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A B S T R A C T

The novel contribution of this research is insight into the influence of different parameters in the magnet con-
figurations on the load and stiffness of a ferrofluid pressure bearing. It is shown that magnets with a small cross-
section magnetized alternatively up and downwards combine a high load capacity and moderate stiffness while
being low on material cost and complexity. The configuration where magnets are placed alternatively in left and
right direction magnetized inter spaced with iron yields the highest load capacity and stiffness, albeit at the cost of
weight and complexity. It is shown that an increase in the number of magnets is beneficial for the stiffness in both
magnetization configurations, as is an increase in remanent flux density of the magnet. A metal bottom plate made
of iron reduces the necessary height of the magnet in the up-down magnetization configuration. The model was
validated using a bearing pad arranged in the up-down configuration. The force-displacement curve of this pad
was measured in a load frame, using the APG 513 A ferrofluid from Ferrotec. A load capacity of 1.75 N/cm2 was
achieved, this exceeds previous pressure bearing implementations and performs comparable or better than
implementations of single seal ferrofluid pocket bearings. These results show that the ferrofluid pressure bearing
is a passive alternative in motion systems where the designer otherwise would have needed to use an active
bearing.
1. Introduction

Plain bearings have many benefits, such as compact design, easy of
manufacturing, high resistance to shocks, low vibration levels, and low
levels of fatigue [1]. However, they are not generally found in precise
motion systems as they suffer from stick-slip effects. This prevents a
smooth continuous motion of the bearing, especially at low speeds [2].
The bearings that are commonly found in precise motion systems are
expensive, have a need for active components or are complex [3]. The
ferrofluid bearing has none of these issues while still having all the
benefits of the plain bearing [4]. A major difference between the plain
and ferrofluid bearing is that the ferrofluid bearing doesn’t exhibit stick
slip effects. Because of this the ferrofluid bearing is an excellent alter-
native to the bearings commonly used in precise motion systems.

The ferrofluid bearing consists out of a magnet array and a magnetic
fluid. This fluid is a colloidal suspension consisting of magnetic particles
in a carrier fluid [5]. In a magnetic field these particles are drawn to the
highest field intensity and as a result produce a pressure in the fluid. A
bearing can be created by placing the fluid in a magnetic field in between
two bearing surfaces [6]. As the bearing is loaded, the surfaces move
closer together and the fluid is displaced from the equilibrium position,
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which in turn induces a reaction force. This is called the ferrofluid
pressure bearing. Alternatively, the pressure in the fluid can be used to
seal a pocket of air and a displacement of the bearing surface will pres-
surize this air resulting in a normal force. This is called the pocket bearing
[4].

Fig. 1 shows the working principle of the ferrofluid pressure bearing.
Using equations (1) and (2) the load and stiffness of the pressure bearing
can be calculated [7]. In these equations FL is the load capacity, μ0 the
permeability in vacuum, Ms the saturation magnetization of the ferro-
fluid andH the magnetic field intensity. The area is defined as the surface
area of the ferrofluid on the top bearing surface. It can be seen in Fig. 1
that an increase in payload causes the bearing surfaces to move closer
together, thus increasing the area over which the integral is taken, as well
as increasing the overall magnetic field intensity. In practice only the
former effect will be significant as the outer fluid edge is already at a low,
and close to constant, magnetic field intensity.

FL ¼ μ0Ms

Z
S

HdA (1)
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Fig. 1. Effect of increase in payload in a ferrofluid pressure bearing with
magnetic field intensity at the location of the top bearing surface. With F1 < F2
and h1 > h2.
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k¼ � μ0Ms
d
dh

HdA (2)
Table 1
Design parameters and their respective ranges.

