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We present three possible designs for magnetically actuated ball valves that can be scaled down to
nanometer length scales. Analytical expressions are presented for the hydraulic resistance of the ball
valve as a function of geometric parameters and the state of the valve, and we also present analytical
expressions for the hydrodynamic force on the magnetic bead that functions as the ball in the valve.
We verify these expressions numerically and calculate the magnetic forces that can be exerted on the
magnetic bead using the proposed structures. Finally, for typical parameters we show that these
structures will be able to withstand a back pressure between 3 and 30 kPa regardless of the size of
the bead/ball. © 2007 American Institute of Physics. �DOI: 10.1063/1.2717690�

I. INTRODUCTION

The spectrum of research and development activities that
are impacted by microfluidic devices continues to grow at a
rapid pace.1,2 One significant reason for the growth is the
ability to control fluid flow and chemical composition at the
scale of tens and hundreds of microns. Future developments
will likely occur in many areas of biology, chemistry, and
engineering, such as fields requiring increased precision or
control, and where scaling down to smaller �e.g., nanoscales�
brings additional advantages. The opportunity to control fluid
flows without the need of external mechanical linkages pro-
vides one pathway for innovation.

Lab on a chip systems are being developed for use in
chemical analysis, synthesis, identification, and delivery.3,4

In many of these systems it is problematic to make small
valves. This difficulty will only be accentuated as designs are
scaled down. As one illustration, in recent years systems
have been proposed for timed drug delivery.5,6 For example,
a diabetes patient needs to take doses of insulin at given time
intervals. Imagine a system with 105 small compartments
filled with insulin. If each of these compartments could be
opened or closed by a magnetic valve, it would be possible
to do timed delivery to the patient by integrating a small chip
into the patients body. Of course, there are other routes to
timed drug delivery.

Conventional valves in microsystems are commonly
used for fluid handling and in micropumps. They can be
divided into two main classes: Passive valves that basically
function as fluid rectifiers blocking the flow in one direction,
but not the other, and active valves, where some form of
actuation is used to open or close the valve. Pneumatic, ther-
mopneumatic, electrostatic, piezoelectric, or electromagnetic
actuation is commonly used.7–9 Almost all of these designs
are fabricated using silicon micromachining and MEMS

technology, and almost all of them involve a silicon or
rubber-like diaphragm or a silicon-based cantilever. In gen-
eral these valve designs can withstand pressures of a few
kPa. Also, a few �passive� ball valve designs exist.10,11

In addition, a few polymer valve designs have been dem-
onstrated. Simple twist valves were used with soft
lithography,12 and a PDMS soft-lithography design of an ac-
tive pneumatic valve was demonstrated.13 Other active and
passive valve designs include a polymer plug moving inside
a glass microfluidic system.14–16 These designs have proven
effective at pressures greater than 30 MPa.16

The above active valve types do not scale down easily,
as the designs require relatively large structures for actua-
tion, and/or moving parts. A nanoscale cantilever based de-
sign was presented recently.17 To the best of the authors’
knowledge the only experimentally realized nanoscale valve
design is a chemically actuated molecular valve.18

In this paper we propose an active valve arrangement
using a magnetic bead or particle, which is actuated magneti-
cally, and is suitable for the regulation of small-scale fluid
flows. The necessary magnetic forces are created by passive
elements of soft magnetic material that create strong mag-
netic field gradients, when they are magnetized by an exter-
nal magnetic field. Magnetic beads and particles are avail-
able with a range of magnetic properties and sizes ranging
from 10 �m down to 5 nm.19 We believe that our design is
realizable in both PDMS and silicon, and can be scaled down
to the nanoscale. We calculate analytically using a lubrica-
tion approach �and verify numerically� the flow in our valve
arrangement. Furthermore, we present scaling arguments and
demonstrate numerically that the proposed geometry will
produce sufficient magnetic force to operate the valves at
reasonable pressures and flow rates. At these length scales
Brownian motion plays an important role. We do not include
Brownian motion directly in the following, but at the end we
discuss the possible influence of this random motion on the
results.a�Electronic mail: has@deas.harvard.edu

PHYSICS OF FLUIDS 19, 063101 �2007�

1070-6631/2007/19�6�/063101/9/$23.00 © 2007 American Institute of Physics19, 063101-1

