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Abstract — Specific torque and bearing reaction forces
are simulated for two models of axial flux magnetic
gears. The models cover simulation in two scale
ranges: hundreds of microns and tenths of microns. The
simulations presented are performed considering currently
available magnetic properties in the microscale and
potentially achievable ones. Specific torque of the models
is between 2.76 up to 8.24 Nm/kg. This range is large
enough to overpass conventional toothed microgear
specific torque. This means that micro magnetic gears
can not only provide conversion of speed and torque
without friction but also to be more compact.

Index Terms — Axial flux rotary machines, FEM
simulation, magnetic gear, microgears, micromagnets.

I. INTRODUCTION

MEMS (MicroElectroMechanical Systems) contain
moving parts that are susceptible to friction, wear and
fatigue. Friction and wear are undesired phenomena
in machines because they reduce their efficiency and
lifetime. In the microscale, friction and wear are primarily
imposed by surface forces (capillary, van der Waals,
electrostatic, or frictional forces) and surface parameters
(i.e., surface roughness or adhesion) [1]-[3].

In the macroscale, friction forces are much lower
than inertial ones, thus lubrication is good enough to
keep a high efficiency and long lifetime of mechanisms.
Nevertheless, when the size is reduced, friction forces
become more important and the efficiency decreases
dramatically. Many MEMS are impossible or impractical
to protect from external contamination. Thus, not only
water vapour but also other contaminants chemically
interact and stick. Friction and wear are the most crucial
phenomena that finally determine the reliability of
MEMS [4]-[6].

Wear and friction in MEMS depend on size, surface
roughness, coatings and lubricants. Previous research
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works have studied these effects explaining the differences
in tribological aspects from micro to nanoscale [7], [8].
Although the results of these studies show interesting
enhancements, friction and wear is unavoidable since
contact forces always appear.

Magnetomechanical components can be a good choice
in order to reduce or even completely avoid wear in MEMS.
Any kind of mechanism is susceptible of conversion
to its magneto-mechanical equivalent. Spur gears [9],
planetary gears [10], harmonic-drives [11]-[13] couplings
[14], bevel gear, cycloidal gear, can be converted to its
magnetic equivalent. Not only gears can be converted but
also bearings, springs [15]-[17], suspensions and even
structures can be created.

These types of components have already been tested
in macroscale [18]-[22] preventing from wear and friction
in the teeth transmission or in the bearings. Even more,
they have been combined (bearings, gear and coupling)
as demonstrated in the first fully contactless machine
ever built [23]. All these components are completely
passive; they behave as conventional mechanical elements
but with additional advantages.

All the benefits of magneto-mechanical components
are inherent to the lack of contact. Nevertheless, the main
pitfall for their wide adoption in the macroscale has
always been their lower specific capacity for torque/
force transmission with respect to conventional ones [24].
For magneto-mechanical components, the transmitted
force/torque, in first term, depends directly on the amount
of magnetic material in the mechanism. This implies that
the specific force/torque (Nm/kg) remains constant for
any scale. On the contrary, for conventional mechanical
elements the miniaturization increases friction/inertial
force ratio, thus specific force/torque decreases when
reducing size. This effect permits to establish a frontier
wherein micromagnetic gears also would perform better
in terms of specific torque. This frontier has been set in
2 mm characteristic diameter with currently available
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magnetic material properties and around 9 mm diameter
if best magnetic material properties were achieved [25].

In this work, the specific torque and bearing reaction
forces are simulated for two models of axial flux
magnetic gears. The models cover simulation in two
scale ranges: hundreds of microns and tenths of microns.
The simulations presented are performed considering
currently available magnetic properties in the microscale
and potentially achievable ones.

I1. PERMANENT MAGNETS FOR MEMS

The fabrication of high-quality permanent magnets
with size in the 1-1000 pum range is still very challenging.
Permanent Magnets are essential components for MEMS
devices such as motors, generators, pumps, Sensors,
acoustic speakers and others. After magnetization, PM
provide “free” constant source of magnetic fields,
requiring no external power. PM are often coupled with
soft magnetic cores to guide and concentrate the fields in
certain regions as for example in magnetic gears

Current micromanufacturing techniques for PM are
divided into deposited micromagnets (from 0.5 to 50 um
thickness) and powder micromagnets (from 10 um to 1
mm thickness). Deposition of micromagnets includes
physical vapour deposition (sputtering, evaporation and
pulse-laser deposition) [27]. Since high magnetic product
rare earth micromagnets cannot be electroplated from
aqueous baths, the available techniques for deposition
are sputtering and PLD [28].