Variable Symbol Type Range Unit Range based on

Number of
magnets

Nmag Discrete 1–50 – Manufacturability

Magnetization
direction of
magnets

Magdir Discrete ↑↓, ↑↑,
↑←,
←→’

– Assumed
optimum

Width of gap Wgap Continuous 0–3 mm Assumed
optimum

Ratio metal to
magnet

RMet
Mag

Continuous 0–0.5 – Assumed
optimum

Thickness metal
bottom plate
(MBP)

Hmbp Continuous 0–2 mm Assumed
optimum

Height of
magnet

Hmag Continuous 0.5–4 mm Manufacturability

Remanent flux
density of the
magnet

Magstr Continuous 1.1–1.5 T Manufacturability
Z
S

While ferrofluid bearings exist in literature [8–11], the implementa-
tion suffers from repeatability issues and/or lack in load capacity and
stiffness. This lack of repeatability in these studies is mainly the result of
the use of the ferrofluid pocket bearing [4], due to the fact that air will
escape from the pocket when overloaded. The repeatability of the pres-
sure bearing is in principal much higher as no air can escape. However,
the currently designed ferrofluid pressure bearings exhibit a limited load
capacity and low stiffness. The optimal configuration of pocket bearings
has already been determined by Boots [12], however, this has yet to be
done for the pressure bearing.

The optimal pressure bearing consists of an optimal fluid in an
optimal magnetic field. Research has been done on the magnetic fluid.
Although not specifically for bearing applications, there are some fluids
that are well suited. Less is known about the design of the optimal
magnetic field. Thus, this research will focus on the design of the mag-
netic field for high load capacity and stiffness and the impact on material
cost and complexity. The novelty of the work in this research is the
insight in the design of the magnetic field for the application in a pressure
bearing pad and the direct comparison between the pressure and pocket
bearing.

2. Modelling of pressure bearing pad

The magnetic field can be manipulated by arranging multiple mag-
nets in relation to each other with the addition of metal with high
permeability. In order to obtain an understanding of the influence of the
different parameters, a model has been made.

The pressure bearing model is based on a 2D simulation of a cross-
section of the bearing pad using the AC/DC module in COMSOL Multi-
physics [13]. This simulation assumes the bearing pad to continue infi-
nitely in and out of the plane as seen in Fig. 2. The error in simulation
caused by the finite bearing length is evaluated in a 3D model and found
Fig. 2. Design parameters (black) and model constants (blue) in a cross-section of the
of the references to colour in this figure legend, the reader is referred to the Web v
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to be negligible. Using the LiveLink interface, a COMSOL model is
parametrically coded in Matlab [14], solved in COMSOL and then
post-processed in Matlab. Fillets were applied to all corners in order to
prevent singularities from occurring. Iron is modelled using the B–H
curve for soft iron (with losses) material in the built in COMSOL library,
magnets are modelled with a uniform remanent flux density, and the air
and ferrofluid are modelled as having a relative permeability equal to
one.

In this model several design parameters were varied, these are listed
in Fig. 2 and Table 1. The Halbach magnetization configuration was left
out as it produces a constant field with little gradient, which would result
in a low stiffness bearing [15]. The build volume was taken to be 50 �
100 � 4 mm (width x length x height), the length being defined
perpendicular to the plane as seen in Fig. 2. The constants used in
modelling the pressure bearings can be seen in Table 2 and Fig. 2. As the
minimum fly height is dictated by manufacturing tolerances and damp-
ing, it is set at 0.1 mm for all parameter configurations. For the metal
between themagnets and for the bottom plate iron has been chosen for its
high permeability and saturation magnetization. The gaps are modelled
as air.

The load capacity and stiffness of the different configurations are
found using equation (1). For the load capacity the surface integral of the
magnetic field is determined at a fly height of 0.1 mm. The stiffness is
determined by evaluation of the load capacity increase from a fly height
equal to 0.1 mm to a fly height equal to 0.095 mm.

The width of the metal and magnets is defined using the parameters
and can be found using equations (3) and (4) respectively. The definition
of the symbols used can be seen in Table 1.

