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A B S T R A C T

The objective of this research is to demonstrate the capability of a long stroke linear ferrofluid (FF) stage. This
stage is a passive alternative to existing linear aerostatic stages and can be used in low loaded CNC devices,
pick and place machines, microscopy or scanner applications. To compete with aerostatic stages the bearing
must be repeatable and achieve sufficient stiffness for the application. The effects of ferrofluid trail formation
are countered with the use of a ferrofluid reservoir located on the mover. To increase stiffness a specially
designed magnet configuration is used. A linear guidance was built with outer dimensions of 180x600x80 mm
(WxLxH), a mover of 1.8 kg without actuator and payload having a 430 mm stroke. The load capacity of the
stage was measured to be 120 N, with a stiffness of 0.4 N/μm. The maximum height delta after a stroke with
1 kg payload and a mover velocity of 0.25 m/s was measured to be less than ±3 μm, and with 1.75 kg payload
and a velocity of 0.5 m/s the height delta was within ±7 μm. Using a rheometer, it was shown that the effects
of evaporation in ferrofluid can be reversed, within certain limits of mass loss, by adding carrier fluid. The
damping is shown to be a function of payload and velocity and was measured to be between 2 and 4 N⋅s/m
for velocities between 0.2 and 0.5 m/s. In comparison to a linear aerostatic stage it can be concluded that
while the linear ferrofluid stage is outperformed in stiffness and out-of-plane repeatability, the ferrofluid stage
does not require a continuous supply of air and has lower fabrication tolerances due to the higher fly height.
Thus, the linear ferrofluid stage is a cost-effective alternative to a linear aerostatic stage when the stiffness
and straightness are of less importance.
1. Introduction

The aerostatic bearing cannot be overlooked in current precision
positioning systems. The relatively simple concept of floating on top
of a cushion of air has obtained a major market share in the past
decades [1]. The use of pressurized air however also has its downside,
as the bearing seizes when the air pressure is stopped, the manufac-
turing tolerances are very tight and the low damping gives problems
in controlling the movement [2]. In the search for alternatives we find
that conventional bearings such as ball or journal bearings suffer from
stick–slip, magnetic bearings suffer from complexity and flexures suffer
from energy storage and a limited range of motion. A bearing type free
from all of these issues is the ferrofluid bearing.

The ferrofluid bearing consists of a ferrofluid in between bearing
surfaces in a magnetic field. Ferrofluid is a stable colloidal suspension
of magnetic particles (diameter ∼10 nm) in a carrier fluid [3]. The
bearing itself relies on pressure build-up in the fluid as it is attracted by
a magnetic field. This pressure build-up is caused by the displacement
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of the fluid from a position with a high magnetic field to a position with
a lower magnetic field. This generates a normal force onto the bearing
surface. Alternatively, the ferrofluid can be used to seal a pressurized
pocket of air which provides the normal force. The first concept is
known as the ferrofluid pressure bearing [4], the second is known as the
ferrofluid pocket bearing [5]. The working principle of these bearings
is illustrated in Fig. 1.

The relation between the ferrofluid bearing and other bearing so-
lutions can be seen in Table 1. The table shows that the aerostatic
bearing outperforms the ferrofluid bearing in load capacity and stiff-
ness. However, the ferrofluid bearing can fill a niche that has been left
by the other bearing types i.e. low-cost passive applications requiring a
smooth motion without demand for high stiffness in constrained direc-
tions. These applications can range from low loaded CNC devices such
as 3D printers or laser cutters to optical devices such as microscopy
or scanners. An entirely different field of application would be the
use in zero gravity environments, as the fluid can be contained in the
magnetic field.
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Table 1
An indication of the performance of ferrofluid bearings in comparison to other bearing solutions for precision positioning [6–10]. The ferrofluid bearing is taken as benchmark, a
better performance in precision positioning applications is denoted with +. Performance in load capacity and stiffness is evaluated considering the constrained directions.

Ferrofluid Active magnetic Hydrostatic Aerostatic Roller bearing

Load capacity 0 + + + 0 +
Stiffness 0 + + + + + + +
Static friction 0 0 0 0 – –
Dynamic friction 0 – – 0 – – –
Surface finish requirement 0 + + – – – – –
Complexity 0 – – – – 0

Advantage No stick slip UH vacuum compatible Large loads Contactless Standardized
Disadvantage Low stiffness Inherently unstable Lubrication oil Supply Pressure Stick–slip
Fig. 1. Working principle pressure bearing (up) and pocket bearing (down).