Using powder techniques as sintering or bonding
PM can be done in the range of 10 um to 1 mm. With this
method, powders size determine the minimum PM size.
Likewise for macroscale PM, bonded micro-magnets
properties are usually weaker than those of the original
magnetic powder. The coercivity remains constant but
the remanence is directly related to the particle fill factor,
reaching at best 80%. The values obtained even in the
best solution found in literature are low (for NdFeB not
larger than remanence 0.7 T and remanence 1090 kA/m,
separately). Table 1 summarizes methods, thickness and
highest magnetic properties of micro permanent magnets
[29].

Table 1: NdFeB Permanent Magnets properties for
different micro-manufacturing techniques

E Br Hc BHmx
Method (um) M (kAIm) | (kim?d) Assem.
Deposition | 0.5-50 | 0.5-1.4 |600-1035| 150-400 |Integral
Powder |50-1000{0.2-0.7| 300-800 | 14-250 |Integral

Bulk | 55.1000( 1- 1.4 |860-1035 342-406 |ManUa!
pmachining Brittle

Macroscale| >1000 | 1-1.4 |860-1035| 342-406 |Manual

I11. MICRO-MAGNETIC GEAR DESIGN
Axial flux micro-magnetic gear topology is chosen
because it has demonstrated high specific torque
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performance in the macroscale and because its stack type
topology is very adequate to typical epitaxial MEMS
fabrication processes.

The magnetic gear design consists of an input or
fast rotary element made by several PM, an intermediate
element, typically static, made of soft magnetic material
and a third element acting as output or slow rotary element
made again of a set of PM.

L ow speed rotor (output)
29 dipoles pairs

| @ total |

High speed rotor
(input)1 dipole pair

Stationary element
(stator) 30 pole pieces

Fig. 1. Micro-magnetic gear geometrical parameters.

The permanent magnet arrangement is done in
alternative polarizations, (red and blue in Fig. 1). All the
polarizations of the PM are oriented towards the vertical
direction (blue-north pole, red-south pole). The number
of dipole-pairs in low speed rotor is Noupu=29; the
number of stationary steel pole-pieces is Nstator=30; and
the number of dipole-pairs in high-speed rotor is Ninpu=1.
Gear ratio (Gr) is given by the relationship between the
different elements. It is calculated as:

G — Noutput_ Nstator . (1)
T Noutput

This expression is valid if the number of dipole pairs
in the input is equal to the difference between Noypu and
Nstator, 1.€., Nstator=1. In this case, G, = -1/29. Bearings,
axles and frames will contribute with extra weight.
Therefore, it is necessary to estimate final corrected
specific torque values. Considering previous magnetic
gear developments, a correction factor of 1.1 is reasonable
for the final device weight [22], [30].

Two ranges of application are explored: hundreds
of microns and tenths of microns. Thus, two different
models have been created. The geometrical parameters
of each model are listed in Table 2.

Vacoflux 48 (Bsat=2.35 T) is considered as soft
magnetic material of the stator and NdFeB material for
the tow rotors. As already mentioned, the simulations
presented are performed considering currently available
magnetic properties in the microscale ones and potentially
achievable ones. Available selection of properties depends
on thickness of the rotor. Permanent magnetic material
properties used are listed in Table 3.
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Table 2: Geometrical parameters of the magnetic gears

Definition Sym. Mo_d_el L . Model 2.
(Submilimetric)| (Micrometric)
Outer diameter (UM) | douter 700 140
Inner diameter (um) | dinner 350 70
Total length (UmM) | €rotal 260 52
Low speed rotor e 80 16

thickness (um)

