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1. Liquid Bearing Supported Rotary Motor: Background

1.1 Background

Micro-ElectroMechanical Systems (MEMS) are energy transducers, converting energy
and signals between mechanical and electrical domains. MEMS sensors translate
mechanical phenomena, such as position, velocity, acceleration, pressure, or force, into
electrical signals; MEMS actuators translate electrical signals into mechanical
phenomena. This work aims to improve the function and capability of MEMS rotary
actuators through development of a novel liquid bearing technology.

Early MEMS rotary micromotors suffered from friction issues limiting their capability
and useful lifetime: devices such as center-pinned, electrostatic wobble motors [1, 2],
ultrasonic [3, 4] and magnetic [5] drive motors. Numerous attempts to alleviate fiction in
rotary devices have been presented, including micro-ball bearings [6], externally
pressurized, dynamic air bearings [7], and contact-free bearings created by electrostatic
or magnetic suspension [8, 9], but these efforts either maintained solid-solid contact,
operate in a limited range, or require actively controlled components. McCarthy et al [10]
provide a detailed discussion of the advantages and short-comings of various rotary
micromotor support techniques.

The liquid bearing technology developed in this work provides a self-centering, friction
and wear resistant bearing capable of supporting static and dynamic loads. The liquid
bearing design uses satellite droplets arranged around a central droplet, shown in Fig. 1.
The satellite droplets are pinned to the rotor by patterning of the hydrophobic surface
coating, but slide across the stator‘s hydrophobic coating. The center droplet maintains
alignment between the rotor and stator. Experimental data and models demonstrate the
performance and stability of the design. Superhydrophobic (SHP) coatings are required to
successfully retain the satellite droplets on the rotor and to permit sliding of the droplets
across the stator surface. Design and selection of the SHP coatings are discussed and
material properties characterized.

Magnetic drive similar to [5, 11] was used in testing the performance of the micromotor.
Characterization of minimum torque requirements and maximum rotation rates for three
liquid bearing designs (disk, ring and full bearings) using two fluids (water and ethylene
glycol) demonstrated good agreement between measurement and rotational viscous
friction models. Previous liquid bearings have been demonstrated [12-14], but were
unstable in tip/tilt, or only developed stability when rotating at significant speeds. A
critical requirement of successful bearing design is supporting out-of-plane loads and
sufficient tip/tilt stability margin to accommodate forces and torques generated by the
actuation system, particularly in the case of electrostatic snap-in instability. This work
presents a liquid bearing design that is tip/tilt stable and characterizes stiffness to permit
drive mechanism instability calculations.
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Fig. 1. Expanded schematic of the liquid bearing design demonstrated in this work. A silicon and cytop
micro-pillar patterned superhydrophobic (SHP) coating on the rotor defines center and satellite liquid
bearing droplets. A laser-etched, nano-featured PDMS SHP coating on the stator aligns the bearing to the
stator.

1.2 Literature Review
1.2.1 MEMS Rotary Motors

In 1987, Trimmer et al [15] proposed design parameters for MEMS electrostatic
micromotors, using fundamental theory to derive forces created in variable displacement
capacitors and applying the calculations to elementary linear and rotary micromotor
geometries. The goal of that work was to lay out the practical design considerations for
development of micro-scale motors through silicon processing, and it serves as the basis
for much of the work that has been done in the 24 years following.

Early fabrication of MEMS micromotors were reported at UC Berkeley Microfabrication
Laboratory by Fan, Tai, and Muller [1, 16-18]. The devices were center pinned, stepping
or synchronous motors based on variable capacitance, fabricated by deposition and
surface micromachining of polysilicon, silicon oxide, and silicon nitride layers. The
motor torques were on the order of a few pN-m, and methods such as bushings, silicon
nitride spacers, and uncontrolled electrostatic levitation were used to counteract the
friction effects. Coefficients of friction were experimentally determined for the solid-
solid contact of polysilicon on silicon nitride and ranged from 0.21 to 0.38.

Mehregany et al [2, 19, 20] describe variable-capacitance, rotary, harmonic side-drive
micromotors, or wobble motors. The wobble motors are fabricated from deposition and
surface micromachining of low-temperature oxide (LTO) and doped polysilicon layers.
In running tests to characterize bearing friction for the wobble motors, significant wear
developed between the rotor and center pin, changing the clearance by as much as 25%
over several million actuation cycles.



1.2.2 Friction Characterization

Numerous efforts have sought to quantify and characterize the friction and wear issues
inherent in the solid-solid contact of MEMS micromotors. Lim et al [21] fabricated test
structures allowing indirect measurement of fictional coefficients for polysilicon on
silicon nitride or polysilicon. Normal forces were applied by electrostatic attraction, the
friction force measured by pulling the sliding part with comb drive actuators. Frictional
coefficient was determined by dividing the friction force by the applied normal force. The
measured coefficients were higher than predicted and previous work, up to values of 2.5,
partially due to interaction of the electrostatic attraction method of normal force
application.

Beershwinger et al [22] provided a review of sliding coefficient of friction tests presented
in the literature, and reported coefficients ranging from 0.2 to 1.8 for various IC-process-
compatible materials. They then experimentally measured the static and dynamic friction
coefficients for a variety of materials and loading conditions, replacing the electrostatic
normal force application with micro-masses and gravity-based normal forces. The best
performing materials were polysilicon sliding on either single crystal silicon or diamond
like carbon which both had coefficients of 0.2. Additionally, microspheres were used as a
bearing in an attempt to lower the friction by changing from sliding to rolling friction
mechanisms, with measured friction coefficient of 0.05, a factor of 4 better than the best
sliding measurements and a factor of about 10 better than the average of all the sliding
material friction measurements. Although the microsphere bearings provided
significantly improved friction performance, questions remained about their fabrication in
situ and ease of use.

Zhang et al [23] looked at the root causes of friction and wear-induced failures in solid-
solid contact in micro-actuators. Primary effects included fracture of the contacting
surfaces, contamination by externally introduced particles or through the fracture of the
surfaces, and the effects of stiction due to molecular level attractive forces. Suggested
methods of improving friction were material selection, lubricating films, and lubricating
fluids.

1.2.3 Friction Alleviation Efforts
1.2.3.1 Hydrostatic Journal Bearing

Hydrostatic Journal Bearings are externally pressurized fluid bearings that derive the
ability to separate a rotor shaft from stator sleeve from the pressure distribution along
fluid introduction ports when the gap between rotor and stator near the port is small.
Several rotary micromotors have been demonstrated using fluid lubrication layers to
reduce friction and wear. Piekos [24] models gas-lubricated dynamic journal bearing
designs for application in micro-fabricated turbines used for power generation which
operate at rotational speeds of millions of RPMs. Gas-lubricated bearings alleviate solid-
solid friction concerns, but the models captured positioning instabilities as a function of
geometry and rotation rate. Frechette et al [7] discuss fabrication and testing of a gas-
lubricated bearing supported micro-turbine, showing stable, low-friction operation at 1.4
million RPM. Failure of the micro-turbines was demonstrated to occur via both high-
speed instability and low-speed failure of journal bearing separation of the rotor and



stator. Ehrich et al [25] discuss other journal bearing designs that may increase the high-
speed stability of the micro-turbine and demonstrate a test apparatus for development.

1.2.3.2  Hydrodynamic Journal Bearings

Hydrodynamic Journal Bearings are non-pressurized fluid bearings that derive the ability
to separate a rotor shaft from stator sleeve via local pressure areas created by the rotor
dragging fluid into the narrowest part of the gap between rotor and stator. Fluid dynamic
bearings (FDB) incorporating oil to support hard disk drives are discussed by Matsuoka
et al [26]. The FDB is a dual purpose bearing that operates as a thrust bearing and a radial,
journal-type bearing. As with gas-bearings, the journal bearing operation of FDBs is
limited at low rotation speeds. Asada ef al [12] tested several FDB designs; the best
design tested was a 5 mm diameter shaft with 5-15 um clearance, with asymmetric
herringbone grooves at 17° and was successfully operated at 20,000 rpm with no
noticeable bubble mixing.

1.2.3.3  Actively Controlled Levitation

A number of methods have been investigated to extend the operating range of non-
contact bearing designs to lower rotation rates than successfully demonstrated in gas and
fluid lubricated bearings. These methods are typically actively controlled levitation of the
rotor using a field. Wu et al [9] demonstrate a magnetically levitated rotor design based
on a 10 MHz AC field, and achieve rotation rates up to 1400 RPM and the ability to
withstand de-centering disturbances of up to 80 um. Kumar et a/ [8] demonstrated a non-
rotating, electrostatically-levitated rotor using an 8.16 MHz resonant field which
sustained a 200 um gap. Both demonstrated levitation methods require controlled and
externally-powered field to maintain positional alignment in the contact-free bearing
design. Fuhr ef al [27] demonstrate levitation of a rotor based on electric field traps
produced by application of AC electric fields. The unique characteristic of the Fuhr
micromotor was incorporation of a high dielectric constant fluid into the gap between
rotor and stator electrodes to increase the electrostatic force and reduce sensitivity to
variations in the gap between electrodes.

