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Abstract: This paper presents numerical simulations for microelectromechanical systems (MEMS) tunable 3D inductor using
two-way shape-memory-alloy (SMA). MEMS inductors are significant to develop the small scale, lightweight and high-
performance wireless communications technologies. The inductance value often varied depending on its application. Hence in
this work, a 3D tunable inductor is developed using two-way SMA actuation. A numerical simulation is performed by using
COMSOL Multiphysics software to evaluate the temperature of the SMA inductor during Joule heating and the inductance
values based on its actuation heights. The results of the numerical simulations show that when a 0.4 A DC current is supplied,
the temperature at the spiral coil of the 3D tunable inductor reaches 67.86 'C. Meanwhile the inductance value of the 3D
tunable inductor is lower when the height of the actuation is increased. When the height of the 3D tunable inductor is at 6mm
and 3.6mm, the inductance value is 0.97nH to 1.56nH respectively. It is expected that the results if work would encourage
developments of 3D tunable inductors in wireless displacement sensor.
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substrate [3], the use of low-K dielectric between the

1. INTRODUCTION substrate and the inductor [5], the use of patterned ground

MEMS inductors have begun to receive more attentions shield above the substrate [6], etching the substrate from
due to their suitability for mass production using the underneath the inductor [7], and even building multilayer
standard complementary metal oxide semiconductor inductors [8, 9].
(CMOS) manufacturing technology [1]. The performance On the other hand, MEMS tunable inductors offered a
of the inductors depends on its figure of merits which are better performance, due to its flexibility and the many
the inductance value, quality factor (Q-factor), self- advanced machining techniques that MEMS fabrication
resonance frequency (SRF) and tuning range. However, provides compare to CMOS inductors that are mostly
according to Pisani et al [2], this CMOS technology has confined to planar spiral types. The most attracted MEMS
disadvantages due to its low thin-film inductors of 1-2 pm inductors designs are those of 3D geometries such as
in thickness are not enough to achieve high-Q inductors solenoid inductors [10, 11], 3D inductors [12-14], flexible
and standard CMOS fabrication technology doesn’t inductors [15], out-of-plane inductors [16], and vertical
support thick metallization process [3]. Besides, silicon is inductors [17]. These topologies show great performances,
the main substrate used in CMOS devices and it has but they require complicated fabrication processes.
relatively low resistivity that also contribute to the To reduce the fabrication complexity of the tunable
performance degradation. This has been a major cause of inductor, shape-memory-alloys (SMA) is utilized. The
losses for passive components that are fabricated over it, SMA have different shape memory effect (SME) which are
especially for micro inductors. The losses are in the form one-way memory effect and two-way memory effect. One-
of eddy currents flowing in circles within the substrate, and way SME involves the memorization of the SMA
parasitic capacitance formed between the substrate and predetermined shape to which they deform once exposed
inductor’s windings. Thus, CMOS inductors have to a stimulus such as heat. Two-way SME is the effect that
continued to suffer from low-Q factors [4], degrading the the material will memorize two different shapes; in
performance of many RF devices. austenite and martensite states To have two-way SME
To improve the performance of CMOS-based training methods plays an important role in two-way
inductors, variety of techniques have been applied and actuations [18]. This approach has so far been used in
evaluated. Post-CMOS electroplating were used to provide many applications to provide mechanism to many SMA
tens of microns of coil thickness, which are not feasible actuators such as fabrications of catheter, cardiovascular
with standalone CMOS fabrication. Other techniques to stent and micro actuators of various shapes [19, 20].
reduce substrate losses include: the use of high-resistivity Furthermore, the electrical properties of SMA allows it to
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be joule-heated by means of passing electrical current to
raise its internal temperature to control the actuation
heights.

In this paper, the 3D tunable inductor’s Joule heating
and tuning range is evaluated. The numerical simulations
are perfected by using COMSOL Multiphysics software.
A design and fabrication processes proposal of out of plane
tunable inductor is presented.

2. DESIGN AND WORKING PRINCIPLE OF TUNABLE
INDUCTOR

In this section, design of tunable inductor with specific
dimensions is proposed. In addition, the working principle
of the tunable inductor is explained further.

