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Abstract—In this letter, we report on a technological approach for miniaturization of a inductive levitating microsuspension
based on nested three-dimensional (3-D) microcoil structures. In the developed approach, each 3-D microcoil is fabricated
separately, beginning with the innermost and thus the smallest coil diameter of the nested microstructure. This helps to
overcome fabrication restrictions due to the wire-bonding process and is primarily caused by the size of the bond-head
and provides the opportunity to fabricate smaller nested 3-D microcoil structures. We fabricated a nested two-microcoil
structure, the inner coil having a diameter of 1000 µm and 14 windings, the outer coil with a diameter of 1900 µm and
eight windings, and demonstrated its application as an inductive levitating microsuspension. In particular, a fabricated 3-D
inductive levitating microsuspension was able to levitate a 1100 µm diameter disc-shaped proof mass at a height up to
45 µm.

Index Terms—Electromagnetics, contactless suspension, microcoils, microfabrication.

I. INTRODUCTION

Levitation microsystems employ the phenomenon of electromag-
netic levitation, eliminating a mechanical attachment between moving
parts of a microsystem and offering the fundamental solution to over-
come the domination of friction over inertial forces at the microscale.
This fact has given birth to a new generation of microsensors and
actuators with higher performance and wider operational capabili-
ties [Poletkin 2020].

Electromagnetic levitation in microsystem devices is implemented
by means of the concept of a contactless suspension (CS), which can
be actualized, in particular, by employing a magnetic force field. The
source of the magnetic force field can be static and time-variable
magnetic fields. Hence, the CS using either static or time-variable
magnetic fields can be classified as magnetic or inductive CS, respec-
tively [Poletkin 2018].

Magnetic CS needs either a diamagnetic or a superconductive proof
mass (PM). However, the strongest diamagnetic materials, pyrolitic
carbon and bismuth [Simon 2001], are not traditional materials for
microelectromechanical systems processing. For superconductive lev-
itation, a cryogen environment must be maintained.

Magnetic levitation based on electromagnetic induction or inductive
levitation does not suffer from the disadvantages mentioned above.
However, the inductive CSs suffer from relatively high energy con-
sumption. For instance, the prototype of inductive levitation micro-
suspension (ILMS) based on the two-coil design with the following
diameters of 240 and 345 µm for levitation and stabilization coils,
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respectively, which was fabricated using planar technology, demon-
strated the successful levitation of the PM of a 250 µm diameter at
the height of ∼30 µm with the coil current of ∼1 A and the operating
temperature around 600 ◦C as reported in Shearwood [2000]. Employ-
ing 3-D microcoils, which have been realized using 3-D wire-bonding
technology by means of an automatic machine [Kratt 2010], the proto-
type of the 3-D ILMS (3D-ILMS) with diameters of 2000 and 3800 µm
for levitation and stabilization coils, respectively, was fabricated by our
group as reported in Lu [2014a, 2014b]. This fabricated prototype of
3D-ILMS having 20 and 12 number of windings for the levitation
and stabilization coil, respectively, was able to successfully levitate
a PM with the minimal diameter of 2800 µm and to reduce the
operating temperature up to 120 ◦C. Using the same design of the
nested microstructure but with integrating a magnetic core based on
the polymer magnetic composite, our group showed the 3D-ILMS with
the lowest operating temperature around 60 ◦C among all previously
reported inductive CSs [Poletkin 2016].

Clearly, the further improvement in the energy performance of
3D-ILMS requires a nested coil structure of a smaller diameter. How-
ever, the fabrication process of a reduced size 3D-ILMS is restricted
by a number of technological constraints, particularly the small gap
between levitation and stabilization coil limiting access for the wire-
bonder head.

In this letter, to overcome the mentioned above restrictions, we
developed the technological approach in which each 3-D microcoil is
fabricated separately, beginning with the smallest coil in diameter of
the nested coil structure. The novel fabrication approach was employed
to fabricate the nested two-microcoil structures having the inner coil
with a diameter of 1000 µm and an outer one 1900 µm with 14 and eight
number of windings, respectively, and to demonstrate its successful
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Fig. 1. (a) Schematic representation of the fabrication steps. (b) Fabricated array of nested two 3-D microcoil structures.

Fig.2. Fabricated inner coil and nested two-coil structure. (a) Inner coil
having a diameter of 1000 µm and 14 number of windings. (b) Outer coil
having a 1900 µm and eight number of windings.

application as 3D-ILMS. In particular, the fabricated 3D-ILMS was
able, for the first time, to levitate the reduced size of a disc-shaped
proof mass of a diameter of 1100 µm at a height up to 45 µm.