1.2.3.4  Micro-ball Bearing

Recent design efforts to expand the operating range of rotary micro-machines to low
RPM or static positioning has been done with the use of micro-ball bearings.
Ghalichechian et al [6] demonstrate micro-ball bearings captured within silicon races that
provide alignment stability at speeds from 0-517 RPM. The micro-ball bearings represent
a compromise between reducing friction in the rotating machine and expanding the
operating space to low frequencies.

Table 1 summarizes the types of friction reduction methods that have been developed to
improve rotary micromotor performance regarding wear and lifetime. The designs are all
demonstrated to relieve friction but are either limited in their operating range (hydrostatic
and hydrodynamic pressure based fluid bearings) or have undesirable characteristics in
their operation (powered and controlled operation or solid-solid contact between parts).



Table 1: Various bearing designs are compared in terms of their operating requirements (external

power, control), friction issues (solid-solid contact), and range of rotation rates.

Bearing Type | Hydrostatic | Hydrodynamic | Electostatic | Magnetic Micro-ball
Ghalichechian,
Author | Frechette Asada Kumar Wu McCarthy
Powered X X X
Controlled X X
Solid-Solid X
Min Q [rpm] >10007? >10007? N/A 0 0
Max Q [rpm] 1.4E+06 20000 N/A 1400 517
1.24 Magnetic Actuation of Rotary Micromotors

Wagner ef al [11] demonstrated a rotating micromotor created with a permanent magnet
on the rotor and magnetic field created by conductive coils on the stator, shown in Fig. 2.
The rotor was a cylindrical Sm-Co magnet with diameter 1.4 mm and height 1.0 mm, and
magnetization M = 0.85 T. The stator consisted of four coils fabricated by electroplating
gold over a silicon nitride insulation layer, with line widths of 30 um, spacing between
lines of 20 um, and thickness of 26 um. Each of the four coils subtended an 80° arc, had
five turns and electrical resistance of 1.4 . A motor driven with 0.5 A in two opposite
coils produced a maximum applied torque of 116 nN-m, and could be operated step-wise
in 4 or 8 steps by powering combinations of coils.

Rotor
Permanent
Magnet

Drive Coils

Fig. 2. Wagner et. al. permanent magnet motor using lithographically patterned coils on the glass
stator. The magnet is retained in position using a glass slide (not visible) with an etched hole
above the stator.



The rotor was maintained in position by a glass sheet above the stator that restricted
translation to within the 500 uwm clearance around the magnet. Minimum observed
operating current was 130 mA, corresponding to a maximum torque of approximately
30 nN-m. The maximum operating speed for input current of 0.5 A was observed to be
2000 rpm. The motor had no friction reducing methods.

Lu et al [28] developed a variable reluctance magnetic motor that did not require a
permanent magnet on the rotor to create driving torque, shown in Fig. 3. Instead, the
motor relies on geometry of poles on the stator and rotor, using changes in gap and pole
overlap to create the driving force. The device that was fabricated and tested had 12 stator
poles and 10 rotor poles, allowing minimum step sizes of 12°. The rotor is supported on a
center pin fabricated from polyimide. Predicted torque based on a change in inductance
with angular position change is 3.3 nN-m. With drive inputs current at 200 mA, the motor
was demonstrated to function in continuous rotation up to rates of 500 rpm.

Fig. 3. Lu et. al. variable reluctance micromotor SEM image. The cap diameter is approximately
100 um, the gap between rotor and substrate is on the order of micrometers.

1.2.5 Hydrophobic Surface Patterning for Droplet Retention

Darhuber et al [29] discuss a wide array of droplet positioning mechanisms that have
been reported, including methods of controlled droplet flow in microchannels on glass or
silicon. Modulation of the energy at fluid-fluid or fluid-solid contact boundaries is
accomplished by  several techniques including electrowetting  [30-32],
dielectrophoresis [33], and thermocapillary [34] action.

Many examples exist of surface patterning and surface tension being used to provide
positional alignment between MEMS parts, specifically in the field of fluidic self
assembly. Srinivasan ef al [35, 36] created hydrophobic and hydrophilic regions on the
substrate and microparts by oxidation and self-assembled monolayers respectively.
During the assembly process, the hydrophobic surfaces were coated with an adhesive; the
microparts were then pipetted towards a substrate submerged in water. The surface
properties caused the microparts to align, and fill factors of up to 95% were demonstrated.



Abassi et al [37] demonstrated that although positional alignment often gave good results,
the adhesive droplet between microparts and substrate often was volumetrically uneven,
resulting in micropart tilt and variation between devices. By utilizing vibration in a
direction perpendicular to the substrate, the tilt angle was shown to decrease, the result of
driving the low energy resting position of the micropart to one parallel with the substrate.

1.2.6 Fluid Droplet Micro-Scale Devices

The use of fluid droplets as a critical mechanical part of MEMS devices has been
somewhat less frequently documented. Takei et al and Kajiwara et al [13, 38]
demonstrate a water droplet based micromotor driven by electrowetting on dielectric
(EWOD). The Takei rotor was capable of rotating at 12 Hz. The Kajiwara motor operated
at slightly more than 5Hz. In an EWOD motor, stator electrodes are patterned beneath a
dielectric layer around the exterior edge of the fluid droplet. A large central electrode acts
as an electrical ground. When a potential is applied to electrodes on the stator’s exterior
edge, the droplet deforms outwards near the active electrodes. The deformation of the
droplet by the stator potential creates a minimum energy position for the rotor poles,
which causes a rotational torque until the rotor poles are aligned to the active stator poles.

Lee et al [39] demonstrate a different rotary micromotor based on electrowetting droplets.
In their effort, the droplets were mercury that travelled in a circumferential race, driven
by electrowetting. A rotor could be driven by the droplets, though the authors do not
discuss or demonstrate a coupling method.

1.3 Liquid Bearing Advantages

The liquid bearing technology discussed and demonstrated in this work has several
advantages over previous methods of improving the performance of MEMS rotary
micromotors. By comparison with any pinned or flanged motor design, or the wobble
motor design, the liquid bearing technology removes all solid-solid contact and thus
eliminates that significant source of friction, wear, and failure. The liquid bearing uses
surface tension to replace the alignment functions of the solid-solid interfaces. Compared
with hydrodynamic bearings, which use an oil film pressurized by herringbone grooves in
the rotor and stator rotating at high rates of speed, liquid bearing technology operates in a
much lower rotation-rate regime and can maintain static and moderate-speed alignment.
Hydrostatic fluid bearings, which operate with an externally pressurized fluid, and
levitation bearings which operate with an air gap created by electrostatic or magnetic
fields have the disadvantage of requiring an external source of energy to provide
positional alignment. Liquid bearings, conversely, are a passive positioning technology:
all energy inputs in the system are used to rotate the motor. Finally, the previously
studied micromotors that utilized liquid droplets were driven by electrowetting, and were
limited in their maximum rotation rates. Liquid bearing technology permits use of the
many driving mechanisms developed in MEMS, allowing an improved level of flexibility.
Additionally, the positioning tolerances of liquid bearing technology are anticipated to
greatly improve on other liquid droplet based motors.



2. Liquid Bearing Supported Rotary Motor: Design

2.1 Droplet Containment via Surface Patterning

In the liquid bearing motor, droplet containment is accomplished by patterning
hydrophobic and hydrophilic regions on the rotor and stator, as shown in Fig. 21. The
bearing fluids tend to stay in the hydrophilic regions and tend to stay off the hydrophobic
regions as much as possible. The position of the droplets and their interactions with the
rotor and stator coatings provide restoring forces.

A free rotor has six degrees of freedom (x,y,z translation, two out-of-plane rotations, and
one in-plane rotation). To appropriately position the micromotor rotor, the liquid bearing
must constrain the three translations and two out-of-plane rotations in a manner than
permits low-friction in-plane rotation. The bearing constrains the non-desirable degrees
of freedom through microscale fluid forces derived from surface tension effects.

2.2 Fluid Forces at Microscale
2.2.1 Surface Tension

Surface tension forces arise at the interface between multiple fluids and/or solid surfaces.
In the case of liquid bearing technology, the interface is where the liquid, air, and rotor or
stator surfaces meet, as shown in Fig. 4. For this derivation, the two fluids are considered
a liquid, denoted by subscript /, and vapor, denoted by subscript v, with the solid surface
denoted by subscript s. The surface tension for the liquid-solid interface is denoted y;, for
the liquid-vapor interface it is yx, and for the solid-vapor interface, it is y,. The tensions
are a property of the fluid, the vapor, and the solid surface energy.

At the interface, a measurable property called the contact angle, 6, is defined as the angle
between the fluid-vapor interface relative to the fluid-solid interface. The contact angle
value depends on the surface tensions, ¥, i, and y;,. At equilibrium, the surface tensions
must balance.

Vapor

Liquid

Ysi Yoy

Solid

Fig. 4. Droplet interface schematic showing surface tensions along the solid-liquid interface,
solid-vapor interface, and liquid-vapor interface.



