magnetic particles perpendicularly to the flow by a custom-built gradient coil inside a
1.5-T MRI scanner. Measurement of the steering ratio was performed both by video analyses and quantification of the mass
of the particles collected at each outlet of the microfluidic
channel, using atomic absorption spectroscopy. Magnetic particles steering ratios of 0.99 and 0.75 were reached with
400 mT/m gradient amplitude and measured by video analyses
and atomic absorption spectroscopy, respectively. Experimental data shows that the steering ratio increases with higher
magnetic gradients. Moreover, theory suggests that larger particles (or aggregates), higher magnetizations, and lower flows
can also be used to improve the steering ratio. The technological limitation of the approach is that an MRI gradient amplitude
increase to a few hundred milliteslas per meter is needed. A
simple analytical method based on magnetophoretic velocity
predictions and geometric considerations is proposed for
steering ratio calculation. Magn Reson Med 63:1336–1345,
C 2010 Wiley-Liss, Inc.
2010. V
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Magnetic targeting traditionally aims at attracting circulating magnetic particles to a selected region of the body,
using external magnets (1–3). The most common targeting strategy relies on injecting the particles intravenously
and then positioning a strong magnet next to the tissue
to be targeted. This approach could improve tumor
remission and reduce toxicity by lowering dosages in
healthy tissues (4). Although state-of-the-art magnetic
carriers are available (5–7), magnetic targeting in deep
tissues is still limited by the use of external magnets, as
explained in Grief and Richardson (8). In fact, the use of
external magnets restricts the targeting possibilities to
organs that are close to the skin and does not allow precise control over the trajectory of the magnetic particles.
MRI systems can alleviate the limitations of organ
depth, gradient linearity, and imaging feedback. They
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could become the core element of real-time magnetic targeting platforms that would act upon the trajectory of a
magnetic particle bolus from the release catheter,
through the arterial system to the targeted area of the
body (9–11). Steering forces can be applied to magnetic
particles along any direction, using the orthogonal gradient coils normally used for image encoding (12,13). Gradient coils can act without depth limitations since they
offer constant amplitude over regions as wide as 50 cm.
Moreover, the high sensitivity of MRI systems to magnetic susceptibility differences (14–17) combined with
fast imaging sequences allows real-time in vivo imaging
of the biodistribution of the particles, which is an important advantage over conventional magnetic drug targeting. Finally, the real-time software architecture of modern MRI systems makes it possible to link tracking
information and steering force to establish closed loop
control over the position of the particle bolus. In Martel
et al. (9), automatic control of an untethered millimetersized bead was achieved in the carotid artery of a live
swine. The present paper aims at gathering concrete experimental data concerning the behavior of MRI-propelled magnetic suspensions. Thus, an experimental
setup based on a magnetic microparticle suspension
flowing in a branching channel under the influence of a
magnetic gradient in an MRI scanner was used to prospectively identify the parameters that influence the
steering dynamics. These results are intended to enable
subsequent steps in the quantification and optimization
of the therapeutic efficacy of MRI-based navigational
platforms for endovascular microdevices in the context
of cancer treatment applications.

Magnetophoretic Velocity and Arterial
System Configuration
The magnetic propulsion force induced on a magnetic
particle or on an aggregate of magnetic particles depends
on the choice of magnetic material but also on its volume and on the applied magnetic gradients as in
F mag ¼ rðm  BÞ ¼ Vferro  rðM  BÞ

½1

where Fmag is the magnetic force (N), m is the magnetic
moment of the ferromagnetic body (Am2), M the magnetization of the material (A/m), Vferro is the volume of the
ferromagnetic body (m3), B is the magnetic field (T), and
!B is the gradient or spatial variation of the magnetic
field (tesla/meter).
Arterial geometry and blood velocity are of primary
importance for magnetic steering. A particle traveling
through a given blood vessel will acquire its longitudinal
velocity Uflow from the local blood flow (Fig. 1).
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FIG. 1. Flow velocity Uflow and magnetophoretic velocity Umag.
The parabola represents a Poiseuille flow-velocity profile. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Application of an external magnetic force on a microparticle or a cluster leads to magnetophoretic velocity
U mag ¼

