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The era of infinite storage

Imagine carrying all the music ever recorded

by the human race in your pocket. Cat will be

possible by the end of this decade. If you want

all the movies and TV programs, too, that will

take only a few years more. Or imagine making

an audio recording of your whole life, from

beginning to end: that is a�ordable already.

Video will be possible in a few years. Data

storage devices such as hard drives and �ash

memory have gotten so dense and so cheap that

for most purposes their storage capacity will

soon be unlimited.

Ce era of in�nite storage is about to begin.

Felten, 2010
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Chapter 1

Introduction

Far out in the uncharted backwaters of the unfashionable end of the western spiral

arm of the Galaxy lies a small unregarded yellow sun. Orbiting this at a distance

of roughly ninety-eight million miles is an utterly insigni�cant little blue-green

planet whose ape-descended life forms are so amazingly primitive that they still

think digital watches are a pretty neat idea (Adams, 1979).

�is planet has a problem, which is this: data storage.

�e importance of storing information is eminent; it de�nes a person’s charac-

ter, a people’s culture, it de�nes humanity. Examples of human information storage

are books, recipes, photographs, clay tablets, mathematics, audio cassettes, recol-

lections, money, cairns *, maps, and paintings. Technological advances have made

it possible to convert (an approximation of) the information in all these examples,

except recollections, to digital information: a stream of ‘ones’ and ‘zeros’. With

the increasing possibilities of digitizing information, so does the demand for data

storage capacity. A study by the International Data Corporation states that

“As forecast, the amount of information created, captured, or replicated

exceeded available storage for the �rst time in 2007. Not all information

created and transmitted gets stored, but by 2011, almost half of the digital

universe will not have a permanent home.” —Gantz et al., 2008, p.2

Hence the problem.

Since 2007, it is no longer possible to store all created information if we wanted

to, and continuous data loss has become unavoidable. Not all created information is

important enough for storage (how to decide?), but there is enough information that

is deemed important for a continued demand for increased data storage capacity.

Over the past decades, data storage capacity has increased steadily, while the

cost per bit has decreased. �e three main rewritable data storage media are tape

drives, hard disks, and �ash memory. Hard disks and �ash memory are already

designed close to fundamental limits, and further scaling will be di�cult and costly.

Flash memory may soon be replaced by another solid-state memory technology,

* ‘steenmannetjes’ in Dutch

1



2 Chapter 1 – Introduction

phase-change memory (PCRAM). A parallel probe-based data storage system is

one of the promising candidates to continue the growth of data storage capacity.

Tape drives have the lowest cost per bit, because the tape is very thin and rolled

up on a reel, resulting in a large volumetric capacity despite the relatively low data

density compared to hard disks. Because of the relatively low data density, the data

capacity can be increased without reaching fundamental physical limits in the near

future. However, tape drives have slow access times due to their sequential storage.

�eir use is therefore limited to archival storage.

�e hard disk drive roadmap largely depends on the superparamagnetic limit of

its media: as bit volumes decrease, the energy stored in one bit becomes comparable

to its thermal energy, and the magnetization state becomes unstable. Because the

current data density is high, increasing the data density has become a large problem

for the hard disk industry. Moreover, the decrease in access time has not kept pace

with the increase in areal density. �e access time is limited by the fact that a

single head is addressing an increasing amount of data as the areal density (and

therefore disk capacity) increases. Furthermore, the access time is limited by the

disk rotational speed.

�e density of solid state memory depends on the resolution of the electrical

interconnections used to address the individual bit (or groups of bit levels, as in

multi level recording) through a planar silicon manufacturing process. Solid state

memorys evolutionary roadmap is therefore driven by the ability to decrease the

minimum lithographic feature size, which in turn is fuelled by continuous invest-

ments in new costly semiconductor factories. At the time of publication a NAND

�ash manufacturing facility requires an investment of 3.4 billion dollars. Such an

investment would generate less than 1% of the yearly shipped capacity of hard disk

drives. Due to such huge capitalization it is unlikely that lithographically de�ned

patterned media or solid-state disks will replace a substantial amount of hard disk

drive production (Fontana and Hetzler, 2009).