Downloaded 27 Jun 2007 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp

http://dx.doi.org/10.1063/1.2717690
http://dx.doi.org/10.1063/1.2717690


Figure 1 shows the proposed geometries for small-scale
externally actuated valves. In all the designs the small fluid
channel has a circular cross section, whereas the large chan-
nel or reservoir can have any shape; generalization to other
shapes is, of course, possible. Figures 1�a� and 1�b� both
have a small channel with straight sidewalls. In Fig. 1�a� the
bead is envisioned to be smaller than the channel opening,
and thus fluid flow is regulated �but not blocked totally� by
controlling the position of the bead. The design of Fig. 1�a�
also works well if the bead is larger than the channel open-
ing, but in that case one might choose the design of Fig. 1�b�,
where the fluid pressure forces the bead to block the flow. By
applying a magnetic force the valve can be opened. The
structure in Fig. 1�c� has tapering sidewalls, and thus the
bead will block the flow at some position in the tapering
channel. This design has the advantage that the bead is
forced into the opening by the fluid pressure, and also the
bead diameter is less critical.

The thin magnetic slabs are shown from above in Fig.
1�d� and from the side in Figs. 1�a�–1�c� and Fig. 1�e�. For
this type of external magnetic actuation we imagine that the
slabs are composed of a soft magnetic material, e.g., permal-
loy or CoNiFe. When these materials are magnetized by an
external magnetic field, strong magnetic fields and field

gradients are created in the vicinity of the gap �fluid inlet/
outlet�. These fields exert a force on the bead, which pulls
the bead out of or into the fluid inlet/outlet, and so regulates
fluid flow.

II. THEORY

In this section, we set up the general equations for cal-
culations of the fluid flow in the narrow gaps around the
magnetic bead. We will show in detail how the problem in
Fig. 1�c� is solved, and we will give the final results for the
other configurations. We will also give a scaling argument
for the magnetic force that shows that it is indeed possible to
create sufficient force to manipulate the bead for regulation
of the flow.

A. Analytical solution for the tapered tube

Figure 2 introduces the flow geometry for the tapered
tube version of the valve. Two geometric parameters charac-
terize the valve configuration: �i� � is the vertical displace-
ment of the sphere center from a �no flow� resting position
against the channel walls, and �ii� � is the inclination angle
of the taper. We study the flow problem in the lubrication
limit, where the gap between the tube wall and the bead has
minimum size, h0=a� sin �, and where the gap is narrow,
i.e., h0�a. The geometry is rotationally symmetric around
the dashed line in Fig. 2�a�, but since h0�a, the coordinate
system can be viewed locally as Cartesian, so we use the
Cartesian coordinate system indicated in Fig. 2�b�.

In the lubrication limit, everything is determined by the
flow in the narrow gap, where we can approximate the shape
of the spherical bead by a parabolic shape and obtain

h�x� = h0�1 +
x2

2h0a
+ O� x4

h0a3�� . �1�

This shape function establishes the characteristic length
scale, x0=�2h0a. Since everything is determined by the flow
in the gap, only the part, �x � �x0, matters, and thus h�x�
=h0�1+ x2

2h0a
� will suffice as an approximation to the shape.

FIG. 1. �a�–�c� Cross sections of the three proposed geometries for magneti-
cally actuated ball valves. The dark gray “plates” are slabs of soft magnetic
material. The lighter gray is the silicon or PMDS structure that defines the
microfluidic network. The solid black circle is the magnetic bead or particle.
The arrows indicate the expected direction of the fluid flow and the external
magnetic field, Hext. �a� In this configuration the magnetic field is constantly
on, and thus the magnetic bead blocks the outlet of a channel. �b� An alter-
native configuration, where the magnetic field is initially off, but the fluid
pressure holds the bead in the fluid inlet which is thus blocked. Turning on
the magnetic field lifts the bead out of the inlet. �c� Same principle as �b�,
but the design has tapering sidewalls. This makes it easier to control the
bead position, but it may be harder to fabricate than �b�. �d� The magnetic
structure viewed from above as well as the position of the fluid channel. It is
seen how only the fluid channel has cylindrical symmetry. �e� 3D image of
a spherical bead in the opening of the tapering tube. The dark gray is the
magnetic material, the light gray is the silicon/PDMS, and the spherical
object is the bead.