F mag
f

½2

The friction factor f is equal to f ¼ 6pla for a sphere
where l is the viscosity of the fluid and a is the radius
of the sphere. Ideally, and as shown in Fig. 1, Uflow and
Umag must be orthogonal. Magnetophoretic velocity
increases with particle size. Therefore, larger particles
(or particle aggregates) achieve faster magnetophoretic
velocities than smaller particles (or particle aggregates)
when subjected to similar gradient amplitudes (13).
The geometry and blood velocities encountered in the
arterial system span across many orders of magnitude
from centimeters to micrometers and from meters per
second to millimeters per second (Table 1). An adequate
combination of magnetic gradient amplitude, particle
size, magnetic properties, and aggregation behavior must
be determined in accordance with the specific blood
flow conditions and vessel diameters that will be
encountered in the targeting experiment.
Steering Ratio
The route traveled by particles toward the targeted area
is made of nb branches, each branch presenting a risk of
losing particles toward an untargeted area. At a given
branch, particles that are located on one side of the centerline of the channel will follow the flow streamlines
and are naturally sorted toward the closest outlet. Even
though this simple rule implies a symmetrical splitting
of the flow between both branches of the channel, it can

be easily adapted to more complex geometries (8,18). A
rule of thumb for efficient steering is that the magnetic
force should be strong enough to bring the magnetic
microparticles past the centerline of the channel during
the transit time in the channel. This transit time is set by
the velocity of the flow and by the length of the channel.
The experimental setup proposed in this paper was
designed to quantify the steering ratio of magnetic particles in a symmetrical branching channel. The steering
ratio /i at branch 1 < i < nb is defined as the fraction of
the mass of particles reaching the targeted side of branch
i over the total mass of particles going through branch i.
MATERIALS AND METHODS
Magnetic Suspension
A magnetic suspension (BioMag BM547; Bangs Laboratories, IN) containing Fe3O4 magnetic particles in deionized
water was used. The average particle diameter was 11 lm
and the 25th and 75th percentile were 5 lm and 20 lm,
respectively (Malvern Mastersizer S, Worcestershire, UK).
The imaging scanner used in this study has a 1.5-T field.
A vibrating sample magnetometer (Walker Scientific,
Worcester, MA) was used to measure the magnetization
value of the magnetic particles M1.5T ¼ 56 emu/g in a
field of equal amplitude. The highest magnetization data
point measured using the vibrating sample magnetometer
was M2.2T ¼ 57 emu/g. Because M1.5T is 98% of M2.2T, the
magnetic particles are considered to be within the saturation magnetization plateau region when placed within the
homogeneity region of a 1.5-T imaging magnet.
Magnetic Steering Setup
A y-shaped fluidic channel with a rectangular cross-section (length ¼ 20 mm, width ¼ 2.5 mm, depth ¼ 0.3
mm) was centered inside a 1.5-T Siemens Avanto scanner (Siemens, Erlangen, Germany) and placed inside a
custom-built Maxwell pair gradient coil with an efficiency of 22.15 mT/m/A (Fig. 2). The magnetic gradient
was directed along the longitudinal (z) axis of the scanner. The main branch of the channel was oriented along
the horizontal transverse axis of the MRI scanner (x
axis), causing the flow to be orthogonal to the direction
of the amplitude of static magnetic field. The outlet
branches had angles of þ30 and 30 degrees with
respect to the z axis of the scanner. An MRI-compatible
camera (MRC Systems GmbH, Heidelberg, Germany) was
positioned above the fluidic channel. The particles’

Table 1
Physiological Parameters of Human Circulation
Blood velocity, m/sec

Aorta
Arteries
Arterioles
Capillary
a

Diameter, m

Length, m

Max

Average

2.5.102a
4.103a
50.106a
8.106a

0.5a
0.5a
1.102a
1.103a

1.12,b 0.63c
0.20–0.50c

0.4,a 0.18b
0.45a
0.05a
0.5.103–1.103c

Charm and Kurland (18).
Milnor WR. Hemodynamics. London: Williams and Wilkins; 1982. p 141.
c
Whitmore RL. Rheology of the circulation. Pergamon Press; 1968. p 93.
b
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FIG. 2. Schematics of the experimental setup. a: Equipment layout. b: Close-up on the flowing channel. Horizontal arrows show
the direction of the flow and indicate the parabolic velocity profile.
Vertical arrows show the direction of the magnetic force. Dark
ellipses represent magnetically aggregated microparticles as they
drift under the influence of the viscous forces of the flow and the
magnetic force of the gradient coil. Stationary aggregates that
grow and break down dynamically at the channel’s bifurcation are
referred to as islets.