Stator thickness (um)| ts 50 10

High speed rotor

thickness (um) ths 120 24
Airgap Low Speed
roto-Stator (um) | 9% 4 08
Airgap Stator-High
Speed rotor (um) | & 6 12
Magnetic parts
weight (mg) Winag 0.5478 0.0044
Estimated
weight (mg) Wit 0.6028 0.0048
Table 3: Magnetic material properties
Material Name Br (T) | Hc (kA/m)
NdFeB ideal 1.42 1035
NdFeB real thin film (<50 um) | 1.3 955
NdFeB real submilimetric 0.7 800
Vacoflux 48 1.5 0.150

1IV. FEM MODEL AND SIMULATIONS

All the calculations are done using a finite element
model (FEM) software for electromagnetic fields. The
solver chosen is the magneto-static solver. The magneto-
static field solution verifies the following two Maxwell's
equations:

VxH=J and V-B=0.
With the following relationship at each material:
B=po(H+M)=ty- 4, -H+ - M- 2
Where H is the magnetic field intensity, B is the magnetic
field density, J is the conduction current density, My is
the permanent magnetization, po is the permeability of
vacuum and pr is the relative permeability [31].

The geometrical 3D model is shown in Fig. 2. In this
model, the angular position of the low speed rotor can be
automatically modified by the software at each simulation.
The mesh of the model is more refined in the magnetic
material interfaces and also within the airgaps. An
example of the mesh is also shown in Fig. 2.

The materials considered are dependent on the
thickness of the rotor. The combination of models
and materials leads to four parametric magneto-static
simulations. The summary of the simulations and
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materials selected for each element is given in Table 4.

0 ) 300 (um)

Fig. 2. 3D view of the FEM model: geometry and mesh.

Table 4: Simulation list

Ne | Model | oW Speed | High Speed | Stator
Rotor Material|Rotor Material| Material
NdFeB real | NdFeB real |Vacoflux
IR | Model 1 submilimetric | submilimetric| 48
11 | Model 1| NdFeB ideal | NdFe ideal | Y2501 ™
NdFeB real | NdFeB real |Vacoflux
2R |Model2| “pinfilm | thinfilm | 48
21| Model 2 | NdFeB ideal | NoFeB ideal |01 "

As boundary conditions a “Zero tangential Field”
type condition is applied in the external surfaces of the
surrounding region volume. No current or field excitation
is used, only permanent magnetization excitation
according to the material properties table.

Each simulation corresponds to a single combination
of the model and material properties. Forces and torques
are obtained in post-processing by using the virtual forces
principle. The output and input torque and corresponding
reaction forces at each element are calculated for every
angular position. Each simulation has been done
considering a stationary condition.

The solver uses an adaptive meshing solver.
Typically 11-13 iterations on the mesh are sufficient
for a correct convergence of the simulation. The total
number of tetrahedral elements is around 200000. The
mesh is refined for achieving less than 2% of energy
error within a simulation time of less than 20 seconds per
simulation. All the simulations have been done in a
workstation with an Intel Core i4-4690 with 8Gb of
RAM memory.



The selection of this computational working point
has been chosen after performing a sensitivity analysis
of the FEM results, Fig. 3. In this figure, it is shown that
error highly decreases from more than 150000 elements
while computational time is still low.

600000 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 15

500000 | n
400000 ] L 10

300000 ]

m  Number of elements
200000f mm m  FError

Error (%)

T
wn

Number of elements

100000 m

u n ]
0 ‘ : : ‘ ‘ n —+ 0
0 20 40 60 80 100 120 140

Computation time (s)
Fig. 3. Number of elements sensitivity analysis.

V. RESULTS AND DISCUSSION

The results present, in next figures, torques and axial
forces for each model as a function of the rotation angle
of the corresponding input rotor. The radial forces are
negligible due to the axial geometry of the gear.

Figure 4 shows torques of input and output rotor of
model 1 for both material combination 1R and 11 with
respect to the angle of rotation of the input rotor. The
maximum output torque is achieved at 90 degrees for
both combinations, in agreement with the topology of the
gear. The maximum output torque for the real material
combination is 1.66 UNm and the one for the ideal
material combination is 4.95 UNm. The torque in the
input rotor is 29 times smaller than the one in the output
as expected.