2.1 Design of Tunable Inductor

The inductance value for spiral inductor is calculated by
approximating the sides of the spiral with symmetrical
current sheets of equal current densities, another simple
and accurate expression for the inductance of a planar
spiral can be obtained [21]. For example, in this case of the
circular coil as shown in Figure 1, we obtain 4 identical
current sheets. On opposite sides, the existing sheets are
parallel. The calculation of the inductance is now reduced
to measuring the self-inductance of one sheet and the
mutual inductance between opposite current sheets, thanks
to symmetry and the fact that the sheets have zero mutual
inductance.

1€

Figure 1. Inductance value calculation for spiral coil

These self and mutual inductances are evaluated using
the concepts of geometric mean distance, arithmetic mean
distance, and arithmetic mean square distance. Thus the
resulting expression for spiral coil inductor Lgpg is
presented by [21],

un?dgygc
Lyma = =32 (0 (2) +esp+ cap? (1)

where p is the magnetic permeability of the material, n is
the number of turns, dg,,4 is the average diameter of the
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spiral coil calculated by 0.5(dyy: + di). The values of
coefficient ¢4, c,, ¢3,and c, are 1.00. 2.46, 0.00, and 0.20
respectively, and layout dependent, p is fill ratio calculated
by (dour — din)-/ (Aot + din)-

As a proof of concept for tunable inductor, it has five
circular spiral turns with the coil width of 0.4 mm and
separation of 0.2 mm respectively. The diameter of the
spiral coil is 7.2 mm as illustrated in Figure 2. The SMA
inductor with mentioned dimensions above is designed in
Solidwork software. By using formula (1), the theoretical
value of the inductance is 1.36 nH.

SMA Sheet

©)

Figure 2. Solidwork design of 2D spiral coil inductor

2.2 Working Principle of Tunable Inductor

Nitinol is a metal alloy of nickel and titanium with its
unique mechanical properties such as superelasticity,
ductility and thermal memory [22]. The SMA has two
distinct state which are martensite state and austenite state
controlled by temperature and internal stresses. At lower
temperature, it is called martensite state and at higher
temperature it is called austenite state. Nitinol shape can be
altered during rapid cooling from austenite state to
martensite state. To adopt 3D out-of-plane actuation that
manipulate the separation of the coils to alter the
inductance value, the SMA needed to undergo training to
memorize two out-of-plane states; in martensite and
austenite state as shown in Figure 3.

Lower & Coog Higher
inductance é ﬁ é inductance
= ( Hoatg | ——

Austenite state Martensite state

Figure 3. At austenite state and martensite state, the
inductance value differs.

To achieve both austenite and martensite state, the 2D
spiral inductor will undergo two-way shape memory
training. A mold that consists of inner mold and outer mold
is proposed as shown in Figure 4 (a), to shape 2D spiral
inductor to 3D out-of-plane spiral inductor, this process
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also known as one-way shape-memory setting. To secure
the 3D configuration of the spiral coil, the spiral coil is
loaded in the molds, Figure 4 (a), and go through heat
treatment process with ~400 C [23] using an oven and then
the whole thing will be dipped in cold water for rapid
cooling. These procedures will complete the one-way
shape-memory setting and expected in memorization of
austenite shape as shown in Figure 4 (b).

Outer
mold
<<
-
spiral coil P—
——————
Inner
mold
(a) (b)

Figure 4. Training process; (a) one-way shape-
memory setting, (b) one-way trained SMA spiral coil

To create a 3D tunable inductor, the inductor must
memorize another shape in its martensite state thus it
involves a second shape-memory setting known as two-
way shape-memory setting. By referring Luo et al. [18],
pseudoelastic cycle procedure have to be done where the
spiral coil is introduced at a temperature, 300 'C [24]. At
this temperature the SMA spiral coil will exhibit
pseudoelasticity behavior. To complete a pseudoelastic
cycle, a load is placed on top of the 3D spiral SMA, Figure
5 (a), and heated to 300 ‘C. Afterwards, SMA spiral coil
will be cooled to room temperature in loaded condition and
then it is unloaded completely as shown in Figure 5 (b). A
total of 40 pseudoelastic cycles are needed to achieve a
noticeable two-way shape-memory effect.