distribution across the channel was verified prior to the
experiments by visual inspection using the camera. It
was calibrated by retracting the channel entrance so that
the supply tubings were located at a sufficient distance
from the high gradient region of the coils. During the
quantitative experiment, the camera’s field of view spans
the end of the channel’s main branch. It was positioned
above the last 5 mm of the main branch to record the
steering of the particles at the bifurcation (Fig. 2). Therefore, aggregates that enter the camera’s field of view in
the Results section have already been steered due to the
influence of the magnetic gradient and therefore are
pushed to one side of the channel.
A light-emitting diode was used for transmission lighting of the fluidic channel. The channel depth (0.3 mm)
was chosen to ensure that it was smaller than the depth
of focus of the camera to monitor the entirety of the particulate flow. Each experiment began by activating the
Maxwell pair to apply a magnetic gradient on the space
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containing the fluidic channel. The video recording was
then initiated. Two syringe pumps (New Era Pump Systems, Inc., NY) were then activated and applied a flow
of 0.55 mL/min for the remainder of the experiment.
This flow yielded an average flow velocity of 12.2 mm/
sec and 6.1 mm/sec in the main branch and in the outlet
branches of the channel, respectively. A Poiseuille flow
was assumed. The magnetic particles with concentration
1.125 mg/mL were carried by the flow through the channel, where they experienced the effect of the gradientinduced magnetic force, as shown in Fig. 2b. Experiments were performed so that each gradient amplitude
(0, 50, 100, 200, and 400 mT/m) was repeated five times
in a random order. Moreover, the direction of the gradient was reversed in a random fashion between each
experiment, hence changing the branch of the channel
toward which the particles were magnetically guided.
Quantification of the steering ratio was performed
using the following methods. The software package MatLab (The Mathworks, MA) was used to average video
data over several thousands of frames and obtain density
images of the position of particles in the channel. Five
video files were processed (one per gradient amplitude).
The second method consisted of a manual aggregate
count and length measurement over randomly selected
frames from the same five video files (10 frames per
video file). Zeiss Axiovision software (Carl Zeiss GmbH,
Germany) was used for manual data gathering. The steering ratio /i depends on the amount (mass) of the particles reaching the outlet branch of the channel selected
by the gradient direction. Longer aggregates are made of
a larger number of particles and would potentially carry
a larger fraction of the therapeutic payload to a tumor
than smaller ones. Hence, their impact on the steering ratio is expected to be more pronounced. With the second
quantification method, we considered this size dependence in our data by assigning more importance to longer
aggregates. A proportional relation between the mass of
an aggregate and its length was introduced to perform
the volume weighting of the data. It is based on the
assumption that aggregate mass is directly proportional
to their length. Note that this approach is a simplification since it assumes that aggregates are made of strictly
linear chains of particles forming along one dimension
only (in MRI, the direction of the amplitude of static
field). The third method used was atomic absorption
spectroscopy (AAS). The suspension was collected in
vials at both outlets of the y-shaped channel and the
iron content of each collection vial was measured using
an S series Thermo Scientific AAS system (Thermo
Fisher Scientific, MA). The iron content of the particles
gathered in each vial is a direct measurement of their
mass since they are made of iron oxide with stoichiometric proportions Fe3O4. This mass information was used
to calculate the steering ratio.
Theoretical Model
A method based on the equations of magnetophoretic velocity was derived to predict the steering ratio in a symmetrical branching channel and was compared with the
experimental data. The theoretical trajectories of
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particles in a channel were calculated for a Poiseuille
flow and a uniform magnetic field gradient. A geometry
factor is defined as (Ut * l)/(Ul * R), where l and R are,
respectively, the length and radius of the vessel, while
Ul and Ut are, respectively, the longitudinal velocity of
the fluid in the channel and the transversal velocity of
the particles across the channel. The geometry factor is
related to the steering ratio using geometric considerations concerning the radial positions of the particles.
Since it is a nondimensional number, it can be used to
calculate the steering ratio regardless of the dimensions
of the channel, flow velocity, and magnetophoretic velocity. More details about the theoretical calculation of
the steering ratio can be found in the Appendix.
RESULTS
Video Image Analysis
Figure 3 shows the video image data for five steering
experiments with different gradient amplitudes and a
single gradient direction. Note that Fig. 3 aims at providing a qualitative understanding of the dynamics of a
steering experiment. For graphical coherence, all data
used for this figure were drawn from videos displaying
the same gradient direction. The reversal of the gradient
direction does not change the outcome of the experiment
or the phenomena taking place.
In column 1, magnetically aggregated particles are