The ferrofluid bearing has some other advantages. When a Lorentz
type actuator is used, the magnetic field to activate the ferrofluid is
already available. The system only requires low tolerances on surface
waviness and smoothness compared to similar high precision bearings
due to the large (∼0.5 mm) distance between bearing surfaces. The
ferrofluid itself acts as a lubricant. The large surface area in contact
with the fluid allows for heat transfer between the bearing surfaces. The
broad choice in carrier fluid makes it possible to tune the bearing for
different environments, for example a fluid with a low vapour pressure
for use in a vacuum, or a fluid with a low viscosity for fast motion.
The amount of physical damping makes controlling the system easier. It
decreases the sensitivity to high frequency disturbances, thus reducing
the need for complicated filtering [11–14] or external damping [15,16].

In the last decade ferrofluid bearings have been implemented into
various planar positioning systems [17–22] and into linear stages [23–
25], the behaviour in load capacity and damping has been studied [26–
32], and finally basic design rules for ferrofluid bearings have been
formulated by Lampaert [33]. Still all existing demonstrators suffer
from low repeatability in the constrained directions and possess a
limited range of motion. These issues are the result of the loss of
encapsulated air from the pocket in pocket bearings and the loss of
ferrofluid due to trail formation.

In this study a passive long stroke linear stage based on ferrofluids
is proposed. The challenges in the long stroke bearing primarily are to
achieve sufficient stiffness, repeatability and stroke length. Problems
and implementations of the solutions are discussed, designed and build
in a demonstrator stage for the purpose of verification. The specifica-
tions for this demonstrator stage are based on those of a commercially
available aerostatic linear stage.
429
2. Stage design and modelling

The proposed demonstrator is based on an existing linear bearing
stage from Physical Instrumente, the A-110. This air bearing stage is
marketed as an affordable high performance nanopositioning stage.
The aim of the demonstrator stage is to be interchangeable with this
aerostatic stage, thus conforming to the same or better specifications.
These specifications can be seen in Table 2.

2.1. Challenges

In the design of the stage some specific challenges are considered.
The most pressing matters are air loss from the encapsulated pocket of
air, ferrofluid trail formation and evaporation. Air loss is distinctive for
ferrofluid pocket bearings, where the fly height is permanently reduced
once the bearing is loaded beyond the load capacity of the ferrofluid
seal. The fly height is defined as the distance between bearing surfaces
and can be seen in Fig. 1. Trail formation is the occurrence of fluid
being left behind as the bearing is translated. Evaporation changes the
composition of the ferrofluid suspension and alters the fluid properties
such as viscosity and saturation magnetization. If left unaddressed, each
problem can severely compromise the performance and repeatability of
the stage. Solutions for each of these problems have been implemented
in the demonstrator stage.

The problem of air loss is distinctive for ferrofluid pocket bearings
only, the ferrofluid pressure bearing does not suffer from this problem.
In terms of load capacity and stiffness, the pocket bearing outperforms
the pressure bearing [30,32]. For the selected application, the repeata-
bility of the bearing motion is considered more desirable than load
capacity or stiffness, and therefore the pressure bearing is the preferred
bearing type for this application.

The trail formation problem is solved by the creation of a reservoir
on the mover itself. By assuming a Couette flow between the bearings
and base the total amount of fluid loss for a stroke of 300 mm is
estimated at 20 ml. In a subsequent stroke the same 20 ml of fluid is
lost again, however, the magnets will also move over the previously lost
fluid and recollect it. Thus, this 20 ml is the total volume of ferrofluid
in the trail during operation. As the volume of fluid required is low
compared to the volume of the mover, it is feasible to place additional
ferrofluid on the mover. This reservoir is created by placing the top,
bottom and side bearing pads close together, as can be seen in Fig. 2.
The high magnetic field at the corners ensures there is a supply of
ferrofluid on the mover. As there is no contact between the ferrofluid
in the reservoir and the base, it is not contributing to the load capacity.
The high magnetic field also ensures ferrofluid can move freely between
the individual pressure bearings. This ensures a repeatable behaviour
and redistribution of the ferrofluid collected from the previous trail.

The design of the stage is a double U shape as shown in Fig. 2. The
top bearing pad produces a preload which increases the stiffness and
the symmetric design reduces tilt under acceleration and deceleration.
The in-plane length of the mover is 100 mm, to save weight and to
reduce damping. The areas marked in red are reserved for 6 bearing
pads, two of 50 × 100 × 4 mm (W × L × H) for the bottom bearings and
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Table 2
Specifications of A-110.300 linear air bearing stage [34].