Parallel probe-based data storage, or probe (data) storage, overcomes the li-

mitations of magnetic hard disks and �ash memory, because the ultimate bit size is

neither lithographically de�ned nor bound by the superparamagnetic limit, but es-

sentially limited by a size of a few atoms. Although data is mechanically addressed,

the access time in probe storage bene�ts from the smaller required displacements

of the read/write heads relative to the media, compared with hard disks. Parallel

probe operation allows data rates to be competitive with hard disks and �ash me-

mory. �e economics and performance of probe storage lie between the hard disk

(relatively cheap but slow) and �ash memory (relatively expensive but fast).

1.1 Parallel probe-based data storage

Parallel probe-based data storage combines two important developments of the

last decades; (1) the invention of the Scanning Tunneling Microscope by Binnig

and Rohrer (Binning et al., 1982, note the spelling error!), which triggered the very

fruitful �eld of scanning probe microscopy (SPM); and (2) the industrial maturity
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Figure 1.1 – Overview of a parallel probe-based data storage system. AFM-like

probes are used to read and write data. �e medium on the platform, that can move

in x and y directions, stores data.

of silicon-based microelectromechanical systems (MEMS). It is now practicable,

for example, to use SPM technology to modify the surfaces of materials on the na-

noscale, rather than just for microscopic imaging. Such surface modi�cation might

comprise the writing and reading of data, providing a storage system with, ultima-

tely, atomic resolution. Indeed, such atomic resolution was demonstrated in 1990

by Eigler and Schweizer (1990), who placed individual Xe atoms on a single-crystal

nickel substrate to spell out the IBM logo. However this approach was exceedingly

slow and, from a system perspective, o�ered an impracticably low data rate. A

much higher data rate was achieved at IBM Almaden by using a heated atomic

force microscope (AFM) probe mounted over a rotating disk with a polymer �lm.

Data was written by creating small indents, at impressive data rates over 10Mbit s−1

(Mamin et al., 1995, 1999), but still too slow for commercial applications. Since

the active part of AFM probes have dimensions in the order of 100µm, the logical

step forward is to use arrays of probes to multiply the data rate. Dense stacking

of probes was made possible by micromachining technology (Bustillo et al., 1998),

which developed from integrated circuit technology following Feynman’s famous

foreseeing lecture “�ere’s plenty of room at the bottom” (Feynman, 1959). �e

manufacturing technologies had matured by the end of the last century, entering

the ‘VLSI age of MEMS’ (as Binnig calls it) with the development of arrays of AFM

probes (Minne et al., 1998), and integrated nano-positioning systems (Cheung et al.,

1996).

A schematic overview of a probe data storage system is shown in Figure 1.1.

A moving platform carrying the storage medium is suspended above an array of

probes. �is platform is called the medium sled and is actuated in the lateral x

and y directions to position the storage medium relative to the array of probes.
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�e probes in the array ‘feel’ the storage medium, and are operated individually in

parallel, reading and writing data. �e storage medium can be a polymer, storing

data topographically (Pantazi et al., 2008), or a phase change medium, storing data

in the conductivity modi�ed by local phase changes of the medium (Gidon et al.,

2004), or magnetic, storing data in the magnetization (Ohkubo et al., 1993), or

ferroelectric, storing data in the polarization (Hidaka et al., 1996). Atomic-scale

storage without continuous thin �lm has been shown by Bennewitz et al. (2002),

storing data in Si atoms on top of a reconstructed silicon surface. �e probes are

speci�cally designed for the type of storage medium. �e positioning subsystem

of actuators, position sensors, and control circuitry, is referred to as the nanoposi-

tioner or scanner. �e medium and probes mainly determine the data density, and

so the capacity. �e positioning system determines the access and seek time, and

therefore the performance of the system.