FIG. 2. �a� The calculation geometry for the tapered tube configuration of
Fig. 1�c�. A bead with radius a is inserted into a tapering tube. There is
cylindrical symmetry around the dashed line. The situation where the bead is
resting in the tube is shown on the left-hand side of the dashed line, and in
this situation there can be no flow. On the right-hand side of the dashed line
is shown the bead lifted a distance �a from the resting situation, and in this
case, there is fluid flow. The inclination angle of the tube is �, and the
pressure drop across the sphere is �p. �b� Definition of the coordinate sys-
tem used. h�x=0�=h0=a� sin �.
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With these opening statements the derivation of the flow,
u=u�x ,y�êx+v�x ,y�êy, and pressure distribution, p�x ,y�, fol-
lows the usual path of lubrication analysis, where we con-
sider the lubrication equations20,21

�p

�x
= �

�2u

�y2 , �2a�

�p

�y
= 0, �2b�

�u

�x
+

�v
�y

= 0. �2c�

Equation �2b� states that the pressure does not depend on
y, and therefore Eq. �2a� can be integrated to give

u�x,y� =
1

2�

�p

�x
y�h�x� − y� , �3�

where no-slip boundary conditions have been imposed at
y=0 and y=h�x�.

In order to find the pressure gradient, we integrate over a
cross section of the fluid domain to obtain the total flow rate
Q at any x,

Q = 2�a sin �	
0

h�x�

u�x,y�dy =
�a sin �

6�

�p

�x
h3�x� . �4�

Continuity requires that Q must be independent of x, so
Eq. �4� relates the flow rate, the position, and the pressure
gradient in a unique way. The total flow rate is determined by
integrating Eq. �4�,

�p =
6�Q

�a sin �
	

−�

�

�h�x��−3dx =
9�Qcsc�

2�2ah0
5

, �5�

where �p is the pressure drop across the sphere.
Combining Eqs. �3�–�5� thus determines the flow and

pressure fields, while the hydrodynamic resistance is

�Q

a3�p
=

4

9�2
�5/2�sin ��7/2, �6�

which depends on the two geometric parameters � and �.
To obtain the hydrodynamic force on the sphere, we note

that in the lubrication limit the force is dominated by the
pressure force.20 Thus we obtain the hydrodynamic force in
the opposite direction of the pressure gradient,

Fh = ��a cos ��2�p . �7�

Note that if we consider the force and flow rate speci-
fied, then, for a given inclination angle �, the position � of
the sphere is determined.

B. Straight channel geometry

Figure 3 defines the calculation geometry for the flow
calculations for Figs. 1�a� and 1�b�. Again there are two geo-
metric parameters, �i� the difference 	a between the radius of

the feed channel and the sphere radius, and �ii� the vertical
displacement �a of the bead. If 	
0, we have Fig. 1�a� and
when 	�0, we have Fig. 1�b�.

In both cases, a little geometry gives us the height as
h�x�=a�	+�2 /2�+�x+x2 / �2a�, which can be rewritten as

h�x� = h0�1 +
2�

��2 + 2	

x
�2ah0

+
x2

2ah0
� , �8�

where h0=h�0�=a�	+�2 /2� is the minimum height in the
gap, and a, 	, and � were defined in Fig. 3. We notice that
for 	�0, we must require that �
�min
�−2	.

Following the steps of Eqs. �3�–�5�, we arrive at

�p =
6�Q

�a
	

0

�

�h�x��−3dx , �9�

which immediately gives

�Q

a3�p
=

��±	�5/2

48
��2 ± 2�5/2

��	
0

� �1 +
2�

��2 ± 2
s + s2�−3

ds�−1

, �10�

where �=��±	�−1/2, and the plus signs are used, if 	
0, and
the minus signs are used for 	�0. The force on the bead is
Fh=�a2�p, if 	
0 and Fh=�a2�1+	�2�p otherwise.

Since the requirement �
�min ensures that the inte-
grand is always real, the integral in Eq. �10� is easily evalu-
ated numerically, and a closed form expression can also be
given, but this form is messy and does not convey any new
information.