Model A-110.300
Travel 300 mm
Maximum payload 10 kg normal
Flatness < ± 2 μm
Moving mass 2.6 kg
Maximum velocity 1 m/s
Outer dimensions 160 × 575 × 60 mm (W × L × H)
Mover dimensions 160 × 200 × 60 mm (W × L × H)

Fig. 2. Schematic bearing design with areas reserved for bearing in red. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

four 40 × 100 × 4 mm (W × L × H) for the side and top bearings. Each
bearing pad consists of 50 × 2 × 2 mm magnets from HKCM [35]. These
magnets are arranged in an ‘up–down’ magnetization configuration
with the long side in the 𝑥-direction as can be seen in Fig. 2. The
bottom bearing pads consist of a 2 × 25 grid (x ∗ y), the top and
side bearing pads are slightly smaller and consist of a 2 × 20 grid (x
∗ y). The outline of the top bearing pad is indicated in Fig. 2. The
use of many small magnets results in a concentrated magnetic field
close to the magnets with a large gradient in the direction of the fly
height. This in turn results in a high load capacity and stiffness for
the ferrofluid pressure bearing. Instead of an up–down magnetization
configuration, the magnets could also be magnetized facing each other,
all in the same direction or with the direction oriented in a Halbach
array. Alternatively, also iron can be used in between the magnets
to shape the magnetic field. It was found that from these possible
configurations the up–down configuration with an iron bottom plate is
the most cost-effective way to achieve a high stiffness and load capacity
while also having little moving mass [36]. A second benefit of this
430
arrangement is the low stray field, as the field of individual magnets
is cancelled at larger distances. Magnets with a smaller cross-section
can further increase the stiffness of the bearing, but the brittleness and
increased number of magnets would make assembly complex. Ferritic
stainless steel is used instead of iron to eliminate the risk of oxidation.
Although 0.5 mm thickness of the bottom plate would already have
yielded the same performance, for assembly purposes a relative thick
bottom plate of 2 mm has been used. As the pressure bearings are
located close together, the magnetic field intensity is relatively high
at adjacent corners of the bearing pad as can be seen in Fig. 2. The
ferrofluid that accumulates there has a negligible effect on the load
capacity of the stage, and this is used as a reservoir of ferrofluid to
counter the effects of trail formation. As this reservoir bridges the
different bearing pads it also can transport fluid between the bearing
pads, ensuring a repeatable performance.

For this research the kerosene based EFH3 fluid from Ferrotec has
been chosen. The reason for this choice it the relatively high saturation
magnetization of 66 mT and low viscosity of 12 mPa s [37] in compar-
ison to other ferrofluids. The high saturation magnetization increases
load capacity and stiffness of the stage [32]. The low viscosity of the
ferrofluid reduces the overall damping in the stage [31]. As this fluid
has a non-negligible vapour pressure the evaporation of the ferrofluid
needs to be addressed. In order to do this, a method to resupply the
evaporated carrier fluid has been researched as well.

2.2. Modelling stage load capacity and stiffness

Using a two dimensional numerical model of the magnetic field in
COMSOL [38] and Matlab [39], the load capacity and stiffness of the
bearing pads were determined. The geometry of the pad was defined
in Matlab using the COMSOL Livelink interface, the magnetic field was
then calculated in COMSOL using the Magnetic Fields, No Currents
interface (mfnc) in the AC/DC module. Using the modelled magnetic
field and Eqs. (1) and (2) the respective load capacity and stiffness of
the magnet configuration were modelled.

𝐹𝐿 = 𝜇0𝑀𝑠 ∫𝑆
𝐻𝑑𝐴 (1)

𝑘 = −𝜇0𝑀𝑠
𝑑
𝑑ℎ ∫𝑆

𝐻𝑑𝐴 (2)

In these equations 𝐹𝐿 is the load capacity, 𝜇0 the permeability
in vacuum, 𝑀𝑠 the saturation magnetization of the ferrofluid and 𝐻
the magnetic field intensity. The area is defined as the surface area
of the ferrofluid on the top bearing surface, and this is dependent
on the location of the outer fluid edge and the length of the magnet
configuration.

In the model several assumptions are made, for the remanent flux
density of the magnets (1.17 T), saturation magnetization of the fer-
rofluid (66 mT), and for the location of the fluid edge (5 mm). The
definition of the fluid edge location is shown in Fig. 2. The ferrofluid
itself is has a relative permeability of 1. For the ferritic stainless steel,
a relative permeability of 4000 is used with a saturation magnetization
of 1.4 T.

The preload generated by the top bearing pads can be varied by
modifying the difference in height of the mover and the internal height
of the base as can be seen in Fig. 2. The design of the demonstrator is
made such that this height difference can be modified easily. Decreas-
ing the height difference decreases the fly height of the top and bottom
bearing pads and thus increases the applied preload. As the ferrofluid
bearing can be seen as a mechanical spring this increases the stiffness
of the bearing. The increased stiffness however comes at the cost of less
load capacity and more viscous damping. Decreasing the fly height also
reduced the amount of fluid necessary as the physical volume between
the bearing surfaces decreases. An additional effect of the preload is a
more stable fly height as the trail formation will also occur on the top
side and thus, the fluid loss is symmetrical. As the bearing pads on top
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Table 3
Bearing characteristics in horizontal and vertical plane for different fly heights. Stiffness
is evaluated around equilibrium position. Load capacity is evaluated at the minimum
fly height of 0.1 mm.