Several di�erent actuator types have been proposed for the scanner, as is discus-

sed in Chapter 2. Currently, the only published probe data storage prototype uses

an electrodynamic actuator. We believe that electrostatic comb-drive actuation

is better suited for a probe data storage device, o�ering less energy consumption

and easier fabrication. �is thesis investigates the application of electrostatic comb-

drives in scanners for probe data storage in comparison with other actuation types.

Chapter 3 discusses the replacement of the electrodynamic actuators in IBM’s na-

nopositioner by comb drives. �e shape of a comb drive can be tailored to obtain

a speci�c force characteristic; the optimal comb-drive shape for use in a probe

storage scanner is presented in Chapter 4. �e energy consumption of comb drive

actuation is compared with electromagnetic actuators in Chapter 5. Finally, Chap-

ter 6 shows how comb drives can be used to create a musical instrument in MEMS,

to promote public understanding of MEMS.



Chapter 2

Scanners for probe data storage

A nanopositioner controls the position of an object with an accuracy on the order

of nanometres. A probe data storage system requires a 2d nanopositioner, referred

to as ‘the scanner’, to move the storagemedium relative to the probe array. Hubbard

et al. (2006) have written a summary of actuators for nanopositioners published

in the literature, comparing piezoelectric, magnetic, electrostatic, thermal, electro-

chemical and ‘inchworm’* actuators. Although an actuator for a nanopositioner

need not be small, most of the discussed actuators are, and are fabricated using mi-

croelectromechanical systems (MEMS) technology. A comparison of speci�cally

MEMS actuators was written by Bell et al. (2005), with an emphasis on selecting a

certain actuator type for a speci�c purpose. Bell et al. (2005) show that there are

several MEMS actuator types suitable for probe data storage, where the required

range is on the order of 100µm with nanometre resolution, and a maximum force

on the order of millinewtons. Electromagnetic, electrostatic (comb drive, dipole

surface drive, inchworm), thermal, and piezoelectric actuators all seem promising

candidates for use in a probe data storage system, and scanner designs have been

published for all these actuator types except the thermal type. Perhaps, the reason

for the absence of thermally actuated scanners for probe data storage is the large

required power for fast thermal actuators.

Below, �rst the requirements for the scanner in a probe data storage system are

discussed, followed by a discussion of published actuators and scanners speci�cally

designed for probe data storage. Finally, a brief overview of sensors and control for

probe data storage will be given.

�is chapter is based on the book chapter: M. Gemelli, L. Abelmann, J. B. C. Engelen, M. G. Khatib,

W. W. Koelmans, and O. Zaboronski, “Mass Storage using Milliped Technology”,Memory Mass Storage,

ISBN 978-3-642-14751-7, Springer Verlag, 2011.
*“An inchworm moves by gripping a surface with its hind legs while retracting its body,” Hubbard

et al. (2006)

5
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2.1 Requirements

In order to access data at di�erent positions, a positioning system is required. �e

positioning system should be able to move in two perpendicular directions (x and

y) with nanometre precision. Actuation in the third z-direction is usually not

present in the positioning system, as it is generally part of the probe (array) design.

Although arguments can be mounted in favour of having a separate positioning

system for each probe, all systems are designed such that there is a single moving

platform for the complete device. Most designs† feature a stationary probe array

and a moving medium sled, or ‘scan table’, to prevent exciting unwanted vibrations

in the probes during servoing and (perhaps more important) to circumvent the

problem of how to route many wires to a moving suspended array of many probes.

�e separation of probe array and storage medium with positioning system greatly

simpli�es the design; the wafers with the probe array and positioning system can

be fabricated separately and bonded together a�erwards.

�ere should be no restriction in the movement trajectory. Most o�en, a raster

pattern is employed for reading andwriting, scanning back and forth in the horizon-

tal direction, while making steps in the vertical direction. But at all times, it should

be possible to quickly move, or ‘seek’, to an arbitrary new location to start reading

or writing. Moreover, instead of using a raster pattern, an outward spiral trajectory

similar to a Compact Disc (CD) may be used (Mahmood and Moheimani, 2009).