Finally, we show how this result behaves in different
limits,

�Q

a3�p
=

5

48
��5, 	 = 0, �11a�

�Q

a3�p
=

4

9
�2	5/2, 	 
 0,� → 0, �11b�

FIG. 3. �a� Definition of variables for the geometry where the channel is
straight, i.e., Figs. 1�a� and 1�b�. A bead with radius a is positioned at the
opening of a tube �marked by the dark gray� with radius a�1+	�. If 	
0,
we have the situation in Fig. 1�a� and if 	�0, we have the situation in Fig.
1�b�. 	�0 is shown here. The vertical distance between the center of the
bead and the opening of the tube is a�. The pressure drop across the sphere
is �p. �b� Definition of the coordinate system.
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�Q

a3�p
=

�

3
�min

3 �� − �min�2, 	 � 0,� → �min. �11c�

C. Magnetic force scaling law

The magnetic force on a magnetic particle is22

Fmag = �0	
Vbead

�M · ��Hextdv , �12�

where �0 is the magnetic permeability of free space, M is the
magnetization of the bead, Hext is the magnetic field that
would be present, if the bead were not, and Vbead is the vol-
ume of the bead.

The magnetization of the bead is limited by the satura-
tion magnetization of the bead, Ms,bead, and since an applied
homogenous field will not contribute to the force, only the
field disturbance caused by the magnetic slabs �shown in Fig.
1�d�� will contribute to the gradient. This disturbance is lim-
ited by the saturation magnetization of the soft magnetic ma-
terial, Ms,slab. The characteristic length scale of the magnetic
gradient outside the gap is set by a combination of the thick-
ness of the two magnetic slabs and the distance between their
tips. In order to achieve the largest gradients this distance
should be as small as possible, and therefore it should also
scale with the bead diameter, and so the length scale for the
magnetic field gradient is the bead diameter. Combined,
these statements say that for a sufficiently large applied mag-
netic field, the force that pulls the particle towards the gap
between the magnetic plates is approximately

Fmag = O�4

3
�a3�0Ms,bead

Ms,slab

2a
�

= O�2a2�0Ms,beadMs,slab� . �13�

For a MyOne23 magnetic bead from Invitrogen
�2a=1.05 �m, Ms,bead
40 kA/m� and permalloy �Py� mag-
netic slabs �Ms,Py
8.8·105 A/m� this force is approxi-
mately 24 nN.

If we compare Eqs. �7� and �13�, we obtain an estimate
for the maximum applied pressure for a given flow configu-
ration,

�pmax = O� 2

� cos2 �
�0Ms,beadMs,slab� , �14�

which is independent of the diameter of the particle and is
approximately 30 kPa=0.3 bar for a small angle ��; Fig. 2�
and the aforementioned parameters.

III. NUMERICAL APPROACH AND RESULTS

We have performed numerical calculations for the fluid
flow �for the configurations in Figs. 1�a� and 1�b�� and mag-
netic field distribution �for the configuration in Fig. 1�d��
using Comsol Multiphysics 3.2a. The calculations allow us
to explore configurations beyond the narrow gap limit con-
sidered in Sec. II.

A. Numerical methods for the fluid motion

The calculations for the fluid flow were performed in a
two-dimensional cylindrical coordinate system �r ,z� with ro-
tational symmetry around the z axis. Figure 4 shows the cal-
culation geometry, an example of a mesh, and an example of
the result from this kind of calculation.

Since we expect this valve arrangement to be applied on
the microscale, and since the fluid dynamics is dominated by
the small gap between the bead and the outlet of the tube, we
neglect the inertial term in the Navier-Stokes equations, and
thus we only solve the Stokes equations combined with the
continuity equation. We lose no generality by using dimen-
sionless variables, so in the calculations we have the dimen-

FIG. 4. Example of a Comsol Multiphysics calculation. �a� The calculation geometry with all lengths scaled by the sphere radius. The magnetic bead is treated
as a stationary sphere with no-slip boundary conditions on the surface. The boundary conditions for the dimensionless pressure distribution and fluid flow are
shown on the figure; if the boundary condition is not explicitly shown, no-slip conditions have been imposed. The dimensionless geometric parameters 	 and
� are defined. �b� An example of the mesh used for the numerical calculation. The mesh is very fine in the gap region, where most of the interesting fluid
dynamics take place. �c� An example of a numerical result for small values of �
 �	�. The gray scale surface plot shows the pressure field, where since the
change from black to white occurs abruptly across the gap region; the entire pressure drop occurs over the narrow gap.
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sionless position, x̃=x /a, where a is the bead radius, fluid
velocity, ũ=u� / �a�p�, and pressure, p̃= �p− p0� /�p, where
�p is the applied pressure drop and p0 is the ambient
pressure.