Wmag ¼
�
Width�Wgap

�
Nmag � 1

�� 1� RMet
Mag

Nmag
(3)
bearing pad. The length of the pad is defined into the plane. (For interpretation
ersion of this article.)



Table 2
Model constants.

Constant Value Unit

Width 50 mm
Length 100 mm
Fly height 0.1 mm
Relative permeability ferrofluid 1 –

Saturation magnetization ferrofluid 52.5 kA/m
Relative permeability metal 4000 –

Saturation magnetization metal 1.4 T
Relative permeability magnets 1 –

Location fluid edge 5 mm
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Wmet ¼ 1
2
RMet

Mag
Wmag (4)

2.1. Initial optimization

Initially, a parameter sweep is performed using several evaluation
points in the range of each parameter. From this initial parameter sweep
it could be concluded that the magnetization direction of the magnets has
a great influence on the design of the bearing pad. The results of the
parameter sweep were subsequently used in an optimization for stiffness.
Constraints were added using a penalty method. The imposed constraints
were a minimum load capacity of 100 N, a maximumweight of 150 g and
a maximum material cost of €50. These constraints are based on a
particular linear stage design with a mover supported on pressure
bearing pads. Equation (5) relates the cost of the magnetic material per
gram (Y) as a function of the remanent flux density of the magnet (Mstr).
This equation was based on data retrieved from the online design tool of
HKCM [16]. Using this tool, the cost of a large magnet with different
remanent flux densities was calculated. From this data the function was
determined using the Matlab curve fitting toolbox. It must be noted that
this is a rough estimate and it can only be used as a relative measure of
cost of the different magnet configurations. The material cost of metal
was assumed to be negligible.

Y ¼ �
2:4 � 10�3

�
e3:7293 �Mstr (5)

Table 3 shows the results of the parameter sweep for different magnet
magnetization directions. Some interesting observations are:
Table 3
Optimized magnet configuration for stiffness subjected to constraints: load ca-
pacity > 100 N, cost < €50, weight <150 g. Using the constants in Table 2. Fly
height for all configurations is 0.1 mm.

Variable Values Unit

Magnetization
direction of
magnets

↑↓, ↑↑,
↑←,
←→

– Up-
Down

Up-Up Up-
Left

Left-
Right

Number of
magnets

5, 15,
30, 40,
50

– 50 30 30 50

Remanent flux
density of the
magnet

1, 1.15,
1.3, 1.5

T 1.5 1.5 1.5 1.5

Height of magnet 1, 2, 3 mm 1 1 2 3
Ratio metal to
magnet

0, 0.2,
0.4

– 0 0.4 0.2 0.4

Thickness metal
bottom plate

0, 1 mm 1 1 0 0

Width of gap 0, 0.1,
0.2

mm 0 0 0.2 0

Material cost € 24.19 17.28 35.64 51.83
Weight g 77.5 78.2 67.0 114.6
Load capacity N 149.63 117.09 128.22 216.46
Stiffness N/

μm
0.52 0.52 0.68 0.76
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� All magnetization directions use the highest remanent flux density for
the magnet that is available.

� A gap in betweenmagnets is unwanted in all magnetization directions
except up-left, this is a result of a slight increase in stiffness as the gap
increases.

� The up-down magnetization array is relatively simple compared to
the others, no additional ferromagnetic material or gaps are used.

� The left-right magnetization direction shows the best performance.
This however comes at the cost of complexity as small features are
required. Much material is required relative to the other magnetiza-
tion directions, resulting in a higher weight.

From the initial parameter sweep it can thus be concluded that each
magnetization direction produces a different optimal configuration of
magnets, metal and gaps. The choice of magnetization direction is based
on the trade-off between weight, material cost, load capacity, stiffness
and complexity. The up-down magnetization configuration is preferred
for the relatively low material cost and complexity while still having a
moderate load capacity. The combination of low material cost and low
complexity can result in a very cheap to produce bearing design. The
absence of gaps and metal makes for a potentially monolithic bearing.
The magnetization can then be ’written’ on a single block of Ne-Fe-B
[17–19]. A single magnet block can significantly reduce assembly
complexity as well as improve tolerances. The up-down and left-right
magnetization configurations are both suited for bearing applications
and they will be discussed next.