To fully utilize the storage medium, the displacement range should be at least

the size of the distance between probes in the array: currently on the order of

100µm (Despont et al., 2004), although this may decrease in the future. If overlap-

ping probe �elds are desired, the displacement range should be larger. �e required

positioning accuracy is on the nanometre scale, depending on the bit size (< 25 nm
at a density of 1 Tbit in−2) and the allowable bit-error-rate (Pozidis et al., 2004; Se-

bastian et al., 2007). For example, Pozidis et al. (2004) from IBM showed that at

641Gbit in−2, a 2 nm displacement from the track centreline results in a 5 times lar-

ger raw bit error rate. For the 64 × 64 probe array described byDespont et al. (2004),
a medium sled size of at least 6.4mm × 6.4mm is required. �e areal e�ciency is
de�ned as the ratio between medium sled size and total device size.

�e performance in terms of access speed is determined by the actuator’s maxi-

mum acceleration, sensor bandwidth and control circuit. �e maximum accelera-

tion should be large, not only for faster seek access, but also so that it is possible

to quickly reverse motion at the end of each scan line if a raster pattern is used.

Because a higher read/write speedwill lead to a longer turn-around time, there is an

optimal read/write speed and a corresponding optimal data rate (Carley et al., 2001).

A higher accelerationmeans a higher continuous data rate can be reached, either by

increasing the movement speed or by decreasing the turn-around time. Increasing

the acceleration capability by reducing the medium sled mass must be done with

care, so that the sled is still mechanically rigid enough for reliable probe reading

†A notable exception is the design described by Yang et al. (2007) from the Data Storage Institute

in Singapore, where the probe array is moved by a 1d linear motor.
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and writing. Increasing the maximum acceleration by increasing the maximum

force is limited to what the power budget allows and what is physically possible

without damaging the device (e.g. breakdown voltage or electromigration limit to

the current). An access time on the order of 1ms is required to compete with Flash

cards or solid-sate disks (∼0.2ms) and hard disk drives (∼4ms).
To perform seek operations or compensate for residual shock forces, the ac-

tuation force at any given position must exceed the suspension spring restoring

force. �e available force, equal to the actuator force minus the suspension spring

force, if a function of position, and is larger at small displacements than at large

displacements for most actuators. �e minimum value of the available force is an

important measure of how shock-resistant the design is, and of how fast the actua-

tor can accelerate. Especially for mobile applications, shock-resistance is important

(Lantz et al., 2007), requiring a large enough minimum value of the available force

over the operation range.

�e scanner should be able to scan back and forthmany times without breaking

down. For example, at 1 Tbit in−2, one full track of 100µm equals 3937 bits and there

are 3937 tracks (assuming that the distance between bits is equal to the distance

between tracks for ease of calculation). It will take 1969 cycles (back and forth) just

to read all data once. �e required number of cycles during the total life time of

the scanner will exceed 108 cycles.

Finally, there may be a certain power limit for the complete positioning sys-

tem. �e actuator should be energy e�cient, especially for mobile applications.

Although certain types of actuators require very little power for themselves (and

seem attractive), their driving or control circuitry may require substantial power,

leading to a high overall energy consumption. For a fair comparison of required

power, one should view the positioning system as a whole.

2.2 Actuators

�ereviews by Bell et al. (2005) andHubbard et al. (2006) show that several physical

actuation principles may be used in a probe-storage device. Di�erent types of

scanners, that have been designed speci�cally for probe storage, are found in the

literature. It is yet unclear which actuation type is best suited for probe storage.