For completeness we note that the meshes were set up by
choosing the “Finer” mesh setting under Mesh Parameters,
except that the “Resolution of narrow regions” parameter
was set to 3, and the “Maximum element size” and the “El-
ement growth rate” was set to 10−4 and 1.007, respectively,
at the corner of the cylindrical tube closest to the bead. Fig-
ure 4�b� shows an example of such a mesh.

A sample result of this type of calculation is shown in
Fig. 4�c�. The dimensionless pressure field is shown as a gray
scale surface plot. The white regions have high pressure, p̃

1 and the black regions have low pressure, p̃
0. It is
observed that the entire pressure drop happens across the
small gap between the bead and the end of the cylindrical
tube.

We have extracted the total flow rate from the results
using Comsol Multiphysics’ built-in postprocessing integra-
tion routine. The flow rate is obtained by integrating
Q=�2�rvzdr along the boundary where p=1. The force on
the bead is calculated by integration of the total stress tensor
over the surface of the bead.

B. Numerical method for the magnetic force
calculations

The magnetic calculations were performed using the
Electromagnetics module in Comsol Multiphysics. We are
considering a situation without currents, and thus the H field
is curl free and can be written as the gradient of a scalar
potential, H=−�
. The potential can be found as the solu-
tion to � ·B=−� · ��0�r��H � ��
�=0, where B is the mag-
netic flux density, �0 is the permeability of free space, and
�r��H � � is the relative permeability that depends on the mag-
nitude of the H field. In general �r is a nonlinear hysteretic
tensor, but in these calculations, it is treated as a nonhyster-
etic scalar that depends on �H�.

Figure 5 shows the geometry. The shape of the magnetic
slab has not been optimized, but for illustration purposes we
have chosen a shape that concentrates the magnetic field in
the gap near the bead. Symmetry has been used at y=0, and
antisymmetry in the magnetic potential has been used at
x=0, so that the entire geometric structure of the magnetic
field is obtained by including the mirror images at x=0 and
y=0. The boundary conditions are specified in the figure. It
is also shown how the geometry depends on the dimension-
less horizontal distance between the bead and the magnetic
slab, 	, the dimensionless height of the bead center above the
slab center, �, and the dimensionless difference between the
slab thickness and the bead radius, �. A change in 	 corre-
sponds to a translation of the magnetic slab, the geometry of
the slab remains constant.

We treat both pieces of magnetic material as nonlinear
and have used the relation M=Ms tanh� �0�H�

Ms
� H

�H� , such that

�r��H � �=1+
Ms

�H� tanh� �0�H�
Ms

�, where M is the magnetization
field, Ms is the saturation magnetization, and �0 is the initial
susceptibility of the material. For the bead, we have used

typical values �0=1.485 and Ms=39950 A/m,23 and for
the magnetic material, we have used the approximate param-
eters of electroplated permalloy, �0=1000, and
Ms=8.8·105 A/m. For these calculations, we have used
H0=50 kA/m, which is easily generated by a table top elec-
tromagnet and has proven to be sufficient to saturate the bead
as well as the magnetic slab.

The standard mesh was created choosing the “Normal
mesh” under Comsol’s mesh parameters and setting the mesh
on boundaries on the surface of the bead to have “Maximum
element size” 0.2 and “Element growth rate” 1.1. These steps
gave a mesh with approximately 24 000 elements. The fine
mesh �used for the mesh investigation below� was produced
by refining the standard mesh. This step resulted in a mesh
with approximately 90 000 elements.