Horizontal

Fly height left
pad [mm]

Fly height right
pad [mm]

Load
[N]

Stiffness
[N/μm]

0.1 1.9 120 0.23
0.1 0.9 92 0.27
0.1 0.4 49 0.34
0.1 0.15 11 0.43

Vertical

Fly height bottom
pad [mm]

Fly height top
pad [mm]

Load
[N]

Stiffness
[N/μm]

0.1 0.9 231 0.68
0.1 0.4 146 0.81
0.1 0.15 69 0.97

Table 4
Simulation of eddy current damping in full size pressure bearing pad. Magnet dimen-
sions 50 × 2 × 2 mm, arranged in a 2 ∗ 25 (x ∗ y) grid with long edge in x-direction,
magnetized alternating between positive and negative z-direction.

Fly height [mm] Eddy current damping coefficient [N s/m]

0.10 0.22
0.25 0.13
0.50 0.07
1.00 0.03

and bottom differ in size and gravity acts on the mover, the equilibrium
fly height of the top and bottom pad will not be exactly the same.

Table 3 shows the bearing characteristics as a function of the fly
height according to the model. In order to achieve the same specifica-
tions as the A-110 aerostatic stage the fly height in vertical direction
will need to be somewhere between 0.5 mm and 0.25 mm. As no
horizontal payload is specified for this aerostatic stage the fly height
of the horizontal pads is set to 1 mm each.

2.3. Eddy current damping in stage

Aluminium is the preferred material for the demonstrator stage due
to its availability and machinability. The relative velocity between the
highly conductive aluminium and the magnetic fields induced by the
bearing pads will create eddy currents. The damping induced by these
eddy currents is investigated using a COMSOL model. This modelling
is done in three dimensions using the mfnc interface in the AC/DC
module. Fig. 3 illustrates this model and the direction of the relative
velocity between the bearing pad and conductor. In the model the
bearing pad is translated past a aluminium block (infinite length,
20 mm height), this is modelled using the Lorentz term velocity in the
mfnc interface. The bearing pad consists of 2 × 25 magnets (x ∗ y) of
50 × 2 × 2 mm with a remanent flux density of 1.17 T. The results of
the modelling can be seen in Table 4.

In Table 4 it can be seen that the simulated eddy current damping is
low. The low damping is caused by two factors. Firstly, as eddy currents
are induced by a change in magnetic field the current loops only occur
at the start and end of the bearing pad. Secondly, as the magnetization
direction of the magnets alternate the direction of the current alternates
as well. This prevents large current loops from forming. Both factors
can be seen in Fig. 3.

3. Methods for design validation

To verify that the functioning of the stage is as intended, first the
load capacity and stiffness model of an individual pressure bearing pad
are validated. This same model is used in the verification of the load
and stiffness of the full stage. To gain insight in the performance of
431
Fig. 3. Illustration of the location and magnitude of the eddy currents (I) on the surface
of the conductor. With the direction of the relative velocity between conductor and
bearing pad (V) in green and damping force (F) direction in red. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

the stage when in use, the effects of trail formation and evaporation
will be measured. Finally, the damping in motion direction will be
experimentally determined. This understanding of the damping will be
useful in the future actuation and control of the stage.

3.1. Single pressure bearing pad

The individual tested pressure bearing pad is assembled of 23
50 × 2 × 2 magnets [35] with a remanent flux density of 1.17 T
structured as seen in Fig. 2. The pad is tested with 5 ml of EFH3 fluid
and with the same amount of APG 513A ferrofluid. The load–fly height
curve of the bearing is modelled and measured in a compression test
using a Zwick/Roell Z005 materials test frame.

For the modelling of the pressure bearing path the location of the
outer fluid edge is needed. This variable is defined in Fig. 2, and
represents the starting point of the pressure build-up in the fluid.
The location is primarily dictated by the equilibrium between the
gravitational pull and the magnetic body force on the fluid. Using the
Mfnc interface in the AC/DC module in COMSOL a two dimensional
model of the magnetic field surrounding the bearing pad is simulated.
The results of this simulation can be seen in Fig. 4. It was found that
the magnetic field further than 0.9 mm outside the magnet was too
weak to overcome the gravitational pull on the fluid. The effect of
surface tension and surface roughness on this location is assumed to be
negligible compared to the magnetic body force in this calculation. The
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Fig. 4. Modelling of magnetic field surrounding ferrofluid pressure bearing pad.

Fig. 5. Measurement setup of demonstrator with 3 laser distance sensors for position
and roll of the mover.

Table 5
Physical properties of realized demonstrator stage.

Travel 460 mm
Moving mass 1.84 kg
Outer dimensions 180 × 640 × 80 mm (W × L × H)
Mover dimensions 139 × 124 × 60 mm (W × L × H)

magnetization saturation of the ferrofluid is modelled as 32 kA/m [40]
for the APG 513A and 52.5 kA/m for the EFH3 [41].