Research focuses on MEMS actuators because they have a large ratio of in-plane

motion range to device volume compared tomacro actuators. Agarwal et al. (2006)

show a comparison in terms of ‘speci�c work’ (force times travel range divided by

footprint); di�erent types of MEMS actuators all score about 10 µNmm−1, an order

of magnitude lower than conventional ‘milli-actuators’. It shows the challenging

problem of creatingMEMS actuators with large force, large displacement and small

footprint.

2.2.1 Electromagnetic

Electromagnetic scanners use a coil to generate amagnetic �eld that leads to a force.

All electromagnetic actuators designed for probe storage reported in the literature
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use a permanent magnet and a coil. It is possible to make an electromagnetic comb-

drive actuator without permanent magnet (Schonhardt et al., 2008), which will be

discussed in Chapter 5, but it has not been used in a scanner design yet. To distin-

guish electromagnetic actuators with a permanent magnet from scanners without,

actuators with permanent magnet are referred to as electrodynamic actuators.

An advantage of electrodynamic scanners is the relatively straightforward li-

near actuator design (linear displacement vs. current curve), simplifying controller

design. Another advantage for mobile probe storage is that an electrodynamic scan-

ner, because it is current driven, can operate at the generally low available voltage

of about 3.6V. A disadvantage is that permanent magnets are needed. Assembling

an electrodynamic scanner will therefore be more complicated than assembling,

for instance, an electrostatic comb-drive scanner. It also means that it is di�cult

to make the scanner very thin. �e energy consumption of electromagnetic scan-

ners in general is relatively large because of the relatively large required currents

compared with the series resistance of the coils.

In 2000, Rothuizen et al. from IBM reported their proof-of-concept electrody-

namic scanner for probe data storage (see Figure 2.1(a)): a �ve degree of freedom

x/y/z-scanner, including tilt about the x and y axes, fabricated from silicon and

electroplated copper springs and coils. �e scanner contains a 2 cm × 2 cm mo-
ving platform, held within a 3 cm × 3 cm outer frame. �e displacement range is
±100µm, however the required power of about 200mW is very high. An improved
design was reported two years later (Rothuizen et al., 2002, see Figure 2.1(b)), fabri-

cated from a 200µm thick SU-8 layer. �e design uses a similar con�guration for

coil and magnet. It improves on power dissipation (3mW at 100µm displacement),

on fabrication cost, and on compactness by placing the spring system below the

moving platform. Two years later, a radical change in design was reported (Lantz

et al., 2007; Pantazi et al., 2004, see Figure 2.1(c)). �e new design is fabricated

from a 400µm thick silicon wafer by deep reactive-ion etching through the full

thickness of the wafer, the design being an extrusion of a two-dimensional layout.

It features a mass-balancing concept to render the system sti� for external shocks

while being compliant for actuation, such that the power dissipation is low. �e

actuator and scan table masses are linked via a rotation point, enforcing their mo-

vement in mutually opposite directions: when the actuator moves up, the table

moves down and visa versa. External shocks exert inertial forces on the actuator

and scan table mass, but, because the directions of the inertial forces are equal, they

cancel each other through the rotation point (the scan table and actuator cannot

move in the same direction at the same time). Because the springs are 400µm

high (wafer thickness), the sti�ness in the z-direction is large for passive shock

rejection. Coils and magnets are glued manually onto the device. �e actuator

generates a force of 62 µNmA−1. Its power usage at 50 µm displacement is 60mW

(80mA current); this has been improved to about 7mA and 2mW power ‡. �e

medium sled is 6.8mm × 6.8mm, while the complete device is 16mm × 16mm;
the areal e�ciency is about 25% and has decreased dramatically in comparison to

‡private communication with Mark A. Lantz, IBM Zürich
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(a) Scan table is 2 cm × 2 cm large and has 5 dof (Rothuizen et al., 2000).

(b) Fabricated from SU-8, 1.5 cm × 1.5 cm scan table (Rothuizen et al., 2002).

(c) Mass-balanced and x/y only, 6.8mm × 6.8mm scan table (Pantazi et al., 2004).