Balancing the tensions in the direction parallel to the solid surface gives ¥ - ¥sv = 1.€0S0.
The total force produced by surface tension (which is a force per unit length) is
proportional to the surface tension, so the force balance equation can also be written Fj, —
F, = Ficos6. The force that arises parallel to the solid surface is what drives capillary
action seen for fluids in small diameter tubes.

In the direction perpendicular to the solid surface, the tension force acting on the solid
taken along the entire contact line of the interface, for a circular droplet with radius R, the
force is given by:

F, =2aRy, sn@ 1)

2.2.2 Laplace Pressure

For a fluid droplet with no solid interface, surface tension will cause the droplet to form a
spherical shape. The surface tension force induces an internal pressure, known as Laplace
pressure, in the droplet to balance the tension.

Laplace pressure is the difference between pressures internal and external to a droplet,
and is derived from the Young-Laplace equation describing capillary pressure difference
for a two fluid interface. The Laplace pressure is described [40] by Equation (2). The left
side of the equation, Ap, is the Laplace pressure difference, y;, is the surface tension at the
vapor-liquid interface, the major droplet radius, R; and the minor droplet radius, R>.

Ap - m(i+—) @)

For a droplet that doesn’t contact a solid surface, assumed to be spherical so R; = R, the
Laplace pressure as a function of radius is displayed in Table 2. The surface tension, s,
is assumed to be 72-107 N/m, the value for water at 25°C. Notice that as radius decreases,
the internal pressure required to balance the surface tension force increases substantially,
so a droplet with 100 um radius has a Laplace pressure 100x that of a 10 mm droplet.

Table 2: Comparison of Laplace pressure as a function of droplet radius.

Radius 10mm 100um lum 10nm
Ap [Pa] 1 440E+01 1.440E+03 1.440E+05 1.440E+07
Ap [atm] 0.00014 0.014 1.421 142.117




For a droplet between parallel plates, the Laplace force is based on major and minor radii.
The major radius is generally the radius of the droplet, approximately equal to the contact
line radius between the droplet and the parallel plates. The minor radius is generally the
meniscus curvature of the droplet between the plates. A force differential occurs on the
plates acting over the interface area of droplet, presumed to be circular with radius R, is
shown schematically in Fig. 5 and given by Equation (3).

Fig. 5. The arrows perpendicular to the plates indicate the magnitude of pressure incident on the
plate surface. a) Diagram of the pressure forces acting on parallel plates constraining a liquid
droplet in tension. In this case, R,, the minor radius of the droplet, is negative because the
meniscus is concave. The resulting Ap, and therefore F is negative, so the droplet pulls the
parallel plates together. b) Diagram of a droplet in compression. R; is positive in this case because
the meniscus is convex, so the resulting Ap, and therefore £ is positive, pushing the plates apart

2.3 Restoring Force models

Two surface tension based droplet forces are diagramed in Fig. 6. Based on Equations (1)
and (3), an analytical model of compressive restoring force, F,oma, for a droplet in
compression and tension between two parallel plates is developed [41, 42] for surface
energy ¥, a configuration with bearing height, 4, droplet radius, R, and contact angle 6.
Equation (4) simplifies to the first terms in F,oma derived from Equation (3) due to the
geometry of the droplet between parallel plates that is under consideration; when the
droplet thickness is small compared to it’s diameter, the minor radius dominates the
Laplace force term and can be approximated by 1/R, = cos&/h.

2R’y :
TCOS 0. +21Ry,, snb, &)

normal



An analytical model [37, 43] of shear restoring force, Fueq, for a droplet in shear
between two parallel plates is given in Equation (5) for surface energy y.p, a
configuration with droplet radius, R, and contact angles 6; and 6 on the left and right
sides, respectively:

F iy =N2Ry,, (6, -6,) (5)
Contact angle, 6
90— - —
00 —

I
Il Silicon Rotor ===~ Superhydrophobic Silicon

v
[IGlass Stator === Superhydrophobic PDMS P
> Liquid Bearings

Fig. 6. Schematic representations of a) the patterned regions whose surface energy defines the
liquid bearing retention area, b) & c) restoring forces Foma and Fie, induced in a droplet
between parallel plates during loading, respectively.

2.4 Contact Angle vs. Surface Treatment

Hydrophobic surface coatings have been used in many MEMS applications, for example,
as an anti-stiction coating [44, 45], drag reduction in microfluidics [46, 47], critical
surface coatings for droplet-based microfluidics [30], biosensing applications [32], and in
optical displays and lenses. Hydrophobic surfaces can be constructed using low surface
energy material coatings which can be spun-on, CVD deposited or self-assembled onto
the substrate. The hydrophobicity of a surface can also be improved by increasing surface
area through increasing surface roughness. Microstructures on the surface form cavities
or pockets in which air can get trapped, creating a composite solid-air-liquid interface
which increases contact angle compared to a smooth interface with contact angle, 6,. The
performance of the liquid bearing micromotor may be improved by improving surface
hydrophobicity of the micromotor patterned hydrophobic layers.
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Fig. 7. Micro-pillar dimensions, W, H, and P, and roughness factor, R, calculation used for
Cassie-Baxter and Wenzel contact angle models.

Two critical requirements to create a superhydrophobic surface (150° < contact angle, 6.
< 180°) are the surface roughness and the surface chemistry/energy. Cassie-Baxter and
Wenzel models predict the contact angle for square micropillars, as depicted in Fig. 7.
Roughness factor, Ry, is defined as the ratio of solid-liquid area to its projection on a flat
plane, and can be expressed as:

AWH
R, =1+ = (6)

where W is the width, H is the height and P, the pitch between the pillars.

The Wenzel model assumes the droplet is in total contact with the rough surface with no
air pockets, the contact angle, 6, is given as [48]:

cosf, = R, cosd, (7)

The Cassie-Baxter model modifies the Wenzel model by assuming air pockets in the
rough surface, and considers the composite interfaces involving both liquid-air and solid-
air interfaces by including the contribution from the fractional area of the wetted surfaces,
fsr as well as the fractional area with air pockets, /-fs.. [49]

cost, =R, fg cosf, =1+ fg (8)

The fractional area of the solid liquid interface, fsz, for the square pillars can be described
as:
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2.5 Surface Treatments
2.5.1 Hydrophobic Glass Teflon (Cytop)

The bearing geometry is defined by patterning the surfaces of the rotor and stator with a
2 pm thick hydrophobic amorphous fluorocarbon layer (Cytop, Asahi Glass Co.). The
contact angles of water and ethylene glycol on the Cytop surface are ~99 and ~94 degrees
respectively. The relatively high surface energy of glass and silicon allows the bearing
liquid to wet the exposed surfaces, while the hydrophobic Cytop layer pins the bearing
edges to a fixed location.

2.5.2 Superhydrophobic Cytop Coated Microstructures

Many studies demonstrate fabrication techniques to produce roughness on silicon
substrates [50-52]. In this work, the focus is creating microstructure arrays compatible
with the standard microfabrication process steps for liquid bearing micromotor, where a
more resilient superhydrophobic (SHP) coating is required to withstand the subsequent
processing steps. The fabrication process for the superhydrophobically patterned silicon
rotor is detailed in Fig. 8. Single crystal silicon is patterned using standard
photolithography techniques. A deep reactive ion etcher (DRIE, Alcatel 601E) etches the
micro-structures to a height of ~10 wum. An acetone rinse and oxygen plasma cleaning
step is carried out to remove all remaining photoresist , before the final spin coating step
(~1000 rpm) to coat an uniform conformal layer of fluoropolymer, Cytop (Asahi Glass)
atop the microstructures.

The rotor is a 10 mm diameter disk etched from a 300 um thick silicon wafer. Photoresist
and DRIE etch form frontside features for permanent magnet alignment, as well as
backside features. The backside features are subsequently covered with Cytop to create
the superhydrophobic droplet confinement regions. Finally, the disks are patterned and
released by DRIE through-wafer etch.
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Fig. 8. Fabrication process flow for superhydrophobic rotor.

Fig. 9 shows Scanning Electron Microscope (SEM) images of the superhydrophobic
features on the rotor at two stages in the processing. Fig. 9 a) is an image of the
micropillars after the DRIE etch step (5 in Fig. 8), and clearly shows the classic scalloped
sidewalls produced in the DRIE process. Fig. 9 b) shows the micropillars after coating
with Cytop (step 12 in Fig. 8).

potMagn Det WD Exp pb—————— 5um
0 6500x SE 1221 BSAC-DRIE-Pillar

AccV SpotMagn Det WD Exp b———— 5um
500kv30 5000x SE 95 1 BSAC_DRIE_Pillars

Fig. 9. Micropillars etched in Si a) before and b) after coating with Cytop flouropolymer to create
superhydrophobic surface.