We calculated the magnetic force on the bead by integra-
tion of the Maxwell stress tensor. We used the built-in
Comsol Multiphysics Electromagnetics module routine24 to
obtain the magnetic force by surface integration of22

F = 	
��

n · �BH −
1

2
�0I�H�2�dS , �15�

where I is the unit tensor, and �� is the outside surface of
the quarter bead that is included in the calculation geometry.
On the surfaces lying inside the bead, which are on the cal-
culation domain boundaries, we did not use the built-in
routine, but instead we used a postprocessing integration
routine.

In the numerics we calculate the dimensional force using
Eq. �15�, and then we multiply by four to account for the
whole sphere, and finally we normalize the force by the ex-
pected magnetic force given by Eq. �13�.

C. Numerical results for the fluid flow

We now characterize the response of the fluid flow to
changes in the geometric parameters 	, which is the dimen-
sionless difference between the channel radius and the bead

FIG. 5. Definitions of the geometry and boundary conditions for the mag-
netic calculations. �a� The three-dimensional calculation geometry. The gray
region is the magnetic slab, and the bead is the quarter sphere. The coordi-
nate system is defined on the figure, and the origin is chosen such that the
center of the bead is at �0,0 ,0�, when �=0. The magnetic slab has length
�x direction� 20 and maximum width �y direction� 10. The calculation do-
main is 40�40�40. On the boundary where x=xmax, the boundary condi-
tion is the applied homogenous magnetic field H0, and at x=0, we have 

=0. On all other boundaries, the flux of the magnetic field is n ·�
=0.
Symmetry considerations have been used, such that only one quarter of the
entire magnetic structure �see Fig. 1� is included in the calculation domain.
�b� A close-up of the region near the bead in the plane y=0. It has been
rotated 90° relative to �a�. The geometric parameters 	, �, and � are defined.
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radius, and �, which is the dimensionless height of the center
of the bead above the channel outlet. Figure 6 shows the
results of calculations, where 	�0. In the theory section we
showed that in this case there is a lower limit on �,
�
�min=�−2	, such that the bead is always above the out-
let of the cylindrical tube. Therefore the plots are made rela-
tive to �min.

First we consider the hydrodynamic resistance, which is
reported in Fig. 6�a�. The symbols are the numerical data,
and the dotted lines are the analytical result given by Eq.
�10�. It is seen that the analytical and numerical results agree
well for small values of � and �	�; for example, for
	=−0.01 the analytical result is in good agreement with the
numerical calculation for �−�min�0.1.

For larger values of �	� the analytic expressions overes-
timate the flow rate by a factor of approximately 10 or more.
For 	=−0.3, Eq. �8� fails to describe the conditions in the
gap correctly, since 1−0.3=0.7
sin�45° �, and thus the gap
on top of the channel between the bead and the opening of
the channel at x�0 �refer to Fig. 3� dominates over the gap
between the bead and the channel walls, and the gap on top
of the channel is not treated by our calculations.

For �−�min�0.3, the analytic result completely fails to
describe the numerical data. This result is simply because the
bead is now so far removed from the outlet that the hydro-

dynamic resistance is no longer dominated by the presence
of the bead, and without a narrow gap, the lubrication analy-
sis is no longer valid.

For �	 � �0.1 and ��0.1, the lubrication analysis is in
very good agreement with the numerical data, and it is seen
that �Q / �a3�p�� ��−�min�2 as �→�min. This agrees with
the result from the theory section.

We next consider the total fluid force on the bead and
report the results in Fig. 6�b� relative to the analytically cal-
culated force. The analytical result agrees very well for
��0.1. This shows that the entire pressure drop is indeed
across the gap, and that the pressure force dominates over the
viscous force as expected.

Now we treat the case 	�0. The hydrodynamic resis-
tance is given in Fig. 7�a�. The markers are the numerical
data, and the dotted lines are the analytical result given by
Eq. �10�. Again, the analytical and numerical results agree
well for all data except where 	=0.3. When the gap becomes
large, the hydrodynamic resistance of the cylindrical tube
becomes increasingly important, and thus lubrication analy-
sis will overestimate the flow rate. When 	 is finite and � is
small, we see that the hydrodynamic resistance goes towards
a constant as expected from the theory section. This is due to
the fact that when � is much smaller than 	, then the geom-
etry of the gap is dominated by 	 rather than �. For 	=0, and
for values of �, where the geometry of the gap is dominated
by � rather than 	, �Q / �a3�p���5.