Figure 2.1 –�e evolution of IBM’s electrodynamic scanner.
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Figure 2.2 –�e electrodynamic scanner by Samsung (Choi et al., 2001a). �e size

of the total device and scan table are 13mm × 13mm and 5mm × 5mm,
respectively.

the earlier designs. �e in-plane resonance frequencies lie around 150Hz; the �rst

out-of-plane resonance frequency lies an order of magnitude higher.

Another electrodynamic scanner was reported in 2001 by Choi et al. (2001a,b)

from Samsung, see Figure 2.2. �e scanner is fabricated from silicon; the coils are

made by �lling high aspect-ratio silicon trenches. �e medium sled size equals

5mm × 5mm. �e displacement of 13 µm at 80mA is smaller than the scanner by
IBM, however this was measured without top magnets and yokes planned in the

design to increase the magnetic �eld and force. �e measured in-plane resonances

are 325Hz (translational) and 610Hz (rotational).

A plastic electrodynamic scanner is described by Huang et al. (2010a) from

Seagate, however notmuch design and fabrication details are available. �e scanner

has three degrees of freedom: x/y translation and rotation about the z axis. �e

±150 µm displacement range is large, but the resonance frequency is only 70Hz.

2.2.2 Electrostatic comb drives

Electrostatic comb drives (Tang et al., 1989) are microelectromechanical actuators

that are o�en used in MEMS technology, because their design and fabrication are

relatively straightforward, and because the electrostatic force becomes relatively

large at small dimensions. A comb drive consists of two interdigitated structures,

shaped like combs, that attract each other when they are charged oppositely by

applying an external voltage. �e generated force, however, is small and many

�ngers are needed to generate su�cient force, reducing the areal e�ciency. Other

electrostatic actuators like the dipole surface drive and shu�e drive (see §2.2.3), can

generate more force but are more complicated to manufacture and to control. �e

generated force is proportional to and in the direction of increasing capacitance;

the combs attract each other because that increases the overlap between the comb

�ngers which increases the capacitance (see (3.1) in the next chapter). Note that

the capacitance change is large when the gap between �ngers decreases. �erefore
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usually, springs restrictmotion in the transversal direction to prevent this ‘side snap-

in’. An electrostatic comb drive is a non-linear device as the force is proportional

to the applied voltage squared. Because of this quadratic dependence, the polarity

of the applied voltage is unimportant and the force is always attractive. In order

to move a stage in both positive and negative direction, two or more electrostatic

actuators are required §. Because the spring suspension force depends linearly on

the position, the displacement also depends quadratically on the applied voltage.

�is relation can be linearised by driving the comb drives in di�erential mode,

reducing the force of one comb drive by at the same time applying a voltage on the

comb drive pulling in the opposite direction (Grade et al., 2004).

�e maximum force of an electrostatic actuator depends on its breakdown

voltage (depending on the minimum gap size) and the maximum available voltage.

�e breakdown voltage of comb drives is above 300V for common micrometre-

sized gaps (Chen et al., 2006), and is usually higher than the available voltage. To

increase the maximum voltage, DC/DC step-up conversion is used. Examples of

DC/DC converters speci�cally designed for MEMS applications are a high voltage

CMOS design by Saheb et al. (2007) that converts 3V up to 380V using an external

coil, and a standard CMOS design by Hong and El-Gamal (2003) that is capable of

converting 1.2V to 14.8V without external components.

Compared to electromagnetic actuators, the advantage of comb drive actuators

is their ease of fabrication. Moreover, the energy consumption of comb drives is lo-

wer, however, the energy consumption of the driving (DC/DC conversion) circuitry

must be taken into account for a fair comparison with other scanners. Although

a comb drive is a non-linear actuator, driving one is much simpler than driving

electrostatic stepper motors. Disadvantages include the generally high required

voltage and the low areal e�ciency due to the large area needed for comb �ngers

to generate su�cient force. �e force output is highly dependent on the minimum

gap size that can be fabricated; reduced gap sizes due to improved fabrication me-

thods will result in stronger comb drive actuators. In practice, the maximum force

and voltage are limited by side pull-in because of insu�cient spring suspension

sti�ness.

