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ABSTRACT
This paper provides a new system and concept concerning to MEMS air turbine power generator. The generator was
composed of the MEMS air turbine and the magnetic circuit. The magnetic circuit was fabricated by multilayer magnetic ceramic technology and achieved monolithic structure which included high permeability material and three dimensional helical conductor patterns inside. Although the output power was micro watt class, some features were extracted by comparing to the simple winding wire type magnetic circuit. In the power density measurement, almost same
output power density was extracted though the turn number of the winding wire type was more than that of monolithic
type. Also the resistance of the conductor was quarter of the winding type. The maximum output voltage and the maximum power of the monolithic generator was 6.2 mV and 1.92 µVA respectively. The DC conductor resistance was 1.2
Ω. The energy density was 0.046 µVA/mm3. The appearance size of the monolithic type was 3.6, 3.4, 3.5 mm, length,
width and height respectively.
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1. Introduction
Strong demand for miniaturized power sources becomes
remarkable with progressive miniaturization of electronic
equipment. Both small size and high power density are
required for various applications. Although lithium secondary batteries have been used as the small and high
power density sources, the power density is approaching
the theoretical limit. Instead of the batteries, miniaturized
generators have been studied as one of the candidate for
exceeding the limit. Since UMGT (Ultra Micro Gas turbine) was presented by MIT group [1,2], a lot of MEMS
(Micro Electro Mechanical Systems) micro generators
have been studied widely.
Although a lot of studies of MEMS micro generator
have been focused electrostatic types, the electromagnetic
induction type shows low output impedance. Therefore,
the electromagnetic induction type is more desirable than
electrostatic type even in the miniaturized generator. Some
outstanding studies were reported [3-12]. Among these
studies, milli-watt to watt class generators were achieved.
Also the complex three phase windings of copper conductor were reported.
In the commercial size generator, three dimensional
wire windings such as helical structure and magnetic
materials such as coil cores are used widely. However, in
MEMS micro generator, the windings are usually designed in the planer structure such as spiral, meander or
Copyright © 2012 SciRes.

equivalent. Moreover the magnetic materials such coil
cores have not been reported.
In the electromagnetic induction, the wide area and
high magnetic flux density result large effect. Therefore,
the combination of the helical structure that produces
wide cross section and the magnetic material that concentrates magnetic flux is advantageous. Moreover, since
the magnetic flux is focused in magnetic material of the
small area, it is possible to shorten the conductor length.
The shorter length results the less conductor loss.
The authors considered the three dimensional helical
structure of the conductor and also introducing magnetic
materials to the MEMS micro generator. Multilayer magnetic ceramic technology was used to realize helical
windings and the magnetic material.
In this present study, the author fabricated a millimeter
size generator with a MEMS micro air turbine and the
multilayer magnetic ceramic circuit of the helical winding structure. As a fundamental benchmark study, we
also prepared a simple winding wire circuit and compared output power, DC resistance of the conductor and
so on. Although the obtained output power was micro
watt level, some features were extracted. The obtained
generator was monolithic structure in which high permeability magnetic material and helical winding conductor was formed. The output power density of the multilayer type achieved almost same in smaller volume with
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the less turn number of the coil than that of the winding
wire. The DC resistance of the multilayer circuit was
quarter of the simple winding wire type.

2. MEMS Air Turbine
The schematic illustration of the air turbine is shown in
Figure 1. The air turbine part was made of 7 silicon layers. The upper layers were assigned for the air passage to
the stator. The lower layers were formed for the passage
to the fluid dynamic bearing system. The dimensions of
the air turbine were 3.0, 3.0, 3.0 mm length, width and
height, respectively.
The ring shape magnet was attached to the rotor and
placed inside the hole of the stator. The shape of the rotor
blade was referred to quasi-ultrasonic wings. The number
of rotor blades were 20, the height was 100 μm.
The rotor and each layer were fabricated by a photolithography process. Aluminum etched pattern was used
as resist films for high aspect ratio photolithograph, and
resin photo resist was used for the low aspect ratio lithography. Each part layer was assembled by making use of
the alignment pin and the hole, which reduced the dimensional error.
Figure 2 shows the component fabricated by photolithographic process. Also, Figure 3 shows the diameters
of the rotor and the stator hole measured by a confocal
microscope. The designed diameters of the rotor and stator were the 1590 μm and 1600 μm, respectively. And then
the machined diameters were 1578.27 μm and 1603.32
μm, respectively. It is found that the error was quite small.
In addition, Figure 4 shows the etched rotor structure
observed by Scanning Electron Microscope (SEM). It is
observed that the walls of the blade were formed perpendicular to the substrate.