FIG. 6. Numerical results for the straight tube in the case where 	�0. �a�
The hydrodynamic resistances for different values of 	 as a function of �.
The dotted lines are the analytical results given by Eq. �10�. �b� The fluid
force in the z direction on the magnetic bead for the same values of 	 as a
function of �. The legend in �b� also applies to �a�.

FIG. 7. Numerical results for the straight tube in the case where 	�0. �a�
The hydrodynamic resistances for different values of 	 as a function of �.
The dotted lines are the analytical results given by Eq. �10�. �b� The fluid
force in the z direction on the magnetic bead for the same values of 	 as a
function of �. The legend in �b� also applies to �a�.
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Finally, we report the results for the forces in units of the
analytical lubrication result in Fig. 7�b�. For ��0.1, and 	
�0.1 the numerical and analytical data agree very well. The
discrepancy in the data for larger values of 	 is caused by the
substantial fluid flow present even for �=0, which causes a
significant viscous force.

D. Numerical results for the magnetic force

We calculate the obtainable magnetic forces by varia-
tions of the geometric parameters 	, �, and � in Fig. 8. We
compare force calculations with the standard mesh to calcu-
lations with the fine mesh in Fig. 8�a� and find that the stan-
dard mesh is sufficient for these calculations. The forces in
the x and y directions are not really meaningful, since both
include an unbalanced magnetic pressure that would still be
present in all directions if the bead was moved a little in
either direction.

We investigate the influence on the magnetic force in the
z direction of the thickness of the magnetic slab, described
by �, in Fig. 8�b�. We find that it is preferable to have a thick
magnetic slab. However, there must be an upper limit where
a thicker magnetic slab does not contribute with any more
force. This limit is most likely related to 	. It is outside the
scope of this paper to determine this limit.

Finally, we present the forces in the z direction for dif-
ferent values of the distance between the magnetic slabs,
which is determined by 	 in Fig. 8�c�. We find that the width
of the gap, 	, has little influence on the force outside the gap,
i.e., when �
1. However, when the bead approaches the
gap, it is seen that it is best to have a small gap �	 should be
small�.

From Fig. 8 we see that we cannot generate the force
given by Eq. �13�, but we can get close to one tenth of this
force. In addition, Fig. 8�b� shows that more force could be
gained by increasing � further, and also a more powerful
applied magnetic field might increase the force. In Fig. 8 we
found good design rules for design of the magnetic slabs;
they should be thick, probably at least twice the diameter of
the bead, and the gap between the magnetic slabs should be
as small as possible.

IV. DISCUSSION AND OUTLOOK

In this paper, we have proposed a new design for a mag-
netically actuated valve that, in principle, may be reasonable
for designs on the nanoscale, since control of the valve po-
sition is done externally. We have developed analytical ex-
pressions for the fluid forces and fluid flow through the valve
at different conditions, and we have verified the results nu-
merically. In addition, we have determined how the magnetic
force depends on the same parameters, and from the results
of the numerical calculations we have found design rules for
optimum choices of the width of the gap, 	, and the thickness
of the magnetic slabs, �.

With the designs we have modelled here and typical ma-
terial parameters, we have shown that it is possible to reach
a force which is approximately one tenth of what we would
expect from the scaling argument in Eq. �13�, and thus refer-
ring to Eq. �14�, we find that it is possible to withstand back
pressures of approximately 3 kPa. With further improve-
ments it should be possible to get close to the 3 kPa men-
tioned in Eq. �14�.

The design in Fig. 1�a�, where 	
0, has the property
that if you have a tightly fitting tube with �	 � �1, it is pos-
sible to have a change in hydrodynamic resistance over sev-
eral orders of magnitude. The alternative design in Fig. 1�b�
facilitates complete fluid blocking, and also the fluid forces
can be reduced by choosing a more negative 	. However, the
fitting and closing properties of the valve will then be dimin-
ished. The design in Fig. 1�c� clearly has the best properties
for positioning the bead in the middle of the channel and
flow blocking. The bead will automatically be guided into
the opening of the tapering tube. Also, most commercially
available magnetic beads have a considerable size distribu-
tion. Bead size distribution may be a problem with the two
other designs, especially, if �	 � �1 is desired, but the design
in Fig. 1�c� overcomes this problem due to the tapering side-
walls. This design, however, poses a greater challenge in
terms of microfabrication.