Already in 1992, a nanopositioner with integrated tip was published by Yao

et al. (1992). It featured electrostatic parallel-plate (gap-closing) actuators, moving

the probe instead of the ‘medium’. However, its displacement range of 200nm at

55V is very limited. Another early design by Cheung et al. (1996) from the Uni-

versity of California at Berkeley includes position sensing and control, obtaining a

displacement of 8 µm at just 3V. However, the actuator is too thin to carry a load.

In 2000, Carley et al. (2000) fromCarnegieMellonUniversity described a comb

drive actuated scanner for probe storage, which was originally designed for a vibra-

tory-rate gyroscope (Carley et al., 2001). �e scanner reaches 50 µm displacement

at 120V; it contains 800 �ngers in total with 500µm height and 16 µm gap. Alfaro

§A single dipole surface drive or shu�e drive can move in both positive and negative direction. In

the sense meant here, they should be thought of as compound actuators consisting of 3 or more small

electrostatic gap-closing actuators.
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Figure 2.3 –�e topology used by Alfaro and Fedder from Carnegie Mellon to �nd

a scanner design with optimal footprint for a ±50 µm stroke (Alfaro and Fedder,

2002).

Figure 2.4 – Simpli�ed layout of the micro XY-stage by Kim et al. (2003). �e

design features many �ngers, generating a large force but reducing the areal

e�ciency to 11%.

and Fedder (2002) from Carnegie Mellon University further improved this design

using parametric optimization to optimize the footprint for ±50 µm stroke keeping
the topology �xed (see Figure 2.3). Although Figure 2.3 is not drawn to scale, it is

indicative of the generally low areal e�ciency of comb drive scanners.

�e comb-drive scanner reported by Kim et al. (2003) uses 27552 3 µm-thick

�ngers with 48 µm height and 3 µm gap (see Figure 2.4). �ese dimensions are com-

mon for comb drive designs, where the maximum aspect-ratio (height to gap ratio)
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Figure 2.5 – Simpli�ed model of the actuation principle used in the design by Kwon

et al. (2006), featuring curved comb drives; (a) movement to the right by actuating

the rotational comb drives on the right; (b) diagonal movement by actuating the

comb drives on the right and top.

is limited to ∼20:1 by the deep reactive-ion etching fabrication process (Jansen et al.,
2009). �e scan table is 5mm × 5mm large and 18 µm static displacement is reached
at 13.5V. Because of the large number of �ngers, the force is large and the required

voltage is low, however, it also leads to a low areal e�ciency of approximately 11%.

Kwon et al. (2006) published an x/y-scanner for optical applications, but the

design could also be applied to probe storage. �edesign uses ‘L’-shaped suspension

springs and rotational comb-drives (see Figure 2.5). Its displacement range is 55 µm

at 40V, however it is unclear whether the suspension is sti� enough for use in

probe storage.

�e somewhat unconventional positioning system design by Yang et al. (2007)

from the Data Storage Institute in Singapore features an electrostatic comb-drive

x/y-scanner (Lu et al., 2005) for precise positioning and a 1d miniature electromag-

netic linear motor for course positioning of a 1d probe array (see Figure 2.6). By

using an extra course positioner, a small number of probes in a 1d array can be

used instead of a 2d probe array. �e comb drive scanner features a scan table of

5mm × 5mm; the areal e�ciency is 25%. Simulations indicate a static displacement
of 20 µm at 55V, but no measurement results are reported.