II. MICROFABRICATION

Fig. 1(a) depicts the established multiple-step microfabrication pro-
cess for the nested microcoils. Steps 1 to 4 illustrate the fabrication of
electrode array following the standard procedure previously developed
for the solenoid microcoils [Kratt 2010, Lu 2014a, 2014b, Beyaz 2018].
While the gap between posts in the fabricated coil structure is only
250 µm and constrains the access to the electric pads of the wire-bonder
with installed the smallest commercially available bottleneck capillary
of 600 µm diameter. In order to overcome this issue, the following
fabrication Steps 5 to 8 were developed.

Briefly, in Step 1, Mempax glass wafer of 100 mm diameter and
525 µm thickness (supplied by Schott GmbH) was sputtered with a
chromium of 20 nm as adhesion promoter and a gold of 60 nm. In
Step 2, SU-8 3025 negative photoresist (supplied by Kayaku Advanced
Materials, Inc.) was spin-coated to achieve 20 µm thickness, soft-baked
at 95 ◦C for 15 min, exposed with 365 nm ultraviolet (UV) radiation
(EVG 620, Thailner GmbH) of 360 mJ cm −2 dose, postexposure baked
for 4 min and developed in poly(ethylene glycol) methyl ether acrylate

(PEGMEA, supplied by Spec EM Switzerland GmbH) and isopropyl
alcohol (IPA, supplied by VWR). After development in Step 3, the open
structures were electroplated with gold at 0.2 mA dm−1 for 40 min to
achieve ∼ 5 µm of electrode pads height. In Step 4, the remaining
SU-8 stripped with the freon (CF4) plasma etching at 1200 W for
40 min (STP2020, R3T) followed by the chemical etching of gold and
chromium.

Step 5 shows the microfabrication starting from the inner post.
The posts were microfabricated with viscous SU-8 2150 (supplied
by Kayaku Advanced Materials, Inc.), which allows the preparation
of the structures with a high aspect ratio [Gaudet 2006]. SU-8 2150
was statically dispensed through a syringe of ∼ 5 mL volume on the
wafer placed on the balanced hot plate at 75 ◦C. After dispensing,
the hot plate was ramped to 95 ◦C at 0.15 ◦C/min and soft-baked
for 9 h, and cooled to room temperature for six hours. This volume
allowed the preparation of ∼ 500 µm thick posts. The lithography was
performed with a dose of 2000 mJ�cm −2, following the saturation
dose for thick SU-8 structures [Gaudet 2006]. A specific postexposure
backing cycle was applied to achieve the best adhesion of the posts.
The microstructures were developed in PEGMEA with ultrasonic bath
(Sonorex Super 10P, BANDELIN electronic GmbH) for 40 min and
then kept in IPA for 10 min, and the procedure was repeated. The
provided dose promoted better adhesion to the glass substrate but
caused overexposure of the posts, resulting in an increase of the post
width about 50 µm, and some residual SU-8 remained adhered to
the electrode pads. Therefore, the additional plasma stripping with
freon was employed for 20 min to remove this residual SU-8 and
reduce the posts wall sizes. In Step 6, the coil winding was performed
on ESEC 3100 CU Wirebonder using 25 µm insulated copper wire
(X-Wire) provided from Microbonds. The complications due to the
selection of the coated wire were taken into consideration, and the bond
parameters were chosen appropriately to ensure a stable and repeatable
process, such as temperature, ultrasonic energy, force, and bonding
time [Kratt 2010]. The coils were wound around the inner posts using
the custom-made trajectory implemented in the native wire-bonder
program. In Steps 7 and 8, the microfabrication was repeated for the
outer posts, and solenoid coils were wound on them in the opposite
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Fig. 3. (a) Impedance and (b) inductance of the nested microcoil. The resonance frequency determined at 207 MHz.

Fig. 4. Schematic of 3D-ILMA with levitated proof mass: IL is an elec-
tric current in the levitation coil,IS is an electric current in the stabilization
coil, and IT is a total electric current from the power supply.

direction to keep the current in antiphase. The number of windings was
reduced from standard due to the implementation of plasma etching,
which affected the designed performance of the microcoil. Fig. 1(b)
shows a fabricated array of nested microcoils prior to dicing. The single
chips were diced with the UV laser system Acsys Piranha II operating
at 355 nm wavelength with 10 ns pulse duration and 20 kHz repetition
rate.

Fig. 2 shows a successfully implemented fabrication procedure with
a complete nested microcoil. The typical hollow levitation post shown
in Fig. 2(a), which has a diameter of 1000 µm, wound around the post
for 14 windings with ∼30 µm pitch, matching with the post height,
resulted to ∼400 µm after freon plasma treatments. Fig. 2(b) depicts the
complete device with a finalized outer post of 1900 µm diameter and
eight windings for the stabilization microcoil, where the first revolution
was initialized at 200 µm to match with the final loop of inner microcoil.