3.2. Demonstrator stage

The demonstrator as seen in Fig. 5 was constructed from aluminium
with ferritic stainless-steel bottom plates for mounting the magnets. The
top plate could be raised using shims to increase the fly height of the
top and bottom bearing pads. The total material cost for the ferrofluid
demonstrator stage are slightly over e1000, the magnets contribute
e150 of the total cost.

In Table 5 the physical properties of the realized stage can be
seen. The base and mover have both been over-designed. Thicker
metal is used in order to increase production efficiency and to allow
for more freedom in the fine-tuning of the height difference between
mover and base. Because of this, if useful, the width and height of
432
Fig. 6. Trail formation in stage. The mover has been displaced in steps increasing
in velocity from right to left. The table and top plate were removed before the
displacement.

the outer dimensions could both be reduced with 20 mm without any
performance loss.

Fig. 5 shows the demonstrator and the three Micro-Epsilon optoN-
CDT 1420 laser distance sensors [42] used. 2 sensors with a range
of 10 mm were fitted above the table on either side. These sensors
measure the position of the table relative to a fixed frame. From this
the fly height and roll of the stage could be found. One sensor with a
range of 200 mm was mounted in front of the mover and was used
to measure displacement and velocity of mover. The demonstrator
stage was connected to an actuator using a thin wire. By setting the
demonstrator on a slight incline, it could thus be actuated in both
directions with negligible disturbance to the measurements.

Unless mentioned otherwise, all experiments are conducted using
the EFH3 ferrofluid from Ferrotec.

3.2.1. Load and stiffness
The load and stiffness of the stage can determined by a compression

test using a Zwick/Roell Z005 materials test frame. In this test the load–
fly height curve can be generated. The load–fly height curve of a single
bearing pad is measured using the same setup, in this case the head of
the materials test frame is used as the bearing surface. The fly height is
then defined as the distance between the magnet surface and the head
of the materials test frame.

The stiffness of the stage can also be determined by adding a defined
mass to the table while measuring the fly height of the table. This
method, which requires less resources and is less time consuming, is
used to gain an understanding of the influence of the increase of the
individual fly heights.

By adding weight until the mover stops moving freely the load
capacity can be determined easily. The free moving of the mover can
be determined by placing the mover on a small incline ( 1 deg), and as
the mover is released it should accelerate to a constant velocity. If this
is not the case, contact between mover and base is present and thus the
maximum load capacity is exceeded.

3.2.2. Trail formation
Fig. 6 shows the trail formation in the bearing. The trail thickness

can be deduced from the colour of the trail. The light brown on the
right and almost black on the left indicate a correlation between the
amount of fluid loss and the movement velocity. The influence of this
trail formation is experimentally determined by measuring the height
of the stage before and after a stroke. This is done for different amounts
of fluid in the system and for different translation speeds.

3.2.3. Evaporation
The evaporation rate of the ferrofluid was determined by placing

five grams of fluid in a Petri dish. The fluid-air interface was 58 cm2 and
the temperature was kept between 18 and 22 degrees Celsius. The Petri
dish with fluid have been weighed at a number of moments in time. The
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Fig. 7. Load–fly height curve of 23 × 1 pressure bearing pad with EFH3 and APG
513A ferrofluid.

effects of evaporation on the fluid viscosity and magnetic properties are
investigated using a rheometer (Anton Paar MCR302). This rheometer
is capable of generating a magnetic field comparable to the field at the
surface of the pressure bearing pads. The evaporation rate is established
by measuring the mass loss of the Petri dish over time. Fluid samples
with different percentages of mass loss are then evaluated using the
rheometer. This same experiment is redone for fluid samples with the
same percentage of mass loss, this time resupplied to the original mass
by addition of paraffin oil.

3.2.4. Damping
The damping of the stage is evaluated by setting the stage on a

defined incline. The external stage is used to pull the mover on the slope
and to release it at the highest point. Gravity will accelerate the stage
until it reaches terminal velocity, which is measured using the 200 mm
laser distance sensor. This is repeated several times for a combination
of three different inclinations and three different amounts of payload.
As the weight of the stage is known, the driving force can be calculated.
The viscous damping coefficient can then be determined using Eq. (3)
in which 𝑐 is the damping coefficient, 𝑚𝑚𝑜𝑣𝑒𝑟 the mass of the mover, 𝑔0
is the standard gravity, 𝛩 is the incline angle of the stage, and 𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙
is the terminal velocity of the stage.

𝑐 =
𝑚𝑚𝑜𝑣𝑒𝑟 ⋅ 𝑔 ⋅ sin𝛩

𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙
(3)

4. Bearing design validation

4.1. Single pressure bearing pad

Fig. 7 shows the results of the testing of the individual pressure
bearing pad. Zero displacement was taken to be the point at which the
pressure plate touches the magnets in the measurement.