2.2. Up-down magnetization configuration

Fig. 3 shows the magnet configuration using the parameters in
Table 3 with the magnetic field intensity at 0.1 mm. The neighbouring
magnets provide a low reluctance path which results in a spike in the
magnetic field intensity. Due to the large number of magnets, many low
reluctance paths are created. This moves the overall magnetic field in-
tensity closer to the magnet, increasing load capacity and stiffness.

Table 4 shows the effect of the different parameters on the stiffness
normalized using logarithmic sensitivity. The sensitivities are deter-
mined around the up-down configuration in Table 3. As the gap and the
ratio metal to magnet are already minimal, only the number of magnets,
height of magnets, remanent flux density and fly height can improve the
stiffness of the bearing. Use of a metal bottom plate has no significant
effect on the bearing performance but does add moving mass if the
bearing pads are mounted on the mover. An increase in the number of
magnets also decreases the load capacity. Thus, a compromise has to be
made.

Fig. 4 and Fig. 5 show the influence of the different parameters on the
stiffness and load capacity. The metal bottom plate is more efficient for a
lower number of magnets. A relative thin bottom plate of 0.5 mm is
enough to prevent effects of saturation. Fig. 4 again stresses the impor-
tance of many small magnets. It can be seen that the optimum for load
capacity lies around 20–25 magnets. The optimum for stiffness however
is located outside of the graph. From Fig. 5 we see that the stiffness and
the load capacity scale linearly with the remanent flux density of the
magnet. The height of the magnets shows an optimum around 1 mm.
Fig. 3. Magnet configuration for up-down magnetization direction with mag-
netic field intensity at 0.1 mm above magnet surface.



Table 4
Logarithmic sensitivity of an increase in the individual parameters for the stiffness of the up-down magnetization configuration.

Nmag Wgap Hmag RMet
Mag

Magstr Hmbp Fly height

Stiffness 0.843 �0.002 0.113 �0.010 1 0.002 �0.282
Load capacity �0.138 �0.001 0.105 �0.008 1 0.002 �0.280

Fig. 4. Stiffness and load capacity as a function of the number of magnets for
different thicknesses of the metal bottom. For up-down magnetization
configuration.

Fig. 5. Stiffness and load capacity as a function of the remanent flux density of
the magnet for different heights of the magnets. For up-down magnetization
configuration. The lines for magnet height of 0.75 mm and 1 mm coincide.

Fig. 6. Stiffness and load capacity as a function of height of magnet for different
thicknesses of the metal bottom plate. For up-down magnetization configura-
tion. The lines for 0.5 mm and 2 mm bottom plate thickness coincide.

Fig. 7. Magnet configuration for left-right magnetization with magnetic field
intensity at 0.1 mm above magnet surface.
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Further increase of the height reduces the stiffness slightly.
Fig. 6 shows the relation between the height of the magnets and the

bearing performance for different thicknesses of the metal bottom plate.
Up to 25% performance gain can be achieved by only 0.5 mm metal
bottom plate thickness. It can be seen that in most cases it is more cost-
effective to use less magnetic material and a thin metal bottom plate.
Figs. 5 and 6 contain all significant parameters concerning the respective
material cost and weight. It can be seen that a cost-effective bearing is to
favour remanent flux density of the magnet over magnet height, while
using a metal bottom plate. The same goes for optimizing towards
4

weight, thin magnets combined with a thin metal bottom plate.
2.3. Left-right magnetization configuration

Fig. 7 shows the left-right magnetization configuration for the values
of the parameters in Table 3. The study from the previous section is
repeated here for the left-right magnetization configuration.