flowing through the channel, as shown on the supplemental video. The aggregates are oriented along the
direction of the main magnetic field of the MRI system
amplitude of static field (vertical) and move under the
influence of the flow (left to right) and magnetic gradient
(bottom to top in these videos). When the gradient is not
applied (row a in the figure), aggregates flow indifferently through both outlets of the channel. As the gradient amplitude increases (rows b to e), the aggregates are
more numerous in the top channel outlet. Some aggregates tend to accumulate at the branch of the channel
and form stationary aggregates (islets as defined in Fig.
2) that grow and break down dynamically (see supplemental video 1). Compared to the overall aggregate flow,
the fraction of particles that takes part in the islet formation appears relatively small.
Column 2 shows composite images obtained by averaging many frames from each video. These plots of aggregate position density provide a global visual understanding of aggregate trajectories during steering experiments.
Red parts of the images represent areas that are most
dense with aggregate passage, whereas blue parts of the
image represent the least dense areas. Column 3 contains
aggregate size distribution histograms that were obtained
through manual measurement over 10 randomly selected
frames per video file depicted in this figure. Shearenhanced magnetic aggregation (19) of the particles takes
place. As reported in (20), with the same experimental
conditions, manual length measurement of the magnetic
aggregates formed in the imaging magnet with 0 mT/m
gradient amplitude yields aggregates with lengths of
650 6 410 lm. The average length is likely to have been
overestimated since the pixel size of the camera is not
adequate to resolve the smallest aggregates. These aggre-
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gates made of several hundreds of particles have a significant impact on the steering ratio. The ‘‘Top’’ and ‘‘Bottom’’ histograms show the size distributions for the top
and bottom channel outlets, respectively. The ‘‘Top þ
Bottom’’ histograms are the sum of the ‘‘Top’’ and the
‘‘Bottom’’ histograms and represent the total number of
aggregates of each size that exit the channel over the 10
frames that were analyzed per video. Consistent with the
theoretical model described in the Appendix, these
results represent the scenario where the steering ratio of
the aggregates increases with gradient amplitude. They
also imply that larger aggregates have higher magnetophoretic velocities than smaller aggregates since they are
efficiently steered with lower gradient amplitude. This
phenomenon can be observed in Fig. 3 column 1 and
video 1, where larger aggregates are properly steered
with lower gradient amplitude than smaller aggregates.
This is confirmed in column 3, where larger aggregates
are the first to disappear from the ‘‘Bottom’’ histograms
as gradient amplitude increases.
Steering Ratio
Figure 4 shows steering ratio data from theoretical analysis (curve a), image analyses (curve b) and AAS measurements (curve c). The theoretical analysis (curve a) is
based on the geometric calculation method detailed in
the Appendix. The model was applied to the size measurement histogram of the suspension. It shows the ideal
behavior of the suspension where particles are assumed
to be spherical and aggregation and other effects like
wall friction, viscous wall retardation, diffusion, and viscous resuspension (21) are not taken into account. The
image-based steering ratio (curve b) is obtained by dividing the area under the ‘‘Top’’ histogram by the area
under the ‘‘Top þ Bottom’’ histogram displayed in Fig. 3.
Since large aggregates contain more material than small
ones and therefore have more impact on the steering ratio, the calculation of the steering ratio was weighted by
the length of the aggregates in the size distribution histogram, as described in the Materials and Methods section.
Comparing curves a and b shows that aggregates visible
on video frames exhibit higher steering ratios than predicted by theory since they reach steering ratios above
95% with gradient amplitudes as low as 100 mT/m. One
possible cause could be that the magnetophoretic velocity of the magnetic aggregates seen in the videos is
higher than predicted by the model for nonaggregated
particles, as observed in Darton et al. (13).
AAS measurements were performed to quantify the
mass of iron contained in each vial, without particle size
limitations. The mass of the Fe3O4 particles contained in
each vial is proportional to the mass of the iron that is
part of their stoichiometry. Iron mass can therefore be
used to calculate the steering ratio (curve c). In Fig. 4,
the AAS curve has an initial increase that is faster than
the theoretical curve (curve a). Similar to the video data
(curve b), it reaches a plateau value for gradient amplitudes above 100 mT/m. Nevertheless, the AAS curve
does not reach a steering ratio of 1 and eventually
becomes inferior to the theoretical curve (curve a) above
280 mT/m. We hypothesize that the discrepancies
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FIG. 3. Video image analysis of the magnetic steering experiments. Each row represents different gradient amplitude. Column 1 depicts
raw images from the video files without any processing. Column 2 show composite images obtained by averaging the video files over
several thousands of frames. Column 3 shows the histograms of aggregate sizes in the top and bottom outlets of the channel and the
sum of each histogram (Top þ Bottom).
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Propulsion Gradient Coils