2.5.3 Superhydrophobic Laser Etched PDMS

Two stator designs were tested based on the fabrication method described in [53]. The
stators consist of a glass slide spin- or cast-coated with 50 wm thick PDMS pre-polymer
layer (10:1 mix of PDMS precursor with curing agent, Sylgard 184) that is laser-etched
(at 11 mm/s scan speed and 1.1 W power, Universal Laser), as shown in Fig. 10, to create
a nano-featured SHP surface. Laser ablation of the PDMS surface creates hydrophilic
regions for droplet retention. The contact angle of the surface depends on the parameters
of the laser etching process.

v v

a) b) c)

Fig. 10. PDMS SHP coating fabrication. a) Spin or cast-coat PDMS pre-polymer on glass, b)
laser-etch to create nano-structured SHP coating, and c) laser ablation of PDMS to define
hydrophilic droplet retention regions.

The stator superhydrophobic surface coatings were fabricated by the group of Prof.
Tingrui Pan in the UC Davis Biomedical Engineering Department. The PDMS layer is
laser-etched to create the superhydrophobic ring, shown in Fig. 11. The center dark area
is the hydrophilic region that the central droplet aligns to. The contact angle of the
surface depends on the laser etch pattern.

Fig. 11. Microscope image of the laser-etched PDMS surface showing the central hydrophilic
region for bearing registration and the outer, white superhydrophobic surface.



To demonstrate the effect of contact angle on bearing performance, two surfaces were
tested: one formed with optimized etch parameters and a second formed with an
underpowered etch. Scanning Electron Microscope (SEM) images of the optimally
etched PDMS coating are shown in Fig. 12 at varying magnification levels to
demonstrate the multiple length-scale roughness features. The underpowered etch is
shown in Fig. 13. Fig. 14 directly compares the nanoscale features of the two etched
surfaces. There is a significant difference in the nanoscale roughness of the two coatings,
the optimally etched coating shows a rougher surface with features on the order of a few
hundred nanometers, whereas the underpowered etch coating has micron length features.
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Fig. 12. SEM image of optimally etched stator superhydrophobic surface: a) is the macroscale
image showing the difference between superhydrophobic and wetting regions: b), c) and d) are
various magnification level images of the superhydrophobic surface. The scale bars in the insets
are 500 um, 50 wm, and 10 um.
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Fig. 13. SEM image of underpowered etch stator superhydrophobic surface: a) is the macroscale
image showing the difference between superhydrophobic and wetting regions: b), c) and d) are
various magnification level images of the superhydrophobic surface. The scale bars in the insets
are 200 um, 20 wm, and 5 um.

Optimized laser writing glass slide (red) Underpowered laser writing glass slide (blue)

Fig. 14. SEM images directly comparing the nanoscale roughness of the optimized etch coating
on the left and underpowered etch coating on the right. The optimized etch coating shows
significantly more small-scale features than the underpowered etch case, leading to improved
superhydrophobic performance.



2.6 Surface Treatment Performance
2.6.1 Patterned Silicon Study

An experimental study of patterned silicon surfaces with various heights, H, widths, W,
and pitch, P, as shown in Table 3, is conducted to investigate the dependence of the
contact angle, 6., on the geometrical parameters, and shows smaller structures with
higher aspect ratio results in an increased superhydrophobicity. All of the micro-
structured geometries show better performance than Cytop coated Si with no micro-
features which has a static contact angle of ~98°.

Scanning Electron Microscopy (SEM) is used to image the cross section profile of the
structures in Table 3 to determine their dimensions. The experimental data is plotted
against the Wenzel and Cassie-Baxter model in Fig. 15. The measured contact angles
increased with the roughness factor, following the trend of both models, but lies between
the predicted contact angles from the two models. The deviation from the predicted
Cassie-Baxter model for a composite interface can be attributed to the surface defects
resulting from the spin-coating of the Cytop layer. SEM image of the micropillars after
Cytop coating, in Fig. 9 b), shows prominent bumps and grooves at the sidewalls of the
pillars. These bumps/grooves have been shown to create stable/unstable equilibrium
points at the liquid-air interface, causing variations in contact angles [54].

Much higher contact angles have been reported by generating nanoscale roughness on
silicon substrate [55] or using a two-tier roughness profile [56]. These techniques pose
tremendous challenges when incorporated with other processing steps to develop a
functional device with high yield. Therefore the superhydrophobic surface for our devices
is confined to micro-structures dimensions with a width and pitch of 2-3um and aspect
ratios ~4. The best performing surface from the study was fabrication on the rotor.



Table 3: Summary of various geometries used to create micro-structure on silicon surface to
increase surface roughness and hydrophobicity. First column on the left shows the optical
micrographs of the etched microstructures on silicon: the white scale bar for all the figures
indicated 25um. The second column lists the geometrical parameters, while the last column
shows the measured average contact angles taken at three different locations on the die.
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Fig. 15. Plot of the predicted and measured contact angle of water on silicon wafer patterned with
micropillars. The experimental results (=) follows the trend of both the Cassie-Baxter (- -) model
and Wenzel (—) model, where increasing roughness factor results in an increase in contact angle.
Inset: illustrates the cross-sectional and top view of the micropillar and the geometrical
parameters used for roughness factor calculation.

2.6.2 Contact Angle Measurements

The contact angle of the liquid droplet with the superhydrophobically-patterned surface
indicates how much restoring force will be provided to correct for positional and angular
misalignments between the rotor and stator, as discussed in section 2.2. Two contact
angle measurements are relevant to the restoring force; a static contact angle
measurement for a droplet at rest on a surface normal to the direction of gravity, and the
advancing/receding contact angle measurement, measured on a surface that is tilted
relative to gravity normal immediately prior to droplet sliding.

Measurements of water droplet contact angle on the micro-patterned silicon rotor at rest
and immediately prior to sliding are shown in Fig. 16 a) and b) respectively. The static
contact angle measurement is 17.2° and the advancing/receding contact angles are
14.0°/17.5°.

Fig. 17 shows the advancing and receding contact angle measurements on the laser-
etched PDMS coated glass stator for the a) optimized and b) underpowered etch coatings.
The optimized surface has a difference between 6,5 and 6, of 10°, while the
underpowered etched surface had a contact angle difference of 44°.



Fig. 16. Water droplets on the superhydrophobic Cytop on silicon pillar coating used on the rotor
in a) the static condition and b) immediately prior to sliding to the right. The difference between
advancing and receding contact angles in b) is 3.5°.

Fig. 17. Advancing and receding contact angle measurements immediately before droplet sliding
for a) optimally etched PMDS are 10° and 20° respectively, and for b) underpowered etch PDMS
coatings are 10° and 54° respectively.

2.7 Design

Four device designs have been developed and tested through the process of creating a
liquid bearing for rotary micromotor support. The bearings are summarized in Table 4.



Table 4: Summary of liquid bearing designs discussed. The disk, ring, and satellite designs all
use hydrophobic surface patterning for liquid droplet positioning and retention. The full bearing
design uses a walled stator to maintain the fluid.

Bearing Design Disk Bearing Ring Bearing Full Bearing Satellite Bearing
Top View of
Bearing
. Liquid
- Cytop
X-Section of |__rotor | I
Bearing | stator §F 0@ @@ ]
Rotor Radius 5 5 5 5
[mm]
Bearing Radius 3 Inner = 1.5, 5 Central = 2.5
[mm] Outer =3.5 Satellite =0.5

All of the designs that were tested were created on circular rotors with 5 mm radius and
300 wm thickness. The disk bearing has a single droplet constrained at the center of the
rotor and stator by Cytop patterning. The disk bearing was fabricated with hydrophobic
surface patterns defining the fluid retention region that varied between 2.5 and 4 mm in
radius, with selection of a 3 mm radius bearing for testing.

The ring bearing is similar in design and construction to the disk bearing, but the fluid
layer is constrained to a ring or toroidal shape between the rotor and stator. The ring
bearing was fabricated with various hydrophobic surface patterns that varied the ring
thickness between 1 and 2 mm, with selection of a design with 1.5 mm inner radius and
3.5 mm outer radius for use in testing.

The full bearing design features a bearing that covers the entire bottom surface of the
rotor and is captured in a well in the stator, in essence creating a floating rotor. The rotors
used in testing were identical to the disk bearing rotors. The stator was fabricated with a
5.3 mm radius to allow clearance for the spinning rotor. No hydrophobic coating was
applied to the stator.

The final design, the satellite bearing, has a large droplet in the center of the rotor and
stator that is constrained in the same manner as the disk bearing, but also consists of
several satellite droplets that are constrained on the rotor by hydrophobic coating but
permitted to slide freely over the hydrophobic coating on the stator layer. The central
droplet hydrophobic surface patterns were fabricated in various sizes from 1 mm to 3 mm
radius with selection of a 2.5 mm radius droplet for testing. The satellite droplets varied
between 0.5 mm and 1.5 mm radius with 0.5 mm being selected for testing.

The various fabricated bearing dimensions were used to experimentally determine good
characteristics in terms of ease of use, performance, and durability. Very narrow



hydrophobic surface patterns were unable to contain the droplets during assembly and
some testing configurations. As a result, the bearing geometries used in tests, as indicated
previously, had hydrophobic containment regions minimally 1 mm wide, either between
a droplet and the rotary motor edge, or between adjacent droplets in the case of the
satellite bearing design.