4.2. Demonstrator stage

4.2.1. Load capacity and stiffness
The experiment from Section 4.1 was repeated for the full stage. The

result of this is shown in Fig. 8. The individual fly heights of the top and
bottom pad are calculated such that the modelled load generated by
the bottom pad is equal to the modelled load of the top pad combined
with the gravity forces. This result in 0.39 mm for the bottom pad and
433
Fig. 8. Load–fly height curve of stage. The crosshead velocity of the materials test
frame was set to 0.5 mm/min. The initial fly height without payload is 0.39 mm for
the bottom bearing pad and 0.36 mm for the top bearing pad. The bearing pads are
modelled with a relative permeability of 4 for the ferrofluid.

Table 6
Measured and modelled stiffness of stage for different fly heights for the respective
bottom bearing pad/top bearing pad.

Fly height [mm] 0.3/0.25 0.4/0.35 0.55/0.50

Measured Stiffness [N/μm] 0.7 0.4 0.3
Modelled Stiffness [N/μm] 0.57 0.42 0.36

0.36 mm for the top pad. The larger fly height for the bottom pads is
the result of the larger size of the bottom pads in comparison to the top
pads.

The maximum sustained load capacity was determined by adding
mass to the stage whilst moving on a small incline and was found to
be 140 N for a stroke of under 100 mm and 120 N for a full stroke.

The stiffness was also determined at different initial fly heights
by using the laser displacement sensors and a weight of 3 kg. The
model parameters were chosen to be the same as in Fig. 8. Table 6
shows the results of these measurements. It can be seen that the model
corresponds well with the measurements at larger fly heights. When the
fly height decreases, the model and measurement diverge.

4.2.2. Trail formation
Fig. 9 shows the relative height of the stage after translation with

different velocities. A significant height drop at higher translation
velocities using a limited amount of ferrofluid can be seen. Fig. 10
shows the relative height of the stage for 55 g of fluid and different
payload amounts. It can be seen that the payload has no noticeable
influence on the repeatability of the height. The zero in these figures
is taken as the mean value of the fly height at 0.01 m/s. The initial fly
height was set to 0.55 mm for the bottom pad and 0.50 mm for the top
pad.

4.2.3. Evaporation
The evaporation measurement resulted in an evaporation rate in the

initial 74 h of 9.0 ⋅ 10−5 g/(cm2 h) for the EFH3 fluid. The evaporation
rate in the next 43 h was 5.6 ⋅ 10−5 g/(cm2 h). Using a rheometer,
the properties of the ferrofluid were evaluated after being subjected
to evaporation. This was done for the EFH3 fluid subjected for a 7.7%
mass evaporation and for a 16.9% mass evaporation and can be seen
in Figs. 11 and 12. Fig. 11 shows the viscosity in the ferrofluid as a
function of the shear rate. Fig. 12 shows the normal force exerted on
the rheometer by the ferrofluid.
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Fig. 9. Height delta of the mover height under translation at different speeds for
different amounts of fluid. No payload was added to mover.

Fig. 10. Height delta of the mover height under translation at different speeds when
filled with 55 g of FF.

4.2.4. Damping
The results of the damping experiment can be seen in Fig. 13, the

stage was filled with 45 g of ferrofluid and has an unloaded fly height
of 0.55 mm for the bottom pad and 0.50 mm for the top pad. A strong
correlation between the damping coefficient, the load and velocity of
the stage is present.

5. Discussion

5.1. Single pressure bearing pad

The data from the pressure bearing test using the APG 513A fer-
rofluid results in a load capacity of 40 N, resulting in 1.8 N/cm2.
The load capacity and stiffness of the bearing could have potentially
been higher by selecting pocket bearings instead of pressure bearings.
However, the values for load and stiffness are comparable to a previous
implementation of a single pocket bearing stage [21] where a load
capacity of 100 N was achieved using a surface area of 84 cm2, resulting
434
Fig. 11. Viscosity of EFH3 fluid for different levels of evaporation and dilution.

Fig. 12. Normal force exerted by EFH3 fluid on the rheometer for different levels of
evaporation and dilution.

Fig. 13. Damping coefficient of demonstrator stage for different loads.



Precision Engineering 67 (2021) 428–437S.W.M. van den Toorn et al.

f
i
r

v
v
o

d
i
s
v

in 1.2 N/cm2. Thus, to improve over the current design more complex
pocket bearings with multiple seals would be required. This would
result in more pockets of air which all need to be managed to maintain
repeatability.

The load capacity using the EFH3 fluid is lower than with the APG
513A. This is unexpected as the EFH3 has a higher saturation mag-
netization. This behaviour might be explained by the loss of colloidal
stability due to the high gradient in the magnetic field [43]. Magnetic
particles will then accumulate at the corners of the magnets. This
accumulation can be problematic in this specific magnet geometry as
a large build-up of particles in between the two oppositely magnetized
magnets will cause a short circuit in the magnetic field.