FIG. 4. Steering ratio data from (a) theoretical analysis, (b) volume-weighted video image analyses, (c) AAS measurements
(whiskers show extent of AAS data [lowest and highest data
points] for each gradient amplitude [n ¼ 5]). The vertical line
shows the effect that a nonmodified clinical MRI scanner with
40 mT/m and a 50% duty cycle would have on the steering ratio
in the same setup. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

between curves b and c may be due to the contribution
of small aggregates and nonaggregated particles that cannot be resolved with our optical system. Although the
AAS curve appears to reach a plateau value, the variability in the data could mask a slow increase of the steering
ratio with gradient amplitude. This variability is
assumed to be caused by the fact that the flow and fluidic setup are sensitive to several parameters such as
outlet flow and inlet tubing orientation.
For a given channel and flow velocity, the magnetic
steering experiments illustrate that the steering ratio
increases with the amplitude of the magnetic gradient.
Image analysis confirmed that the largest magnetic aggregates required lower magnetic gradient amplitudes to be
guided efficiently. Moreover, the model suggests that the
magnetization of the particles also has a favorable impact
on the steering ratio.

DISCUSSION
The y-shaped branching channel proposed in this paper
was used to identify the main parameters and phenomena that influence steering ratio of magnetic microparticles in MRI scanners. Extensive work remains to be
done to scale up the method into a magnetic therapeutic
delivery system. The simple nature of this experimental
configuration is put in best perspective when considering the additional aspects involved in developing this
application: MR engineering; advanced control theory;
geometrical, physical, and physiologic complexity of the
human vascular system; and the medical and interventional constraints of embolization therapy. The following
paragraphs propose tentative strategies to address some
of the key challenges lying ahead.

Gradient amplitudes provided by standard MRI scanners
are in the order of 40 mT/m per axis. One of the challenges involved in the development of this technology is
that imaging gradient amplitudes are too low for the
propulsion of magnetic microparticles (vertical line on
Fig. 4). Gradient fields about 10 times higher than normal are required. The proposed application requires the
development of upgraded gradient coils with innovative
winding patterns dedicated to propulsion. Standard
imaging coils and propulsion-dedicated coils do not
have the same requirements. Even though they deal with
the same design constraints, their priorities are different.
The requirements of a propulsion-dedicated gradient
insert are oriented toward achieving the highest possible
gradient amplitude. Gradient amplitude is proportional
to the product nI of winding number n and current intensity I. This nI product is limited by Joules effect heat
dissipation issues: P ¼ RI2. Whereas P is a linear function of R (R ! n), it is a quadratic function of I. Typical
MRI gradients produce about 20 kW of heat. An increase
of 10 times the amplitude with the same winding patterns would require 10 times as much current and therefore consume about 2 MW. Increasing winding number n
over current supply I could lead to a less important
increase in heat generation and allow higher achievable
gradient amplitudes. This amplitude improvement
would be made at the cost of a higher coil inductance L.
An important limit in standard imaging gradient amplitude comes from their inductance and response time
requirements. Imaging gradient coils must be powered
on/off in a matter of a few hundred microseconds due to
the strict sequence kernel timing constraints in MRI. In
comparison, a propulsion-dedicated gradient coil insert
could afford a ramping time of several millisecond
according to the refresh rate requirements of the closed
loop controller. Therefore, their inductance could be sacrificed to the benefit of increased amplitude. Multilayered gradient coils (22) can be a valuable option to
increase gradient efficiency by limiting the current
increase required and therefore the heat generated. Other
design strategies to increase the gradient efficiency over
the slew rate of the coil could be studied. Since high-inductance propulsion gradient coils would be too slow
for spatial encoding, the standard imaging coils would
still be used for imaging. A time-multiplexed mode of
operation is proposed. This approach would not be at
odds with positional control since propulsion and tracking phases do not overlap temporally (9).