2.7.1 Assembly

Deposition of the liquid droplets onto the rotor is done manually by micro-pipette. The
rotor is then aligned and placed onto the stator by a vacuum pick-and-place tool attached
to a six-axis stage with micrometer positioning capability. The rotor, with eight satellite
droplets and a single anchor droplet, is suspended over the stator surface by a vacuum
tool head, shown in Fig. 18. The PDMS SHP coating is visible on the stator surface with
the smooth, hydrophilic region in the center to align the anchor droplet.

Vacuum pick-and-
place head

Rotor
Bearings
Stator SHP surface

Stator

Fig. 18. Image of the rotor, stator, and liquid bearings during assembly process. Clearly visible
are the 8 satellite bearings and single central bearing, the superhydrophobic stator coating with
patterned anchor location for central bearing, and vacuum pick-and-place tool head.

2.7.2 Test bed development

Various methods of actuating the rotary micromotor were considered at the outset of
designing the liquid bearing project. Electrostatic drive has been a mainstay of rotary
micromotor designs since their inception as center pinned, flanged, and wobble motors
discussed in the introduction. Electrostatic motors function by variable pole area overlap,
and typically work well for gap sizes on the order of 1-20 wum. The positioning capability
and lateral stiffness of the liquid bearing make tolerances of that level challenging. Both
side drive and bottom drive electrostatic motors were fabricated early in the design and
test phases of the liquid bearing, but due to the immature state of the liquid bearing at the
time, they did not function well.

Alternative drive mechanisms were considered, but magnetic drive was selected for
testing. Magnetic drive is well suited to the test environment for a number of reasons.
The test stand fabrication is done at the macroscopic level and is tolerant to
misalignments on the order of 1-10 mm. Providing the drive electronics and control for
the magnetic field is also straight-forward. Control signals are created in Labview which
vary the signal amplitude and phase going to each Helmholtz coil pair. Amplifiers take



the Labview output via DAQ cards and create high currents that are used to drive the
magnetic field.

For a Helmholtz coil pair, the field, B, at the center of the coils can be described by
Equation (10), where u, is magnetic permittivity in air (assumed equivalent to the
permittivity of vacuum), # is the number of turns in the coil, / is the coil current, R is the
radius of the coil, and x is the distance from the center to each coil.

u,nl 2

s (10)
For the setup that was used in characterizing the liquid bearing, there were two sets of
orthogonal coils, with the inner pair positioned such that x was equal to R, and the outer
coils positioned as closely as possible outside the inner pair. The geometry of the system
gave the values of field per amp of Biyer =4.5¢” [T/A] and Bouer = 2.5¢ [T/A]. The
control values from Labview were set such that the field produced by each coil pair was
equal. Assuming superposition of the magnetic fields, and by applying sinusoidal fields
90° different in phase, a rotating field is created of uniform intensity and rotating at the
frequency of the sinusoids.

2.8 Measurement devices

Measurements of the positioning and geometry of the liquid bearings were done using a
suite of laboratory instruments. A Polytec Laser Doppler Vibrometer (LDV) was used in
determining the positioning of the micromotor in various tests. The LDV operates by
measuring interference fringes between a reference and a laser reflected off the surface of
the device under test (DUT).

Camera images taken through a microscope were used to measure bearing thickness and
tilt of the rotor for several tests. An image of the rotor is shown in Fig. 19. Pixel size is
calibrated so image data can be converted to physical units. The image profile is taken in
two locations, one at the rotor center and another toward the edge. By measuring distance
between the rotor and stator, the bearing thickness and tilt can be calculated. Intensity
profile lines 1 and 2 are shown in Fig. 20 for 16 different drive configurations.



50

Rotor 100

Stator Plane
150

Rotor —

Reflection 200

Fig. 19. Camera image of the rotor assembly taken through a microscope. The stator is a
reflective surface in this test, so the camera image shows a reflection of the rotor across the stator
plane. Image scale is in pixels, approximately 10 micrometers per pixel.

Outside Edge of Rotor

N
=3

o
o
T

Reflection

Stator
Plane

—
O
e
O
x

N
o
T

N
o

N
(=3
o

Pixel Intensity

o
o
T

sol ¥

Drive Cohfigurations 1:16

50 60 70 80 90 100
pixels

10 20 30 40

Fig. 20. Intensity profile of line #1 and #2 from Fig. 19 for several test configurations are cross-
plotted. The number of pixels between the rotor and stator can be converted into physical units
(10 um/pixel) to calculate bearing thickness and tilt.
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Fig. 21. Schematic representation of the wobble measurement technique. The PSD measures two-
axis displacement of a laser beam reflected off the rotor surface, a distance L away, during
rotation. The beam motion is twice the rotor motion.

Laser based interrogation of rotor tilt done with a two-axis position sensing diode (PSD)
for measurement of wobble as shown schematically in Fig. 21. The laser is reflected off
the top surface of the rotor at 45° to the stator normal axis. The laser beam is incident on
the PSD at approximately normal incidence. For a laser beam reflected off a moving
surface, the beam angle change, A3, is twice the angular change of the surface, A6. The
beam translates on the PSD by an amount equal to the distance between rotor and PSD, L,
multiplied with the beam angle change. Equations (12) & (12) describe the rotor angle as
a function of the system configuration and the PSD measurements.
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3. Liquid Bearing Supported Rotary Motor: Models & Experiments

3.1 Models & Simulations
3.1.1 Satellite Bearing Tip/Tilt Restoring Torque Model

The liquid bearing design using satellite droplets improves over the disk, ring, and full bearing
designs presented in [14] by producing a restoring torque to correct tip and tilt of the rotor
relative to the stator. The satellite droplet design utilizes eight small droplets near the rotor edge
to produce the restoring torque and a single central droplet which maintains axial alignment
between rotor and stator, as shown in Fig. 22(a).

Fig. 22¢ describes the tip/tilt restoring torque. For an induced tilt, the right-hand satellite droplet
contact angle increases while the left-hand droplet contact angle decreases. Normal restoring
force increases with contact angle as shown in Equation (4). The resultant torque described in
Equation (13) is the sum of the normal force, F; ,.ma, multiplied by the distance to the tilt axis, L,
for each of the 8 satellite droplets:

8
Tresult = E E,nomzal Li (13)
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Fig. 22. a) Satellite bearing retention locations defined by superhydrophobic micropatterns, b) cross
section A-A showing relationship of rotor, liquid bearings and stator, and c¢) mechanism for tip/tilt
restoring torque given induced rotor tilt.



A simulation of restoring torque for tip/tilt was done in Surface Evolver [57], a numerical solver
that models the total energy, from surface tension, gravity, and external forces, and evolves the
surface shape until a minimum energy position is reached. Two models were created, one for the
single droplet disk bearing design and a second model for the satellite bearing design. Fig. 23
shows the visual representation of the satellite bearing model, simplified to only having two
satellite droplets at the maximum displacement locations.
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Fig. 23. Surface Evolver visual representation of the surface shapes during a minimum energy evolution
for a simplified satellite bearing design. The satellite droplet on the left has a smaller contact angle than
the satellite droplet on the right.

Several surface evolver test cases were evaluated; the volume of the droplets is held fixed but the
tilt angle of the rotor relative to the stator is varied for each test case. Surface Evolver scripts are
used to consistently define the surface mesh across the test cases; the program seeks the total
minimum energy position for the mesh surface elements. A plot of the simulated total energy is
plotted against bearing tilt angle in Fig. 24. The total energy value does not necessarily
correspond to a real energy unit, the program is strictly numerical and no calibration test cases
were run. The important characteristic of the simulation result is the trend of the energy as a
function of tilt angle. The trend shows a decrease in energy with decreased tilt, and a minimum
energy at zero degrees tilt.
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Fig. 24. Surface Evolver total energy calculation at minimum energy evolutions for fixed rotor tilt angles.

3.1.2 Disc and Ring Bearing Rotational Drag Torque Model

A liquid bearing with low viscosity, u (umo =1 mPa-s, ugg = 16.1 mPa-s), allows the rotor to
operate in a low friction domain. The viscous friction characteristics of the liquid bearing are a
function of fluid thickness and radius and are modeled by the viscous drag coefficient, b:

4
L
2h

Static friction properties of the bearing have a more complicated origin, depending on both the
curvature of the bearing edge and roughness created by imperfections of the bearing boundary.

(14)

3.13 Satellite Bearing Rotational Drag and Startup Torque Models

Minimum startup torque for the satellite droplet bearing supported rotor is a function of the shear
restoring force from Equation (5). The satellite droplets are pinned to the rotor by the patterned
surface. Above the minimum torque input, the satellite droplets move across the surface of the
superhydrophobic stator coating.