This behaviour is simulated in the model using an increase of
relative permeability. A relative permeability of 4 is in close agreement
with the measurement of the EFH3 fluid. This can be seen in Fig. 7.

5.2. Demonstrator stage

5.2.1. Load capacity & stiffness
The load–fly height curve shows that the behaviour of the stage

is similar to the model at larger fly heights, and that the model and
measurement diverge when the fly height of the stage approaches zero.
This behaviour can be explained by squeeze film damping.

It can be seen that in the sense of load capacity, an ferrofluid stage
can achieve a similar load capacity as a comparable aerostatic stage.
The stiffness of the aerostatic stage however is several times higher.
The high stiffness is required in the aerostatic stage to move resonance
spikes from the underdamped eigenmodes to a frequency well above
the desired bandwidth. As the ferrofluid stage uses a more viscous fluid,
the eigenmodes are overdamped and thus much less of a problem. Thus,
from a control point of view the stiffness does not necessarily need to be
high. As the stiffness of the stage is known and stable under translation,
it can easily be compensated for.

The specific trend in the relation between the load capacity and
displacement can be attributed to the trail formation. As more ferrofluid
is lost to the trail, the load capacity is diminished resulting in the
mover running aground. The stiffness of the stage can be increased
by decreasing the fly height of the top and bottom bearing pads. This
can be done by decreasing the difference in height between mover and
base. This way a stiffness of up to 0.7 N/μm can be achieved at a
fly height of 0.3 mm and 0.25 mm for bottom and top bearing pads,
respectively. The increase in stiffness comes at the cost of a reduction
in load capacity. The fly height can be chosen based on the application,
a larger fly height for applications requiring higher load capacity and
a smaller fly height for applications requiring a higher stiffness.

The load capacity in lateral direction is not directly measured, but
can be determined by using the bearing pad model. At a fly height of
1 mm this load capacity would be 80 N. When taking into account
the fluid loss in translation, the effective lateral load capacity would
be slightly lower. As the lateral pad is smaller and the reservoir in
the mover remains equal in size, the drop in lateral load capacity is
estimated to be less than 20 N, resulting in an estimated 60 N load
capacity in lateral direction.

5.2.2. Trail formation
Fig. 9 shows that for a limited amount of ferrofluid, there is a signifi-

cant drop in the height of the mover at higher translation velocities. The
higher velocity induces more shear and as a result less fluid is present
to support the load of the stage. Using a larger volume of ferrofluid
eliminates this height drop, a height increase can even be observed in
the height for an increase in pull back velocity. This height gain can
partly be explained by the loss in fluid. The loss of 30 g of fluid would
give an increase in fly height of 1 μm at a stiffness of 0.3 N/μm. A
urther explanation would be a difference in fluid loss and fluid supply
n the top and bottom bearing pads. When the top pad has less fluid
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elatively to the bottom pad, the height of the mover will increase.
The increased stability in fly height can be explained by the reser-
oirs at the corners of the bearing pads as seen in Fig. 2. A larger
olume of ferrofluid ensures there is an excess amount of fluid available
n the mover to replace lost ferrofluid due to trail formation.

Fig. 10 shows the relative height of the mover for 55 g of fluid and
ifferent payload amounts. It can be seen that the payload has limited
nfluence on the repeatability of the height of the mover. This figure
hows the stage can accommodate a payload of 1 kg at a maximum
elocity of 0.25 m/s with an out-of-plane height stability of ± 3 μm,

and ± 7 μm for a payload of 1.75 kg at a maximum velocity of 0.5
m/s.

In past implementations of ferrofluid bearings into precision move-
ment stages, the performance has been severely limited by trail forma-
tion. Typical values are that for a stroke of just several centimetres the
loss of mover height is in the order of 1 μm/mm translation [21,23]. In
comparison, both the attained stroke and stability of the mover height
in the realized demonstrator stage are of exceptional performance.

5.2.3. Evaporation
Fig. 11 shows a severe increase in viscosity, both with and without

magnetic field as a result of the evaporation of the carrier fluid. When
the ferrofluid fluid is diluted back to the original mass by adding
the required amount of carrier fluid, the viscosity of the fluid also
reverts back to original. However, this was observed only up to a 7.7%
evaporated fluid. A very probable explanation of this limit is the loss
of colloidal stability of the fluid when evaporation exceed a certain
value. Individual particles then agglomerate and no longer disperse
when diluted back to original mass.

Fig. 12 shows the normal force exerted on the rheometer by the
ferrofluid. This supports the theorized refilling of the carrier fluid for
small levels of evaporation. Again, here can be seen that there is less
normal force for the further evaporated fluid, which can also be caused
by agglomerations in the fluid.