Spatial Control of a Magnetic Particle Bolus
The fact that the gradient fields can only apply a global
steering force makes it impossible for particles in different locations to be steered along different directions.
Ideally, a very small particle bolus would be injected so
that all particles would require approximately the same
magnetic force direction at all times. Unfortunately, if
the particle bolus is too small, it will become difficult to
detect within the tracking images. Realistically, the bolus
volume will be large enough so that the first particles
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injected will have reached downstream arteries when the
last particles of the bolus will have just been released
from the catheter. This situation will intensify as the
bolus continues rapidly through an increasing number of
arterial branches as vessel size decreases. It will be
impossible for the direction of the magnetic gradient to
be adapted to every possible orientation of the arteries
crossed simultaneously. Concurrently, a resolution limit
will be reached and it will become more and more difficult to image each small blood vessel individually for
roadmapping purposes. One option to cope with these
limitations would be to track the bolus globally in the
organ and to direct the propulsion gradient along
the general direction between the geometric center of the
bolus and the targeted area. Due to the redundancy of
the vascular network, even though the particles will be
spread out in several arteries simultaneously, an
increased fraction of the particles would theoretically
reach the targeted region when compared to an embolization therapy without magnetic propulsion. Considering
the whole bolus as a single entity might also simplify
the control of particles and aggregates with different
sizes and different magnetophoretic velocities. This situation is obviously more complex that the experiments
involving a single bifurcation presented here. Nevertheless, the same physical phenomena are expected and the
effect of a magnetic force that would not be perfectly orthogonal to the flow is simple to implement (8). Another
control option is proposed in Martel et al. (23), where a
learning control algorithm would rely on the injection of
minute amounts of magnetic particles to determine by
trial and error the optimal propulsion gradient sequence
to maximize the amount of particles reaching the targeted area. Then, a more important therapeutic dosage of
particles would be injected while the optimal gradient
sequence would be repeated.
CONCLUSIONS
The present study is part of the fundamental work
involved in the design of an MRI-based navigational
platform for endovascular microdevices including microparticles. It aimed at demonstrating the need for propulsion-dedicated magnetic gradient coils and validating
predictions of their amplitude requirements (about half a
tesla per meter). Another goal was to gather concrete experimental data concerning the behavior of an MRI-actuated magnetic suspension to identify and study the
impact of important parameters in the context of steering
of magnetic particles in MRI scanners. Our data showed
that magnetic particles can be steered toward a particular
branch at a bifurcation and that, for a given vessel, the
steering ratio can be enhanced with higher magnetic gradients. Larger magnetic particle aggregates displayed
higher steering ratios than smaller-sized ones. This suggests that magnetic aggregation could facilitate magnetic
steering by increasing the influence of the magnetic propulsion force over the viscous frictional forces. Further
studies concerning aggregation in the context of steering
of magnetic particles in MRI scanners are required.
Future theoretical work should include precise estimations of the magnetophoretic velocity of magnetic aggre-
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gates, of the fraction of aggregated versus nonaggregated
particles, and of the compliance of magnetic aggregates
with vessel geometry.
ACKNOWLEDGMENTS
This project is supported in part by the Canada Research
Chair (CRC) in Micro/Nanosystem Development, Fabrication and Validation, the Canada Foundation for Innovation (CFI), the National Sciences and Engineering
Research Council of Canada (NSERC), Fonds Québécois
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APPENDIX
Calculation Method of Magnetic Steering Ratio
Based on the equations of magnetophoretic velocity, a
geometric theoretical method is proposed to calculate
the steering ratio.
Geometric Determination of Steering Ratio
To normalize the impact of arterial system configuration
parameters over steering ratio, a dimensionless channel
geometry factor G is used
G¼