Table 5 shows the logarithmic sensitivity of the stiffness for the
different parameters with the configuration in Table 3 as initial value.
The width of the gap and thickness of the metal bottom plate are already
zero, thus the ideal configuration doesn’t include gaps or a metal bottom
plate. The response of the load capacity and stiffness on change in the
height of the magnet, number of magnets, metal to magnet ratio and
remanent flux density of the magnet are shown in Fig. 9 and Fig. 10.

The same dependence of the number of magnets can be observed in
Fig. 8 as with the up-down configuration. There is a distinct difference in
the optimum of the load capacity and the stiffness. The addition of metal
in between the magnets shows an increase in bearing performance. Some
metal is needed to guide the magnetic field. However, this increase of the
width of this metal reduces the amount of magnetic material in the



Table 5
Logarithmic sensitivity of an increase in the individual parameters for the left-right magnetization configuration.

Nmag Wgap Hmag RMet
Mag

Magstr Hmbp Fly height

Stiffness 0.548 �0.012 0.343 �0.063 1 �0.006 �0.550
Load capacity �0.590 �0.089 0.551 �0.146 1 �0.006 �0.284

Fig. 8. Stiffness and load capacity as a function of the number of magnets for
different ratios of metal to magnet. For left-right magnetization configuration.

Fig. 9. Stiffness and load capacity as a function of the remanent flux density of
the magnet for different heights of the magnets. For left-right magnetization
configuration.

Fig. 10. Load-fly height curve of pressure bearing pad with EFH3 and APG 513
A ferrofluid and modelled performance of the ferrofluid. pad consists of 23
50�2�2mm magnets from HKCM [20] arranged in up-down configuration. The
remanent flux in the magnets is 1.17 T, the location of fluid edge is modelled
0.9 mm outside magnet.
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bearing configuration, thus eventually leading to a reduction of perfor-
mance. Fig. 9 also shows similar behaviour for the remanent flux density
of the magnet compared to the up-down configuration.

As the specific weight of neodymium magnets and metal are very
similar, the weight of the configuration is determined by the height of the
magnets. The material cost is determined by the remanent flux density of
the magnet, height of magnets and the ratio metal to magnet.

From the influence of the specific parameters it can be concluded that
the configuration using a left-right magnetization depends largely on the
cost and weight constraints. As the metal bottom plate reduces the
bearing performance, remanent flux will be larger using this type of
5

bearing. The stability will also be an issue when choosing a configuration
with a small metal to magnet ratio.

3. Method for validation

A materials test frame is used to validate the model of the pressure
bearing pad. This is done by a fly height sweep of a pad made up of 23
magnets with the dimensions 50�2�2mm (L�W�H) and a remanent
flux density of 1.17 T [20]. The magnets are arranged in the up-down
magnetization configuration. The pad is placed on a ferritic
stainless-steel (AISI 410s) bottom plate and is filled with 5 g of either the
EFH3 or the APG 513 A ferrofluid.

Both the APG 513 A and EFH3 fluid are manufactured by Ferrotec.
The APG 513 A fluid is chosen as it is common in literature and its
properties are well known [21]. The EFH3 fluid is chosen for its high
magnetic saturation and low viscosity, making it a more suitable ferro-
fluid for use in bearings in comparison to the APG 513 A.

The load of the bearing at the same fly height sweep is modelled. The
magnet dimensions, pad dimensions and remanent flux density are
modelled as described above. As the location of the ferrofluid edge is
found at the point where the magnetic body force acting on the fluid is
overcome by the gravity force, it can be determined using a COMSOL
simulation of the magnetic field surrounding the bearing pad. This
location was found at 0.8 mm outside the bearing pad for the APG 513 A
fluid and 0.9 mm for the EFH3 fluid. The magnetic saturation of the
ferrofluids are set to 32 kA/m for the APG 513 A fluid [21] and 52.5
kA/m for the EFH3 fluid [22].
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4. Results and discussion

Fig. 10 shows the results of the fly height sweep and the modelled
load capacity. Zero fly height was taken to be the point at which the
pressure plate touches the magnets in the measurement.