Load —

Compressed
= —
— —_—
— _
—— e
One-way trained
SMA spiral coil
(a) (b)

Figure 5. Training process; (a) two-way shape-memory
setting, (b) two-way trained SMA spiral coil.

3.COMSOL MULTIPHYSICS NUMERICAL SIMULATION

In this section, the results of COMSOL Multiphysics
numerical simulations for both Joule heating and inductor
tuning range is presented and discussed.

32

3.1 Joule Heating Module

In the Joule heating simulations, 0.1 A, 0.2 A,0.3 A, 04 A
and 0.5 A DC current is supplied, the temperature varies.
As we can see in Figure 6, the current supplied is directly
proportional to the temperature of the 3D tunable inductor.
It is stated by [24] at 65 "C the peak actuation of the 3D
tunable inductor will takes place. Hence, in Figure 7 and
Figure 8, when 0.4 A DC current is introduced, the
simulation result shows that the maximum temperature is
67.86 'C and is heated evenly from the terminal to the
ground of the 3D tunable inductor.

Apparently as illustrated in Figure 7 (a), the base and
the spiral coil of the 3D tunable inductor have different
temperature where the base remains at room temperature
while the spiral coil is being heated. This is due to the base
have lower resistance than the spiral coil. In Figure 7 (b),
the circular shape is asymmetry between each coil causes
them to have different resistance value consequently
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Figure 6. Current (A) vs temperature ( C)
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Figure 7. Joule heating module simulation. (a) Top
view (b) Side view
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causes the temperature in the spiral coil of the 3D tunable
inductor is unevenly distributed.

3.2 Inductor Tuning Range

Magnetic and electric fields module is simulated to
determine the inductance value based on the distance the
coils. The simulation results show that the spiral coils with
closer separation has higher inductance value and vice
versa.

In Figure 8(a), (b), (c), and (d), shows the values of
inductance values and their heights. When the heights of
the 3D tunable inductor are at 3.6mm and 6mm, the
inductance values are 1.56 nH and 0.97 nH respectively. It
is confirmed that the inductance value is higher when the
separation between coils is closer to each other.

At austenite state, a 0.4 A DC current is applied causing
the 3D tunable inductor to actuate at its maximum peak,
6mm causes a noticeable separation between the coils.
This has led to more Eddy current loss, hence reduce the
inductance values. Meanwhile at martensite state, the 3D
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tunable inductor is at room temperature the height
remains at 3.6mm. The separation of the coils is closer to
each other resulting in less Eddy current Iloss,
consequently, have higher inductance values. A total of
60.8% tuning range is calculated for both maximum and
minimum inductance value shows that the SMA spiral coil
has high tuning range.

However, at 4.8mm and 5.4 mm heights of the 3D
tunable inductor, there is insignificant changes in the
inductance value which are 1.28 nH and 1.23 nH. There is
only a total of 4% tuning range. This explains as the
temperature rises evenly in the coil, all segments
contribute equally to provide maximum vertical actuation
accompanying to worthless Eddy current loss. Owing to
the unidirectional actuation from the top terminal of the
coil to the bottom ground of the coil, the inductance value
varies insignificantly during the transition from minimum
to maximum actuation. Therefore, the height of the 3D
tunable is inversely proportional to the inductance value as
illustrated in Figure 9.
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Figure 8. Magnetic and electrical module simulation for different actuation heights of 3D spiral coil inductor. (a)3.6mm
actuation (b) 4.8mm actuation (c) 5.4mm actuation (d) 6.0mm actuation
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Figure 9: Height (mm) vs inductance value (nH)

4. CONCLUSION

A numerical simulation is run for MEMS 3D tunable
inductors in both Joule heating module and magnetic and
electrical field module. In Joule heating module, the 3D
SMA spiral coil is simulated by passing 0.4 A DC current.
As stated, that SMA has good electrical conductivity, the
heat is evenly distributed between the coils. The
inductance value is inversely proportional to the actuation
height of the 3D tunable inductor demonstrated in the
magnetic and electrical field module. The inductance value
is lowest, 0.97nH when the actuation height at its peak,
6mm and highest 1.56nH at 3.6mm. The numerical
simulation results will be analyzed and referred before
commencing the fabrication and characterization process
of the MEMS 3D tunable inductors. This step will simply
the future work in developing an ideal MEMS 3D tunable
inductor.
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