U mag  l
jU t j  l
¼
jU l j  R
U flow  R

½3

In Eq. 3, l and R are, respectively, the length and radius of the channel, while Ul and Ut are, respectively,
the longitudinal velocity of the fluid in the channel and
the transverse velocity of the particles across the channel. In this paper, they are equivalent to Uflow and Umag,
respectively.
Figure 5 shows the trajectories of particles with unit
radial magnetophoretic velocities starting from different
radial positions in a vessel of unit radius with unit average longitudinal flow velocity. The flow has a parabolic
Poiseuille velocity profile that causes the trajectories to
be curves instead of straight lines, as they would be for a
uniform flow velocity across the radius of the vessel.
One can read on the abscissa the longitudinal position
in the vessel at which particles with different initial radial positions cross the centerline. Since in this graph
R ¼ Ul ¼ Ut ¼ 1, the abscissa represents the length of
the channel but also its geometry factor. One can see
that for increasing values of the vessel length (or geometry factor), particles with higher initial radial position
can reach the centerline of the vessel and are therefore
efficiently guided. For example, a channel with length
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FIG. 5. Trajectories of magnetic particles with different initial radial
positions and unit magnetophoretic velocity in a flowing channel
of unit radius with unit average flow velocity.

(geometry factor) 0.2 allows particles with initial radial
position ri < þ0.1 to be efficiently guided toward the
selected branch of the channel. All of the particles with
initial radial positions ri > þ0.1 will therefore exit the
channel through the wrong branch. The critical initial radial position, here ri ¼ 0.1, which sorts the particles exiting through each branch of the channel, is defined as the
discrimination radius rd. The discrimination radius rd of
channels with length (geometry factors) 4/3 and above is
 þ1. A geometry factor of 4/3 and above allows all of
the particles to be efficiently steered since they all have
enough time to cross the centerline of the channel.
The initial position information can be related to the
steering ratio /i. In the simplest case where particles are
evenly distributed over the cross-section of the vessel
when they enter it, dividing the vessel cross-section area
under rd by its total cross-section area (Fig. 6) provides
an estimate of the steering ratio.
In most actual applications, though, the particles will
not be perfectly distributed across the vessels. Nevertheless, the model can take an uneven particle distribution
into account. In this case, instead of considering the
cross-section area of the entire channel for the calcula-

FIG. 6. The fraction of the area enclosed beneath a given radial
position over the total area of the channel provides a measurement of the steering ratio. Flat and circular channels differ slightly
in the distribution of their cross-sectional area.

FIG. 7. Steering ratio as a function of geometry factor for a flat
and a circular channel. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

tion of the steering ratio, the fraction of the channel that
is actually occupied by the particles when they enter it
will be fed into the model to take the uneven distribution into account.
To summarize, the trajectory analysis shown in Figs. 5
and 6 can be used to relate steering ratio and vessel geometry factor. By putting these geometric considerations
together, one can plot the steering ratio versus the geometry factor (Fig. 7). For example, the 0.2 and 4/3

FIG. 8. Volume fraction distribution and cumulative volume fraction of the Fe3O4 suspension used in this paper as a function of
particle diameter, magnetophoretic velocity (based on a 400 mT/m
gradient and water as suspending fluid), and geometry factor
(based on a 400 mT/m gradient, a 0.0122 m/sec mean flow velocity in a 0.02-m-long  0.0025-m-wide channel, and water as suspending fluid). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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FIG. 9. Volume fraction distribution as a function of the geometry factor for gradient amplitudes 50 mT/m, 100 mT/m, 200 mT/m, and
400 mT/m (based on a 0.0122 m/sec mean flow velocity in a 0.02-m-long  0.0025-m-wide channel and water as suspending fluid).
Steering ratio in a flat channel from Fig. 8 is superimposed on the graphs. The steered volume fraction distribution (shaded region) displays the volume fraction of efficiently steered particles for each value of the geometry factor and corresponds to the product of the volume fraction distribution with the steering ratio curve. The geometry factors increase with gradient amplitude and the area of the
shaded region progressively becomes more important. The overall steering ratio is calculated as the fraction of the area of the shaded
region over the area of the overall volume fraction distribution. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