The modelling of the bearing pad using the APG 513 A fluid is in close
agreement with the measurement. There is a slight divergence between
the model and the measurements as the fly height approaches zero,
which can be explained by the squeeze film damping from the relatively
high viscous (150 mPa�s) ferrofluid.

As can be seen in formula 1, the load capacity of a bearing pad should
be proportional to the saturation magnetization. This can be observed
when looking at the modelled load vs fly height curve for the APG 513 A
and EFH3 ferrofluid. When looking at the measurements it can be seen
that while the APG 513 A measurement and model are in good agree-
ment, the same is not true for EFH3 measurement and model.

The probable cause of this difference is the accumulation of magnetic
particles in areas of high magnetic field gradients. The largest gradients
in the bearing pad are located at the corners in between two magnets.
Accumulation of the magnetite particles there causes effectively a short
circuit of the magnetic field, reducing the magnetic field elsewhere. A
relatively good approximation of the accumulation can be done by
increasing the relative permeability of the ferrofluid, this can be seen in
the dash-dot line in Fig. 10.

The APG 513 A fluid achieves a load capacity of 1.75e4 N/m2. This
bearing configuration exceeds previous implementations of pressure
bearings [8,23,24] and performs comparable or better than imple-
mentations of single seal pocket bearings [25–27]. Still, pocket bearings
can be made with an even higher load capacity by stacking seals. The
downside of this bearing design is the creation of more pockets of air that
all need to be managed in order to have a repeatable system behaviour.

5. Conclusion

The orientation of the different magnets in relation to each other is an
important parameter in the design of pressure bearing pads. Two distinct
magnetization configurations both prove promising. The up-down
magnetization configuration for its simplicity, and the left-right config-
uration for performance.

The up-down magnetization configuration consists of an array of
magnets combined with a metal bottom plate. The number of magnets is
the most important parameter in this configuration, combined with the
remanent flux density of the magnet. Higher amounts of magnets slightly
reduce load capacity, but offer more stiffness in return. Current state of
the art allows for the ‘writing’ of the magnetization in the magnets, this
technology can allow for monolithic pressure bearings [18,19].

In the left-right magnetization configuration the magnets counteract
each other, in contrast to the up-down magnetization configuration
where they form low reluctance paths. This could prove problematic as
the configuration can become unstable when designed with a small metal
to magnet ratio. However, this configuration also potentially has higher
stiffness and load capacity compared to the up-down magnetization
configuration.

In the bearing design, cost and weight are important factors. Due to
the low height of the magnets required and the ability to be produced
monolithically, the up-down configuration performs the best in cost
effectiveness and weight effectiveness. If the cost and weight are of less
importance the left-right magnetization configuration is the better
choice.

The model is validated for use with the APG 513 A ferrofluid. The
EFH3 fluid shows effects that can be linked to accumulation of particles
at the magnet surface. Using the APG 513 A ferrofluid a load capacity of
1.75e4 N/m2 was achieved. Potentially this can be higher when the
bearing pad is combined with a ferrofluid with a high saturated
magnetization and a high colloidal stability in order to prevent
6

accumulation.
The bearing pad that is created using the design guidelines developed

in this paper can be used instead of single seal pressure bearing pads
without a loss in load capacity, but with an improvement in the repeat-
ability in fly height. Although some precision systems require more load
capacity and stiffness, the achieved performance will satisfy the demands
in many applications.

The novel contribution of this paper is an understanding of the in-
fluence of the parameters in the design of a pressure bearing pad and its
performance in relation to the pocket bearing. This ferrofluid bearing pad
is a cost-effective passive bearing alternative in motion systems in which
otherwise active bearings would have been used in order to prevent all
risks of stick-slip.
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