III. MEASUREMENTS

The nested microcoils were tested with a radio frequency impedance
analyzer (Agilent E4991 A) to estimate the impedance and the induc-
tance in a range between 1.5 × 103 MHz. Fig. 3 depicts the impedance
and the inductance with the coupled levitation and stabilization coils.

Fig. 5. Levitation height against the applied coil electric current. In the
inset, a successful levitation of the 1200 µm diameter proof mass is
shown.

The microcoil electrical parameters from the impedance spectroscopy
were picked at the operation frequency of 10 MHz, and showed an
impedance of 31.44 �, a resistance of 11.70 �, and the inductance of
4.48 × 10−7 H. The resonant frequency increased to 207 MHz from
111 MHz in comparison to the previous design [Lu 2014b]. Using
Wheeler’s formula, theoretical inductance L was calculated only for the
levitation coil at 2.3 × 10−7 H, which drops in one order comparatively
to the larger size design with 1.1 × 10−6 H [Lu 2014b]. Using the
microcoil inductance, the generated magnetic field B can be calculated
through relation(1)

B = LI

NA
= 5πμ0 NI

9r + 10hcoil
(1)

where I is the supplied current, N is the number of windings, A is
the area, μ0 = 4π10 × 10−7 H m1 is the free space permeability, r
is the radius of the coil and hcoil is the microcoil height. However,
the maximal generated magnetic field at applied current of 150 mA
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for the levitation coil is estimated at 1.55 mT for the fabricated 3D-
ILMS against 1.26 mT for the larger size microstructure as reported
in Lu [2014b]. Thus, the size reduction of coils increases the generated
magnetic field.

Fig. 4 depicts a schematic of the experimental setup, where the
levitation of an electrically conductive proof mass is achieved by
excitation of the nested 3-D inductive microcoil with an ac current.
This excitation induces eddy currents in the proof mass, and the
interaction between the magnetic field generated by these eddy currents
and the coil excitation current gives rise to the levitation force. A
stabilization coil outside of the levitation coil prevents the proof mass
from sliding off when the current is applied, which provides lateral
stability [Shearwood 1996; Poletkin 2021].

To demonstrate the application of the fabricated coil structure as
3D-ILMS, proof masses were machined from Al film of 25 µm in a
disk shape of 1100, 1200, and 1400 µm diameter using the previously
mentioned UV laser system and having the mass of 60, 75, and 100 ng,
respectively. Then, the nested microstructure was connected to the
in-house built current amplifier with H-bridge configuration [Vlnieska
2020], controlling the current supply from the power source (Velleman
LABPS3010SM) at the 10 MHz operation frequency. A levitation
height of proof mass was tested with a laser sensor (Panasonic HL-
G103-S-J) and measured from the top surface of the inner post.

Fig. 5 shows the levitation heights for three PMs having aforemen-
tioned diameters against the ac current measured in root mean square
values. The stable levitation was observed for the PM of a 1100 µm
diameter at the smallest height of 7.5 µm and 156 mA coil current. The
highest current was not supplied above 230 mA, due to excess heating
in 3D-ILMS and followed by its burning. All tested proof mass sizes
follow the linear functions with the slopes depicted in the graph.

Inset of Fig. 5 shows a micrograph with the successful levitation of
the proof mass of 1400 µm diameter and reflection of the laser beam
from the aluminum film. In some cases, the positioning of stabilization
coils lays out from the center of the inner coils and has some height
difference between both sets of posts. Therefore, these issues promoted
the shift of the proof mass to the levitation coil central position.

IV. CONCLUSION

We have developed the technological approach that, allowed us
to fabricate the nested coil structure for 3D-ILMS with a smaller
diameter of 1900 µm in comparison to previously reported 3D-ILMS
structures having a 3800 µm diameter. The measurements showed
that the miniaturized microcoil structure improved electromagnetic
performance compared to previous 3D-ILMS designs. In particular,
the microcoils inductance reduced to 4.48 × 10−7 H, which enabled
a twofold increase in the self-resonance frequency to 207 MHz. The

structure is able to generate higher magnetic field of 1.55 mT against
1.26 mT. Also, we demonstrated the successful levitation of the
1100 µm diameter disc-shaped PM, which is the smallest one among
all previously reported 3D-ILMSs [Lu 2014a]. This study shows great
potential in the further size reduction for a solenoid nested microcoil
structure, up to 200 µm [Kratt 2010], in order to further improve the
device efficiency for applications where the homogenous concentrated
magnetic field is needed.
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