3. Generator
3.1. Generator with Multilayer Magnetic
Ceramic Circuit
At the bottom of the turbine, the multilayer magnetic
ceramic circuit was mounted. The schematic illustration
of the generator is shown in Figure 5. It is found that
simple monolithic structure is achieved. The magnetic
circuit is shown in Figure 6. The magnetic material was
low temperature sintering nickel cupper zinc ferrite with
the permeability of 900. Silver internal conductor was
patterned inside the ferrite body. The average particle
diameter of silver paste was 1μm. The magnetic circuit
was made of 24 layers. The wiring conductor pattern was
formed around the outer periphery on the 10 ferrite layers.
The conductor was connected to the adjacent layer with
via conductor. Therefore, the conductor formed helical
structure inside the ferrite material. In addition, the upper
10 layers and the lower 4 layers were the ferrite without
Copyright © 2012 SciRes.
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the conductor.
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Figure 1. Schematic illustration of the MEMS air turbine.
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Figure 2. Components fabricated by photolithographic process.
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Figure 3. Diameters of the rotor and the stator hole measured by a confocal microscope.

Figure 4. Etched rotor structure observed by Scanning Electron Microscope (SEM).
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Table 1. Compositional weight ratios of the slurry before
tape casting.
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Figure 5. Schematic illustration of the monolithic structure
by multilayer magnetic ceramic circuit.
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Figure 7. Appearance of the magnetic circuit including a
pair of 9 turn-helical coils. (a) Top view; (b) Side View.
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Figure 6. Magnetic circuit by multilayer magnetic ceramic.

The magnetic ceramic circuit was constructed by the
ceramic green sheet process [13]. The word green sheet
means a flexible sheet before firing, which is composed
of ceramic powder and binder material. The compositional ratios of the slurry before tape casting are shown in
Table 1. The tape cast method in this experiment was Dr.
Blade method. Silver internal conductor was patterned on
the green sheet by screen printing method. The number
of turns was 18. The green sheet was stacked and compressed by CIP (Cold Isostatic Press). After the firing at
900 degrees Celsius, the magnetic circuit was obtained.
the measured inductance and DC resistance were 6.25
μH and 1.2 Ω respectively. The dimensions of the generator combined of the micro air turbine and the multilayer magnetic ceramic circuit were 3.6, 3.4, 3.5 mm,
length, width and height, respectively. The appearance of
the multilayer magnetic ceramic circuit is shown in Figure 7. The appearance of the total generator including
gas inlet pipes is shown in Figure 8.
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3.5 mm
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Multilayer magnetic
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Figure 8. Generator with monolithic structure.

prepared. The poly urethane coated copper wire was
wound around the air turbine. The turn number was 50,
and the diameter of the wire was 50 μm. The schematic
illustration of the winding wire type is shown in Figure 9.
The measured inductance and DC resistance were 8.89
μH and 4.8 Ω. The appearance size was 4.4, 4.4, 4.1 mm,
length, width and height, respectively.

4. Output Power Measurement
3.2. Winding Wire Type Generator
As a benchmark sample, a simple winding wire type was
Copyright © 2012 SciRes.

In the evaluation, a load resistance was connected to the
output of the magnetic circuit. Since the output power
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Figure 9. Schematic illustration of the winding wire type.

5.1. Output Power
The rotational speed of the monolithic type was increased up to 0.28 MPa. Then the rotational speed was
decreased. The reason will be discussed later. The maximum rotational speed was 58,000 rpm at 0.28 MPa. Figure 11 shows the output waveform at the maximum output voltage. At the load resistance of 20 Ω, the maximum power of the generator was 6.2 mV and 1.92 µVA,
respectively.
On the contrary, in the case of winding wire type, the
maximum rotational speed was 30,000 rpm on the condition of 0.20 MPa and it was constant up to 0.375 MPa.
Figure 12 shows the output waveform at the maximum
output voltage and the maximum power of the generator
was 18.2 mV and 3.31 µVA, respectively. The load resistance was adjusted to 100 Ω for the maximum power.
Table 2 shows the comparison of the winding wire
and the multilayer magnetic ceramic circuit. The energy
density was 0.045 µVA/mm3. The value was almost same
as the winding wire type. 50 turns of winding wire were
required to achieve same energy density as the monolithic type of 18 turns. The multilayer magnetic circuit
achieved same level energy density with smaller size and
less turn number of the coil. The obtained structure was
simple monolithic. The DC resistance of the multilayer
circuit was quarter of the simple winding.
The reason of the different rotational speed should be
discussed. One possible reason is attributed to be the reCopyright © 2012 SciRes.
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Figure 11. Output waveform of the monolithic type.
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was depend on the value of the load resistance. The value
of the resistance was adjusted to achieve the maximum
output power. The output waveform was measured by an
oscilloscope. The rotational speed was calculated from
the output waveform. The power measurement was performed with changing the pressure of the inlet gas and
the value of load resistance. During the measurement, the
rotor was monitored by a high speed camera. The arrangement of the evaluation is shown in Figure 10.
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Figure12. Output waveform of winding wire type.