The contact angles 6z and 6, correspond to the advancing and receding contact angles (6,4 and
O... respectively) specific to the stator surface treatment and liquid used in the bearing. The
startup torque in Equation (15) is the sum of the shear restoring force, Fiueqr, times the distance
from the satellite droplets to the axis of rotation:

8
= E,shearLl,SB (15)
=1

Tstartup
1



Maximum rotation rate as a function of input torque allows direct measurement of the drag
coefficient for the liquid bearing. Equation (10) is a simply second order model of the rotor stator
system, where / is the moment of inertia for the rotor, b4, 1s the rotational drag coefficient, and
k is the rotational stiffness of the liquid bearing. 6, w, and «a correspond to angular position,
velocity, and acceleration respectively, and T, 1s the input torque. When the rotor is spinning,
the liquid bearing provides no restoring force, so k=0. At steady state rotation, angular
acceleration, o = 0. Thus, the Equation (16) simplifies to Equation (17).

T =la+b,, w+k0 (16)
rSS = bdraga) (17)
3.14 Torque from Magnetic Drive

The mechanical performance of the liquid bearing micromotor was characterized using magnetic
actuation to spin the rotor. Two orthogonal pairs of Helmholtz coils are driven with currents that
are 90° out of phase, at matched amplitudes, to create a rotating magnetic field with uniform
magnitude in the range of B =1 mT. The frequency of the coil signal, €2, determines the motor
rotation rate while the field amplitude provides control over the applied torque.

Fig. 25 is a schematic of the Helmholtz coil pair’s positions relative to the rotary micromotor and
theory of operation. The inset at top right shows the orthogonal pairs of coils with inputs 90° out
of phase. The schematic at bottom left shows the micromotor assembly with field lines from the
Helmbholtz coil pair interacting with the permanent magnet mounted on the rotor.

For applied magnetic field, B, and rotor magnetic moment, m, the torque on the rotor is described
in Equation (18). Maximum torque is achieved when the angle, ¢, between B and m is 90°, and is
simply the product max(tapiica) =Bm.

Tapplied

= ix B =|m|Blsing (18)
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Fig. 25. Schematic of the liquid bearing structure used to support a silicon rotor on a glass substrate. An
NdFeB magnet mounted on the silicon rotor follows the rotating magnetic field generated by the two-axis
Helmholtz coils.

3.2 Test and Characterization
3.2.1 Functional / Survival tests
3.2.1.1 Static Pull-off Force Measurements

As described by Equation (4), surface tension creates either adhesive or repulsive forces to: (1)
prevent separation of rotor from stator or (2) support the rotor. In the case where the motor is
inverted and gravity pulls the rotor away from the stator, as illustrated in Fig. 5a, a concave-
shaped meniscus bridge forms between the hydrophilic part of the stator and rotor. Referring to
Equation (3), the concave shape of the liquid interface (6 < 90°) results in negative Laplace
pressure inside the bearing liquid. This negative pressure results in an intrinsic adhesive force
between the stator and rotor and retains the rotor in place. On the other hand, when the motor is
upright, the gravitational force compresses the bearing and the liquid interface assumes a convex
shape. A convex meniscus interface angle (6 > 90°) creates a positive Laplace pressure and
repulsive Fomar, as illustrated in Fig. 5b. The contact angle between the fluid and Cytop surface
defines O max and thus max(Fema;) for the bearing.
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Fig. 26. Schematic diagram of the static load measurement test configuration is shown in the left figure.
The liquid bearing assembly is placed on a precision microbalance, the rotor is connected to a linear
actuation stage through a torque-free string, allowing direct force application in the vertical direction. The
right image is a camera shot of the liquid bearing being placed in tension by the linear actuator motion
during a test.

A schematic diagram of the test configuration is shown in Fig. 26. A quasi-static loading
measurement using an electronic microbalance (A&D HR202i) with a sensitivity of 0.01 mg was
conducted to determine both the tensile pull off force required to separate the rotor from the
liquid surface and the compressive load carrying capability of the rotor. The assembled
micromotor of the disk bearing design was placed inside the microbalance. Care was taken to run
the experiment in a saturated vapor pressure environment by placing a beaker of supersaturated
salt solution in the measuring chamber. The breeze break doors of the microbalance were closed
or shielded to remove any air currents, and the experiments were run immediately after assembly
to minimize any changes in liquid bearing volume due to evaporation. The rotor was attached to
one end of a freely suspended string, while the other end was attached to a motorized linear
actuator, (M230, Physik Instrumente) with a minimum step motion of 50 nm. Using a servo
controller (C863 Mercury, Physik Instrumente), the rotor was lifted at a speed of 0.001 mm/s in a
number of steps until the liquid bearing meniscus broke apart and the rotor was detached. At
each translation step, the mass readout of the electronic balance was recorded after allowing the
readout to stabilize. The retention force exerted by the liquid on the rotor is plotted against the
relative displacement of the linear actuator in Fig. 27a) for liquid bearings with various volumes
of ethylene glycol (EG).
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Fig. 27. (a) Static loading characteristics of the liquid bearing, Series of optical images taken as the liquid
bearing is (b) loaded (c) deformed and (d) undergoing necking before breaking off.

Initially, the force readout remains unchanged as the actuator translates upwards, corresponding
to tensioning of the string, as indicated by the inset figures. When the string is in tension, the
tensile load is transferred to the bearing and deformation of the liquid bearing meniscus occurs as
shown in Fig. 27b. The liquid bridge gradually necks (Fig.27c) and eventually breaks off
(Fig. 27d) as shown in the sudden change in force, indicating rotor pull off. The minimum of
each curve indicates the maximum tensile load that the rotor can sustain which is highly
dependent on the thickness of the bearing. For a bearing with 90 um thickness, the pull off force
is determined to be ~12.9mN.

In the small displacement regime, the experimental results agree with the analytical model
described in Equation (4) within a factor of 2, a reasonable result given uncertainty about the
initial bearing thickness and static contact angle. However, in the necking regime, the
assumptions underlying the analytical model that the radii of the solid-liquid contact lines are
very small compared to both the bearing radius, R and bearing height, g no longer holds true.

3.2.1.2  Dynamic Loading Measurements

To qualitatively examine the behavior of the bearing under dynamic loading, the rotor and
bearing were assembled on a stator patterned at the end of a glass slide. The other end of the
glass slide was mounted onto a clamp and an impulse hammer was used to excite the slide at the
fixed end. The resulting acceleration of the rotor was computed by differentiating the velocity



measured using a Laser Doppler Vibrometer, LDV (Polytec). The results of experiments
conducted with motor mounted in both the upright and inverted formats are shown in Fig. 28.
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Fig. 28. Time response of the liquid bearing supported rotor under a random base excitation for (a)
upright and (b) inverted configurations. Inset illustrates the test configuration.

The peak acceleration sustained by the upright and inverted micromotor are determined to be
~60g and ~15g respectively, where g denotes the gravitational acceleration equal to 9.81 m/s’.
These data points do not indicate the point of catastrophic failure, where the rotor detaches away
from the stator. Safety considerations for the cantilevered stator forced limitation of the
experimental input and only permitted measurement up to the values collected.

3.2.2 Torque Testing

Torque tests provide important information about bearing frictional performance. Two
measurements are presented here that quantify the performance for low-speed and high-speed
rotation. The low-speed measurement is referred to as startup torque and characterizes static
sources of resistance to rotation, typically due to irregularities in the shape of the liquid bearing
caused by defects or geometry issues in the surface coatings of the rotor and stator. The high-
speed measurement presented is the maximum rotation rate as a function of input torque, and
quantifies the dynamic resistance to rotation, typically due to shear forces in the central bearing
or sliding drag friction from the satellite droplets.



3.2.2.1 Disk, Ring, and Full Bearing Startup Torque

Sources of friction and stiction that drive the startup torque measurement are difficult to quantify
because they vary with surface defects, tension of the fluid, even the starting position of the rotor
relative to the stator and relative to the magnetic field. As such, the data for startup torque tends
to have a significant statistical deviation. Nonetheless, some important trends are discovered that
provide insight into the strengths of each bearing design.

Startup torque, 7, is defined as the minimum 7, for the rotor to begin spinning. Fig. 29
shows experimental measurement of t, for different bearings geometries, fluid thicknesses and
viscosities. The data show an exponential dependence on the fluid thickness, 4. Moreover, the
startup torque for the EG bearing is only slightly larger than that for H,O, indicating that that
fluid viscosity does not play an important role at slow rotation rates.

Startup Torque for Rotors

10" ¢

% 10mm Full bearings, H20 [
exp. fit= 10 1-56e+004'x
10mm Full bearings, EG
exp. fit= 10-9.1Qe+003*x

A 10mm Ring bearings, H20
o-1:37e+004'

= = exp.fit=1
© 10mm Disk bearings, H20

———exp fit= 10-1.469\‘004*}(

-
o

Minimum Torque [ pN-m]

i i
0 50 100 180 200 250
Bearing Height [um]

Fig. 29. Experimental data showing the trend of the startup torque with respect to varying bearing
thickness and bearing geometries.

In the case of both ring and disk bearings, the bearing becomes less stable in tip/tilt as the
thickness of the bearing increases. The edges of the tipping rotor contact the stator, resulting
additional stiction and an increased startup torque. This tip/tilt instability is not apparent in the
full coverage bearing, allowing the fluid bearing to operate with a thicker fluid layer. The start-
up torque for the full bearing remains constant at 0.15 uN-m for fluid thickness 2 > 120 um.