In all the calculations, we have assumed that the bead
stays in the center of the fluid channel or between the mag-
netic slabs. Experimentally this may not be the case. The

FIG. 8. Numerically calculated magnetic forces �absolute values� for various values of the parameters. All forces have been normalized by the value expected
in Eq. �13�. The force calculations have been done for the magnetic geometry shown in Fig. 5 and Fig. 1�d�, and any of the fluidic designs Figs. 1�a�–1�c� can
be applied. �a� Magnetic force calculations with the standard mesh and a further refined mesh. 	=1 and �=0. It is indicated how the force changes with �.
�b� The force in the z direction as a function of � for different values of �; 	=1. �c� The force in the z direction as a function of � for different values of 	;
�=0.
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bead may have a tendency to go to the side allowing for a
larger fluid flow. This consideration favors the use of the
design in Fig. 1�c�, which will diminish this potential prob-
lem.

As the characteristic length scale �the bead radius� is
reduced, the fluid-blocking efficiency for all the designs is
limited by Brownian motion, which will cause the bead to
oscillate around the closing position. Again, if the bead is
away from the center the result will be greater flow than
expected from the calculations. The quantitative influence of
Brownian motion on the results shown here is a subject of
active investigation. However, it is straightforward to esti-
mate a bead radius, where the valve design breaks down
completely when Brownian motion dominates over the mag-
netic force �which is equal to the maximum pressure force
that can be applied�. We simply compare thermal energy to
the energy/work required to move a bead a distance of one
bead radius against the magnetic force �Eq. �13��,

Ethermal

Emag =
kT

2�0Ms,beadMs,slaba
3 , �16�

which at room temperature and for a 0.5 �m radius Invitro-
gen MyOne bead considered above is 
4·10−8, showing that
Brownian motion is unimportant at this bead size. However,
this ratio becomes unity as the bead radius is reduced to
4 nm �assuming that all other material properties are the
same. In reality the bead saturation magnetization will most
likely increase by approximately one order of magnitude�.

The above scaling argument shows that the valve will
not break down due to Brownian motion, as long as the
bead/particle radius is more than approximately 10–20 nm.
However, since we require that the fluid flow is completely
dominated by the flow in the gap, we must require that the
gap height is at least a few nanometers. Otherwise the as-
sumption of a continuum fluid breaks down, and our calcu-
lations no longer apply. If we further assume that the bead
diameter should be at least ten times the gap for the lubrica-
tion approximation to hold, then the bead must have a diam-
eter of at least 40 nm. Such bead diameters are well above
the limit where the valve breaks down due to Brownian
motion.

In all microsystems and even more in nanosystems, stic-
tion and van der Waals forces play an important role, and
should definitely be considered, when one wants to fabricate
valves on the nanoscale. This applies for any valve design on
this length scale. However, recently there has been substan-
tial progress towards coatings that are nonstick on the nanos-
cale �see, for example, Ref. 25�. Comparing the numerical
values given in Ref. 25 to Eq. �13� shows that the magnetic
force should be sufficient to overcome stiction for beads with
diameters of 5 and 20 �m.

Finally, we note that we have demonstrated a valve de-
sign with magnetic forces that will withstand fluid pressures
of 3 kPa and that further optimization of the shape of the
magnetic elements should increase this number. Also, mag-
netic particles with higher saturation magnetizations exist,
and if those were used, higher forces and pressures could be
reached. It is not unreasonable to expect an improvement by

a factor of 5–10 on that account. We have argued that the
continuum assumption breaks down before the valve is af-
fected by Brownian motion. But still Brownian motion may
play an important role in the performance of all of the valve
designs but especially the one in Fig. 1�a�. Stiction may be a
problem, and it will most likely be the limiting factor for
downscaling. As further progress is made with nonstick coat-
ings, it will most likely be possible to fabricate magnetically
actuated ball valves utilizing beads with diameters in the
range of hundreds of nanometers or less.
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