Due to the relatively large wetted surface area in the bearing, the
overall mass loss due to evaporation using the EFH3 fluid will be in
the order of magnitude of one percent per day. This means that after
a week the viscosity in the fluid has doubled. After a few more days
the fluid will lose colloidal stability and the individual particles will
agglomerate. This process can be reversed by ‘lubricating’ the bearing
occasionally through the addition of carrier fluid. The properties of the
fluid will then return to their original specification. This has yet to be
tested inside a working bearing system, however experiments using the
rheometer look very promising.

Alternatively, a different solution to the evaporation problem would
be the use of a ferrofluid with a very low vapour pressure. Where
kerosene based EFH3 ferrofluid has a vapour pressure of 0.1 kPa [37],
the vapour pressure of the H9-LT ferrofluid from Liquid-Research has
a vapour pressure of ∼ 1 ⋅ 10−7 kPa [44]. Based on the difference in
vapour pressure the evaporation rate of the H9-LT ferrofluid will be
several orders of magnitude lower than the evaporation rate of the
EFH3 ferrofluid [45]. This would make a system to resupply evaporated
carrier fluid unnecessary as the effects of evaporation will only be
noticeable after several years. Low vapour pressure ferrofluids however
are expensive and have a high viscosity. The H9-LT ferrofluid has a
viscosity of 300 mPa s, which is 25 times higher than the used EFH3
ferrofluid. Primarily the high viscosity is problematic as it will increase
damping and trail formation, thus reducing the possible stroke length
and mover velocity.

5.2.4. Damping
The damping in the system is relatively constant and predictable, a

function of movement velocity and payload. This makes open loop con-
trolling a possibility in systems with lower positioning requirements.
For high precision requirements, the damping attenuates high fre-
quency noise and makes implementing of a (basic) PID controller pos-
sible [11]. The strong correlation of the damping coefficient indicates

a velocity dependent flow profile in the ferrofluid.
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Table 7
Comparison of specifications of aerostatic bearing stage and ferrofluid demonstrator stage.

Unit PI aerostatic bearing A-110.300 Ferrofluid demonstrator stage Goal achieved

Travel mm 300 460 ✓

Maximum payload N 100 normal 120 normal, 60 lateral ✓

Stiffness N/μm 30-60 (estimated) 0.4 ✕

Moving mass kg 2.6 1.8a ✓

Outer dimensions (W × L × H) mm 160 × 575 × 60 180 × 600 × 80 ✓b

Mover dimensions (W × L × H) mm 160 × 200 × 60 139 × 124 × 60 ✓

Straightness & Flatness μm < ± 1 < ± 8 (Fluid loss only) ✕

Maximum velocity m/s 1 – ?

aNo actuation is added to the demonstrator stage at this stage.
bOuter dimensions of demonstrator can be reduced without loss of performance.
5.3. Comparison with aerostatic stage

The goal of this research was to demonstrate the possibility of a
passive linear guide using ferrofluid pressure bearings capable of com-
peting with an existing aerostatic stage. Table 7 shows the comparison
between the realized demonstrator model and the PI linear stage with
air bearings. It can be seen that the stage is only outperformed by the
aerostatic bearing stage in terms of stiffness and straightness and the
need for fluid management. The maximum velocity of the stage has yet
to be determined.

6. Conclusion

In comparison to previous implementations of ferrofluid bearings,
the realized stage greatly improves the stroke length and out-of-plane
stability in mover height. However, the attained stability and stiffness is
less than can be achieved in an aerostatic bearing stage. Thus, the use of
this stage is not recommended in applications where these are critical,
such as in sub-micrometre lithography stages. However, in comparison
to aerostatic stages, the ferrofluid bearing can provide the same stick–
slip free motion without the need for a constant supply of air or tight
manufacturing tolerances. Moreover, the ferrofluid bearing approaches
the same out-of-plane stability for a lower payload and velocity. The
long term performance of the ferrofluid stage is dependent on the
timely supply of carrier fluid. If resupply is not done before a certain
amount of evaporation occurs, the magnetic properties of the ferrofluid
are irreversibly lost. Overall, it can be concluded that, depending on
the demands of the application, the ferrofluid bearing is a feasible
alternative to aerostatic bearings.

From the findings in this research the following conclusions can be
drawn:

• Optimized ferrofluid pressure bearings can compete with single
seal pocket bearings,

• Magnets can be used in close proximity to conductors without
significant eddy current damping by choosing the geometry and
orientation of the magnets properly,

• The use of a reservoir on the mover results in a stable fly height
under translation,

• The magnetic and viscous properties of ferrofluids subjected to
moderate evaporation can be restored by resupplying the fer-
rofluid with carrier fluid,

• Timely resupply of carrier fluid is required to prevent irreversible
loss of magnetic performance of the ferrofluid,

• The friction in the stage is only the result of viscous damping and
is primarily affected by velocity and fly height,

• It is possible to design and manufacture a linear ferrofluid stage
to specification.
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