lation of the induced current and the generated break
force. This relation is not simple because it is depend on
the magnetic flux and the coil structure. In the case of the
magnetic ceramics, the flux is concentrated in the narrow
area. Therefore, it is possible to think the braking torque
should be small.
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Table 2. Comparison of the winding wire and the monolithic type.
Monolithic Type

Winding Wire Type

Volume (mm3)

42.0

79.4

Turns of Coil (turns)

18

50

Inductance (μH)

6.25

8.89

Resistance of Coil (Ω)

1.2

4.8

Pressure (MPa)

0.28

0.20 - 0.375

Rotational Speed (rpm)

58,000

30,000

Output Voltage (mV)

6.2

18.2

Output Current (mA)

0.31

0.182

Load (Ω)

20

100

Output Power (μVA)

1.92

3.31

Power Density
(μVA/mm3)

0.0458

0.0417

5.2. Turbine Circulation
In the multilayer magnetic circuit type, it was observed
that the time dependence of the rotational speed and the
output voltage. The amplitude of the output voltage increases with the increase of the rotating speed. According
to Faraday’s law of electromagnetic induction, the output
voltage is proportional to the time derivative of the magnetic flux crossing the coil. The observed output voltage
dependence is thought to follow this relation.
Also, the maximum rotational speed of 58,000 rpm was
observed at 0.28 MPa. Even at the higher pressure, the
rotational speed was decreased. In order to observe the
circulation of the rotor, a glass top cover was prepared
instead of the silicon rid. From the high speed camera
observation, it was found that the rotor behaved shaky
motion that the axis of the rotor was deviated from the
center axis of the stator and changed the rotational speed.
Figure 13 shows the two positions of the rotor at 0.28
MPa, the center and the deviated, respectively. In this air
turbine, the restriction of the maximum speed seems to
be due to this shaky motion. The higher pressure enhanced the shaky motion. And then the motion became
unstable. Since the rotational speed is directly result in
the output power, this motion has to be suppressed.
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5.3. Power Evaluations
In this calculation model, it is assumed that all the magnetic flux passes through coil circuit. Therefore, major
difference between the calculated value and the measured
value is thought to be attributed to the flux leakage. The
maximum current Imax is solved in the following Equation (1).

I max 

NBS
L 2  R 2

(1)

Where the magnetic flux density is B, the surface area of
the magnetization is S, the resistance is R, the inductance
is L, turns of the coil is N and angle rate is ω. Assigning
each value to formula, B = 1.5 × 10–1 T, S = 0.87 mm2, R
= 20 Ω, L = 6.25 μH, N = 18 turn, and ω = 2πf = 2π ×
967 rad/s, the result of the maximum current 0.71 mA
and the apparent power 10.1 μVA were calculated. In
this calculation, 2π × 967 rad/s corresponding to the
measured maximum rotational speed of 58000 rpm was
used. The measured output power was 19% of the estimated power.

5.4. FEM Analysis
In order to discuss the reason of 19%. We consider the
distribution of the magnetic flux. In the Equation (1), it is
assumed that the all magnetic flux is passed through the
magnetic materials. Figure 14 shows the analyzed results
of the magnetic flux density distribution by using finite
element method. It is found that a large number of magnetic flux outside the magnetic circuit existed around the
part between the magnet bottom and the magnetic circuit.
This flux leakage is thought to provide a significant influence on the obtained power. The calculated leakage of
the flux was about 80%. It is corresponding to the measured
result.
It is possible to suppress the leakage by reducing the
gap between the magnet and the magnetic circuit. Figure
15 shows the FEM analysis on the narrow gap structure.

Magnet

Leakage flux

Ferrite

(a)

(b)

Figure 13. Two positions of the rotor observed by the high
speed camera, (a) center and (b) deviated.
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Figure 14. Analyzed results of the magnetic flux density distribution by finite element method.
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From the view point of the magnetic leakage, the multilayer magnetic ceramic circuit has enough possibility to
exceed the power density of the winding wire. Also, the
multilayer magnetic ceramic circuit realizes the monolithic structure. Therefore, applying the multilayer magnetic ceramic circuit to the MEMS micro generator is
quite effective.

6. Conclusion
The electromagnetic type MEMS micro power generator
was fabricated in this study. The generator was composed of the MEMS air turbine and the magnetic circuit.
The monolithic circuit by multilayer magnetic ceramic
was proposed. The monolithic generator was compared
to the simple winding wire type magnetic circuit. In the
power density measurement, almost same output power
density was extracted though the turn number of the
winding wire type was more than that of monolithic type.
Also the resistance of the conductor was quarter of the
winding type. The maximum output voltage and the
maximum power of the monolithic generator was 6.2 mV
and 1.92 µVA respectively. The DC conductor resistance
was 1.2 Ω. The energy density was 0.045 µVA/mm3. The
appearance size of the monolithic type was 3.6, 3.4, 3.5
mm, length, width and height, respectively.
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