3222 Satellite Bearing Startup Torque

The minimum startup torque was measured for the two stator coatings at a range of bearing
thicknesses, as shown in Fig. 30. Variation in the startup torque data comes from initial
conditions and positioning of the droplets interaction with the rough surface of the
superhydrophobic coating. Measured mean values of startup torque are 0.315 uN-m for the
optimized coating and 1.4 uN-m for the underpowered etched coating. These mean values match
well with model predictions from Equation (14) based on Fig. 16 contact angle difference
measurements of 10° and 44° respectively, and test parameters R=0.75mm, n=38,
vy ="72.8 10° N/m, and Lgg = 2.75 mm.
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Fig. 30. Startup torque vs. Bearing thickness for an optimized stator coating and underpowered etched
coating

3223 Disk Bearing Rotational Drag Torque

For fluid bearings thicker than 100 um, startup torque is small and bearing drag torque, is
dominated by viscous drag torque, 7,=b€2, where €2 is the rotation rate and b is the viscous drag
coefficient (defined in section III.B). When the friction is less than 7, = max(zupies) = |m||B|,
increasing €2 increases drag and the phase angle, ¢, approaches 90°. The critical rate of rotation
occurs when 7, = T4, above which the rotor oscillates at the excitation frequency but does not
spin. Fig. 31. Experimental data showing the maximum rotation rate above which the rotor fails
to follow the magnetic field. Measurements were conducted over different bearing thicknesses
and magnetic torque levels to identify the parameters of the viscous friction model.



Fig. 48.shows that the maximum rotation rate depends linearly on both the liquid bearing
thickness and the applied torque, consistent with the viscous friction model.

The mean viscous drag coefficient calculated experimentally as b = |m||B|/ €24, for disk bearing
designs from 110-150 um thick, is 1.2x 10~ uN-m/rpm which is 20% higher than Equation (13)
predicts using known values for the fluid viscosities. This result can be attributed to
measurement uncertainty in the bearing thickness during torque measurements. The friction
coefficient of the disk-type liquid bearing using H,O as the fluid is approximately 15 times lower
than that demonstrated in a micro-ball bearing supported rotor [6]. For an input torque of 1.6 uN-
m, the maximum rotation rate as a function of the bearing thickness is calculated to be 0.225
rps/um for the disk shaped H,O bearing.
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Fig. 31. Experimental data showing the maximum rotation rate above which the rotor fails to follow the
magnetic field. Measurements were conducted over different bearing thicknesses and magnetic torque
levels to identify the parameters of the viscous friction model.

In Fig. 31, for liquid bearings at ~145-150 um thickness, with a 7,pis of 1.60 uN-m, the
maximum rotation rate achieved was na.x =30 Hz, or 1800 rpm. Images of the rotor at rest,
during spin up and at a constant rate of rotation of 1800 rpm are shown in Fig. 32. The rotors can
be actuated in the upright mode as well as the inverted mode.



(a) Stationary (b) Low Speed Rotation

(c) High Speed Rotation

Fig. 32. Three video capture frames showing the magnetically actuated motor (a) at rest, (b) undergoing
low speed rotation, and (c) rotating at a maximum rotation rate of 1800 rpm. When the motor is stationary,
the etched markings at the circumference of the rotor are well defined. As the motor spins at higher speed,
the rotational motion causes the markings to blur.

3224 Satellite Bearing Drag Torque

Determination of the drag coefficient is based on the model described in Equation (14). Steady
state drag torque, 1, is a function of the bearing drag coefficient, b4, and the rotation rate, w.
The magnetic drive system torque is described in Equation (18), with a maximum drive torque
achieved when the phase angle between the rotor and magnetic field is 90°. For this test, the
steady state rotation rate is incrementally increased, until 7ss exceeds T,ppiies, at which time the
rotor ceases to rotation. The maximum rotation rate is plotted as a function of input torque in
Fig. 33, for a 300 micron thick bearing. The slope of the linear data fit equates to 1/bg.4e. For the
device measured, bgg = 0.94e-3 uN-m/rpm, which is an improvement of 21% upon the result
for a disk bearing presented previously.
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Fig. 33. Maximum rotation rate vs. input torque for a 300 wm thick bearing. Linear fit of the test data is
1/b4rqq giving a drag coefficient of 0.94e-3 uN-m/rpm.

3.2.3 Tilt Stiffness

Tilt stiffness of the satellite bearing design corresponds to the load carrying capability of the
system, and is especially relevant when considering alternative drive methods such as side-drive
or top-drive electrostatic motors. To measure the stiffness, a tip/tilt torque was applied to the
rotor using a magnetic field while the rotor tilt angle was measured optically. The maximum tilt
angle vs. maximum torque for the test is plotted in Figure 29 for satellite bearings with a
thickness of ~250 um and surface patterned radius of 75 wm. The inverse slope of the linear data
fit gives the tip/tilt stiffness, and is measured to be 5.4 uN-m/deg.

An analytical model as described in Equation (4) and Equation (13), for the geometry of the
bearing described in the test data, is plotted against the test data in Fig. 34 and shows good
agreement. Deviation between test data and model is due to non-ideal initial bearing volumes
and excessive bearing deformation at high tilt angles.
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Fig. 34. Plots of test data, analytical model, and linear data fit for satellite bearing tip/tilt stiffness
measurement.

3.2.4 Wobble
3.24.1 Full Bearing

Wobble is a measurement of the angular displacement of the rotor’s normal axis relative to the
stator’s normal axis. Various effects contribute to wobble on a spinning liquid bearing rotor: 1)
eccentricity error due to misalignment of the bearing with respect to rotor, 2) cogging due to
surface defects at the edge of the bearing, 3) imbalanced magnetic torque due to the fact that the
magnet’s center is not coplanar with the liquid bearing, and 4) center of mass offset due to
alignment error of the magnet mounted on the rotor. This last effect, misalignment of the magnet
to the rotor which manifests itself as significant static rotor tilt, was the dominant error source
observed in experiments.
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Fig. 35. Dynamic trajectory of the full bearing rotor spinning at a rotation rate of 500 rpm. The width of
the full repetitive wobble trace is ~1.4mrad, while the non-repetitive component is shown to be ~0.3mrad.

To measure wobble in our system, a laser beam is reflected off the rotor surface at ~45° to the
stator normal into a 2-axis position sensitive photodiode (PSD). The wobble trajectory of a full
liquid bearing rotor spinning at speed of ~500 rpm is plotted for several revolutions in Fig. 35.
The recorded data shows both a large 1.3 mrad repetitive component (due to static tilt of the rotor)
as well as a smaller 0.3 mrad non-repetitive component.

For both the ring and disk bearings, the wobble is significant at all speeds. However, in the case
of the full bearing, the wobble is only significant at low speeds (< 180 RPM). As described
below, dynamic self-centering created at higher rotation rates by the circumferential fluid film
helps to center the bearing and maintain a uniform gap between the rotor and stator, preventing
contact and allowing smoother free rotation.

3242 Satellite Bearing

Wobble was measured for the satellite bearing design using the same test setup as for the full
bearing. Fig. 36shows the PSD data converted to angular tilt of the rotor. The sources of
repeatable wobble in the satellite bearing are due to non-uniformity of satellite bearing
deposition and irregularities in the stator surface. In the present assembly methodology, the
satellite bearings are deposited manually using a micro-pipette capable of reliably placing drops
larger than 5 microliters. The satellite droplets are close to 0.5 microliters, so accurate control of
the deposition volume was challenging.

The repeatable wobble was measured at 5 mrad in the x-axis and 2 mrad in the y-axis. Non-
repeatable wobble derives from the roughness in the stator and vibration of the rotor on the



bearings. While the repeatable wobble may be improved by better deposition accuracy of the
bearing droplets, the non-repeatable wobble is due to sources which will ultimately affect the
performance of the rotational platform. Non-repeatable wobble was measured at 0.3 mrad and
0.3 mrad in the x and y rotational axes, respectively.

Wobble measurements between the satellite bearing design and the full bearing measurements
are compared in Fig.37. The repeatable wobble measurement for the satellite bearing is
significantly larger than for the full bearing, but the non-repeatable measurement is very
comparable.

Wobble Measurement: Satellite Bearing Supported Rotor
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Fig. 36. Wobble measurement for the satellite bearing design. Repeatable wobble measurements are the
extents of the wobble trace. The non-repeatable measurement is the width of the trace. For the satellite
bearing, the repeatable wobble is 5 mrad and 3 mrad in x and y respectively, non-repeatable wobble is
0.3 mrad and 0.2 mrad in x and y respectively.
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Fig. 37. Comparison of the wobble traces for the satellite bearing supported rotor and full bearing
supported rotor. The repeatable wobble is significantly higher for the satellite design, due to volume
differences in the satellite droplets, but the non-repeatable wobble is very similar.