6 — T T T T T T T 1

—— Model 1R input Torque
—@— Model 1R Output Torque
—— Model 11 Input Torque
—@— Model 11 Output Torque

| VAN

Torque (uNm)
N
/

0 20 40 60 80 100 120 140 160 180
Input angle (degrees)

Fig. 4. Torques for Model 1R and 11I.
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Figure 5 shows the axial forces acting on input and
output rotor of model 1 for both material combination 1R
and 11 with respect to the angle of rotation of the input
rotor. The maximum axial force is 63.22 mN achieved
at 0 degrees of input rotation in the output element
corresponding to the ideal materials case. The maximum
axial force for the real material case is 18.75 mN obtained
also at 0 degrees of rotation of the input rotor.

Figure 6 shows torques of input and output rotor of
model 2 for both material combination 2R and 21 with
respect to the angle of rotation of the input rotor. The
maximum output torque is achieved at 90 degrees for
both combinations, in agreement with the topology of the
gear. The maximum output torque for the real material
combination is 0.0331 uNm and the one for the ideal
material combination is 0.0397 uNm. The torque in the
input rotor is 29 times smaller than the one in the output.
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Fig. 5. Axial forces for Model 1R and 11.
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Fig. 6. Torques for Model 2R and 2I.
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Figure 7 shows the axial forces acting on input and
output rotor of model 2 for both material combination 2R
and 21 with respect to the angle of rotation of the input
rotor. The maximum axial force is 2.11 mN achieved
at 0 degrees of input rotation in the output element
corresponding to the ideal materials case. The maximum
axial force for the real material case is 2.10 mN obtained
also at O degrees of input rotation.

Specific torque of the models is between 2.76 up
to 8.24 Nm/kg. This range is large enough to overpass
conventional toothed microgear specific torque [25].
This means that micro magnetic gears can not only
provide conversion of speed and torque without friction
but also be more compact. It is important to notice that
specific torque for both ideal models is almost equal
for both sizes, demonstrating that specific torque is
independent of the order of magnitude of the size. A
summary of the results is presented in Table 5.

2000 T T T T T T

1500

1000

500

—e— Model 2R Output Froce
-500 —=— Model 2R Input Force [
—e— Model 21 Output Force
—=a— Model 21 Input Force

-1500 A
-2000

0 20 40 60 80 100 120 140 160 180

Force (uN)
o

-1000

Input angle (degrees)
Fig. 7. Axial forces for Model 2R and 2I.

Table 5: Results summary

Output Torque | Axial Force | Specific

Model Max. Max. Torque

(UNm) (mN)  [(Nm/kg)
Model 1 Real 1.66 18.75 2.76
Model 1 Ideal 4.95 63.22 8.21
Model 2 Real 0.0331 2.10 6.86
Model 2 Ideal 0.0397 2.11 8.24

For model 1 the difference between the model with
ideal material and with real material is significant. The
maximum output torque in the ideal materials model is
2.98 times larger than with real materials properties, so
it happens with the specific torque and axial force. Thus,
it can be interesting for science material researchers to
keep on working on enhancement of NdFeB properties
for magnets in the submilimetric range. For model 2

ACES JOURNAL, Vol. 34, No. 4, April 2019

the difference between the model with ideal material
and with real material is smaller, just a 1.2. Therefore,
micromagnetic gears in the micrometric range would
have an outstanding specific torque capacity. Hence, it
can be interesting to develop manufacturing systems for
such devices.

V1. CONCLUSION

MEMS contain moving parts that are susceptible
to friction, wear and fatigue. Friction and wear are
undesired phenomena in machines because they reduce
their efficiency and lifetime. Magnetic gears can be a
good choice in order to reduce wear in MEMS since they
transmit torques without contact.

In this work, the specific torque and bearing reaction
forces are simulated for two models of axial flux
magnetic gears. The models cover simulation in two
scale ranges: hundreds of microns and tenths of microns.
The simulations presented are performed considering
currently available magnetic properties in the microscale
and potentially achievable ones.

Specific torque of the models is between 2.76 up
to 8.24 Nm/kg. This range is large enough to overpass
conventional toothed microgear specific torque. This
means that not only micro magnetic gears can provide
conversion of speed and torque without friction but also
that they can be more compact.
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