geometry factors considered earlier yield theoretical
steering ratios of 55% and 100%, respectively, for a flat
channel.
A similar analysis can be used for magnetic particle
trapping against the vessel wall. In this case, one should
follow the trajectory curves of Fig. 5 all the way to the
lower wall of the vessel and read the corresponding geometry factor on the abscissa and the initial position on
the ordinates. In this case, an 8/3 geometry factor is
required to obtain 100% trapping efficiency.
Expansion to Polydisperse Magnetic Suspensions
The main interest of the previous analysis is that it lends
itself naturally to predicting the steering ratio of a polydisperse suspension. For a single blood vessel, particles
with different radii will experience different geometry
factors since magnetophoretic velocity is an increasing
function of particle (or aggregate) size. An example
involving the size distribution curve of the actual suspension used in our experiments will be used to demonstrate the method. It consists in Fe3O4 particles (M1.5T ¼
56 emu/g) suspended in water with a size distribution
centered on a diameter 11 lm (Fig. 8). Volume fraction
distribution versus particle diameter was measured using
a Mie light-scattering granulometry system (Malvern

Mastersizer S), yielding the diameters of equivalent
spheres that would give the same light-scattering
response as the nonspherical particles measured. For the
rest of the demonstration, the Fe3O4 particles will be
approximated as spherical, and effects of aggregation,
wall friction, viscous wall retardation, diffusion, and viscous resuspension will not be taken into account. As
shown in Fig. 8, each particle diameter under the influence of a magnetic gradient matches a different magnetophoretic velocity. In the same manner, each diameter
can be related to a different geometry factor for given
values of the flow velocity and channel dimensions. Figure 8 shows the overall volume fraction distribution of
the suspension as a function of particle diameter (size
distribution curve), magnetophoretic velocity, and geometry factor based on the suspension of Fe3O4 particles
(assumed spherical in calculations) under the influence
of a 400 mT/m gradient in a water flow with 0.012 m/sec
mean velocity in a 0.02-m-long and 0.0025-m-wide channel. The interest of obtaining the overall volume fraction
distribution of the suspension as a function of the geometric factor can be understood graphically. Figure 9
displays the volume fraction distribution of the suspension on the same scale as the curve of Fig. 7 that relates
the steering ratio to the geometry factor. The shaded
regions of Fig. 9 represent the volume fraction
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distribution of the particles of each radius that are efficiently steered (cross the centerline of the channel).
They are obtained by multiplying the overall volume
fraction distribution with the steering ratio curve. The
steering ratio of the whole polydisperse suspension is
obtained by dividing the area under the shaded region
by the area under the overall volume fraction distribution.
The closer both curves are, the higher the steering ratio is.
The application of the model to the experimental conditions of this paper was used to plot curve a in Fig. 4.
A related theoretical approach was proposed by Chen
et al. (24). Even though magnetic aggregation was also
neglected in their model, Chen et al. (24) obtained significantly better agreement between theory and experimental data. The experimental parameters of Chen et al. (24)
tended to reduce magnetic aggregation when compared
to ours (lower magnetic field [0.125-0.5 T], smaller particles [diameter 1.7 lm], lower concentration [0.04 mg/
mL], and lower magnetization [10.65 emu/g]). The work
of Chen et al. (24) demonstrates that trajectory-based theoretical approaches are valuable when aggregation can
be neglected. In our case, when aggregation cannot be
neglected, additional studies are required to expand trajectory-based models to aggregating suspensions and
refine their predictions. For that purpose, one should
characterize the behavior of the suspension and the magnetophoretic velocity of particles and aggregates. Several
parameters must be studied in more detail to obtain an
accurate estimation of the forces acting on the particles/
aggregates. First of all, estimation of the gradient coil
induced magnetic force would benefit from more precise
data regarding aggregate volume and density (threedimensional fractal dimension). The viscous drag calculation requires data concerning the geometry of the
aggregates and estimations of the three-dimensional
hydrodynamic diameter tensor. The viscous wall retardation effects and frictional forces between particles/aggregates and channel walls as a function of the angle
between the flow and the direction of magnetization also
need to be studied since these forces work against the
magnetic force. Finally, adverse effects such as viscous
resuspension (21) and Brownian and shear-induced diffusion (8) might play significant roles in some cases.
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