3.2.4.3 Mechanical Resonances

The disk, ring, and satellite bearing designs exhibited resonant oscillation when rotating at
certain frequencies, as the center of gravity (CG) imbalance interacted with the effective lateral
spring constant of the liquid bearing. The primary source of CG imbalance is inaccurate
placement of the magnet during rotor assembly, but minor sources from the micro-lithography
fabrication process also exist. Generally the alignment capability during micro-lithography is
several micrometers through microscope based visual alignment using micrometer stages to
overlay reference marks. The alignment of the magnet to rotor is accomplished manually with no
magnification, so misalignment on the order of several hundred microns is often seen.

The lateral restoring force described in Section 2.3 provides an effective spring constant in the
liquid bearing. No direct measurement of the lateral spring constant was taken. The spring
constant is a function of bearing thickness, the surface tension of the fluid, and the surface
energy and advancing/receding contact angles of the hydrophobic coatings on both the rotor and
stator surfaces.

Observational data from using CG misaligned rotor assemblies during testing indicate that for
mildly misaligned magnets of less than approximately 100 wm, the resonance was not of
sufficient amplitude or at a frequency that affected operation of the device. For magnets with
misalignment on the order of 0.5 mm, however the resonances were observed between 5 and
16 Hz rotation rate, and if the rotor was allowed to spin at the resonance for a few seconds, the



magnitude of sideways wobble was sufficient to overcome the liquid bearing restoring force,
causing the rotor to slide off the stator. The resonant failure mode only occurred for disk, ring,
and satellite bearing designs, while the full bearing exhibited self-centering stability at all
rotational velocities.

3.25 Self-centering of Full Bearing

Noticeable self-centering of the full bearing supported rotor during start-up torque tests led to
characterization of the centering effect. The rotational test bed was modified to operate with the
rotor normal vector at various tilt angles, ¢, relative to gravity, G, providing a de-centering force
on the rotor, Fjecener, as a function of the rotor mass, m:

Fdecenter =mG Sll’l(¢) (19)

The self-centering is quantified using the eccentricity, e, which is the distance between the rotor
and stator centers, and can vary between 0 and the clearance, C, which is the distance between
rotor edge and stator wall when e = 0. An alternative measurement is /4, = C-e, the minimum
distance between rotor edge and stator for a given e. The normalized eccentricity is € = ¢/C and
is related to /iy bY hpmin = C(1-¢).

Measured eccentricity as a function of tilt angle and rotation rate is displayed in Fig. 38. When
the motor is level, ¢ = 0, and self-centering is complete at all rotation rates, 2. However, when

the motor is not level, the decentering force is non-zero and a threshold €2 must be achieved
before /., rises above zero and the rotor separates from the stator wall.

Several models were investigated to explain the observed self-centering effect of the full-bearing
configuration. The rotation rate dependence suggested an analogy to a journal bearing [58, 59],
where a fluid film between the rotor and stator walls builds up a pressure differential with
rotational velocity, providing a force counter to Fecener that separates the two bodies. Analytical
and computational models of journal bearing performance under-predicted the observed
centering effect by several orders of magnitude, predicting a separation 4,,;, of only a fraction of
a micrometer at rotation rates below 30 Hz. A second model was developed by accounting for
energy loss from friction drag, and noting that the rotor would move to the position with the
smallest energy loss.
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Fig. 38. (a) Measurement of eccentricity vs. rotation rate and liquid bearing tilt angle. (b) Model of
eccentricity vs. rotation rate and liquid bearing tilt angle.

The self-centering model which most closely matches the test data minimizes the total energy in
the system, with kinetic energy calculated for the rotating liquid bearing and potential energy as
a function of rotor eccentricity as shown in Equation (20).

E

total =

= SI[f,. Pur®-rdrdaiz + (05 - p1o JiR2,, 1+ m,..,., }-G-esin(p)

E +E,
(20)

where prg and ps; are densities of the liquid bearing fluid and silicon respectively, magner 1S the
mass of the magnet, », 6 and z are integration parameters (radial distance from rotor center, angle
around rotor, and height above stator respectively) and the summation term i results from
performing the integration over different regions of liquid bearing.

Energy calculations for various rotation rates plotted as a function of eccentricity in a 7.5 deg tilt
configuration, with marks on the curves at the minimum energy positions are shown in Fig. 39.
The minimum energy positions from Fig. 39are plotted as the 7.5 deg tilt line in simulated
eccentricity data in Figure 34b. Similar plots were created using the energy model for tilt angles
from 0 to 30 degrees and good agreement is observed between the experimentally measured
eccentricity, Fig. 38a, and the simulated eccentricity predicted using the energy model, Fig. 38b.
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3.3 Discussion

Previously reported rotary micromotors that operated without any solid-solid contact between
rotor and stator have been limited in their operating range or through their use of actively
controlled centering mechanisms. Table 5 shows the relationship between bearing centering
forces and the operating space for each of them. The surface tension based liquid bearing
technology is the only non-controlled method that provides static centering capability. Both
surface tension based and minimum energy based designs [14] provide centering at low rotation
rates. Externally pressurized gas bearings [7] operate in a range from tens of rpm to very high
rotation rates. Magnetic and electrostatic [8, 9] supported air bearing rotary motors operate at a
range of rotation speeds, but actively controlled fields are required for stability introduce
complexity in implementation.

Table 5: Operating space for contact-free rotary micromotor bearing designs based on the method used to
provide centering of the rotor relative to the stator.

Non Solid-Solid Interface Rotary Micromotors

Bearing Design Operating Space (Rotation Speed)

Centering Force| Static | Low (<I rpm) | Med (<10’rpm) [High (<10°rpm)
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An ideal micromotor bearing design will cover the operating space, providing passive
positioning capability free from solid-solid friction and wear that allows operation from zero to
10°rpm and higher rotation rates. To date, no device is able to achieve all the desired
characteristics.

Table 6: Summary of liquid bearing designs tested in this work.

Bearing Design Disk Bearing Ring Bearing Full Bearing Satellite Bearing
Top View of
Bearing

Liquid

Cytop
X-Section of | __rotor | I
Bearing | NECECTANEN MRS
Rotor Radius 5 5 5 5
[mm]
Bearing Radius 3 Inner =1.5, 5 Central = 1;
[mm] Outer = 3.5 Satellite =0.5
Startup-Torque 0.2 0.25 0.15 0.3
[UN-m]
Wobble [mrad] High High 0.3 0.3
Drag Coeff. 1.2e-3 - 1.12e-3 0.94e-3
[UNm/rpm]
Max. Rotation 10,080 9780 10,800 14,400
Rate [deg/s]
Pos Stable Yes Yes No Yes
Tilt Stable No No No Yes

Liquid bearing technology extends the operating space of rotary micromotors by providing low-
friction, wear-free, passive, stable translational, piston, and tilt mode reference between rotor and




stator, all in a design with no solid-solid interfaces. By eliminating sliding and rolling friction
forces, the performance of the technology is improved compared with other friction reduction
methods in the static to medium-rpm operating range. The liquid bearings that were designed,
fabricated, characterized, and discussed in this work are summarized in Table 6.

The disk bearing was characterized to have minimum startup torque at 0.2 uN-m, a rotational
drag coefficient of 1.2:10” uN-m/rpm, and a maximum rotation rate of 10,080 deg/sec for an
input torque of 1.6 uN-m. The measured drag coefficient matched the model prediction. The
ring bearing performance was very similar to the disk bearing. Both the disk and ring bearing
designs had significant wobble of the rotor relative to the stator due to instability in tip and tilt.

The full bearing was characterized to have a minimum startup torque of 0.15 uN-m and a
maximum rotation rate of 10,800 deg/sec. The rotational drag coefficient was measured to be
1.12:10” uN-m/rpm. The full bearing design was unstable in position and tip/tilt modes when
not rotating, but once rotation was initiated, dynamic self-centering and flattening of the rotor
was demonstrated so that wobble measurement was possible. Wobble for the full bearing was
measured at 0.3 mrad of non-repeatable motion.

The satellite droplet liquid bearing was characterized to have minimum startup torque at 0.3 uN-
m, rotational drag coefficient at 0.94-107 uN-m/rpm, and maximum rotation rate at 14400
deg/sec for an input torque of 2.3 uN-m. The measured drag and start-up torque agree well with
the predictions of a model based on surface tension forces on the liquid droplets.

Tilt stability and stiffness are especially important factors that must be considered during drive
mechanism selection and design. The tilt stiffness of the satellite bearing design was measured at
5.4 uN-m/deg. Tilt stiffness measurement and analytical models provide the design tools needed
for predicting pull-in instability threshold gaps and voltages.

Two SHP coatings are demonstrated and characterized in this work. The rotor SHP coating
consists of micropatterned Si pillars coated with the amorphous fluoropolymer Cytop that is
compatible with subsequent wafer processing and achieves a static contact angle of 156 and
advancing and receding contact angles of 166.0" and 162.5 respectively. The stator uses a laser-
roughened PDMS coating to achieve a static contact angle of 162 and advancing and receding
angles of 10" and 20" respectively. The SHP coatings are critical to the ability of liquid bearings
to provide alignment in five axes (x/y translation, piston, tip, and tilt) while allowing low
operating friction in the rotational axis of the motor.
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