All the comb drive scanners mentioned above directly link the actuators to the

scan table. �is means that in-plane shocks have to be actively compensated for by

the actuators. Especially at large displacements, when the available force is low, this

leads to a low shock rejection capability. �e electrostatic scanner designs by Sasaki

et al. (2008) use mass balancing for internal shock force rejection. Inertia forces

due to fast acceleration in the y-direction may in�uence the comb �nger gap in the

x-direction, whichmay lead to instability in the comb drives for the x-direction. To

cancel these inertia forces in the y-direction, the scan table is split into two plates

of equal mass that are actuated in mutually opposite directions. External inertial

forces are not cancelled as opposite movement is not mechanically enforced. �e

best of the three investigated designs reached static displacements of 110 µm at 70V
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Figure 2.6 – A schematic of the design by Yang et al. (2007) from the Data Storage

Institute in Singapore, featuring a comb-drive x/y-stage that carries the storage

medium, and beneath it a miniature linear motor with a 1d probe array. �e

MEMS stage’s size is 1 cm × 1 cm.

and 90µm at 125V for the x and y directions, respectively.

2.2.3 Electrostatic stepper motors

Figure 2.7 shows the electrostatic dipole surface drive by Agilent (Agarwal et al.,

2006; Hoen et al., 2003). �e translator features a periodic pattern of electrodes

and is suspended above the stator, which also features a periodic pattern of electro-

des but with a di�erent pitch. Oppositely charged translator and stator electrodes

will try to align with each other, increasing the capacitance between them, and

creating a translational force. Sequentially applying a voltage on V1, V2, . . . , V7, in

Figure 2.7(b) results in a stepping motion of the translator to the le�. �e step size

of 400nm is determined by the di�erence in electrode pitch between stator and

translator. Smaller displacements are made by adjusting the voltage on one of the

electrodes. In the design reported by Agarwal et al. (2006), the gap between the

stator and translator electrodes is 2.4 µm. A high out-of-plane to in-plane sti�ness

ratio is required, because the available force is limited by the vertical snap-in vol-

tage (48V in this case). A displacement of 17 µm was reached with 30V bias; larger

displacements up to 70µm were reached, however in that case signi�cant out-of-

plane motion was observed. �e out-of-plane force can be cancelled by another

dipole surface drive ‘upside-down’ on top of the translator.

�e dipole surface drive can potentially provide a large force at low voltages,

because the capacitance (and thus force) between translator and stator electrodes

can be made large due to the small gap size that is not limited by lithography or
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(a) Schematic cross-section of the dipole surface

drive.

(b) Wiring diagram of the translator and stator

electrodes.

Figure 2.7 –�e dipole surface drive actuator by Agilent (Agarwal et al., 2006). �e

translator and stator electrodes have a di�erent pitch, and by sequentially applying

a voltage on V1, V2, . . . , V7, small steps to the le� are made by the translator.

deep reactive-ion etching. Because the actuator is placed under the scan table, the

areal e�ciency is greatly increased over e.g. comb-drive designs. However, the

fabrication process and drive circuitry are more complex than for electromagnetic

actuators or electrostatic comb drives. To make the design more shock-resistant,

perhaps a 2dmass-balancing scheme could be used similar to IBM’s electrodynamic

scanner (Lantz et al., 2007) without decreasing the areal e�ciency.

Another electrostatic stepper motor is the ‘inchworm’ shu�e drive by Tas et al.

(1998) from the University of Twente. �e shu�e drive consists of two clamp ‘feet’

connected by a thin plate. �e feet and plate can be pulled towards the bulk individu-

ally. Figure 2.8 shows how the motor makes a step. �e actuator’s output force and

step size is determined by howmuch plate deformation is obtained when applying a

voltage on the plate. �e step size is on the order of tens of nanometres, but is highly

dependent on the displacement due to the spring suspension’s restoring force (Pa-

trascu et al., 2007). �e generated force is large, because the capacitance change of

the parallel-plate gap-closing actuator is relatively large, and because the plate acts

as a mechanical lever. Sarajlic et al. (2005b) describe a 200µm × 1500µm shu�e
motor with a 70µm displacement range and an output force of 0.45mN at driving

voltages of 65V and 150V for the plate and clamps, respectively. A 482 µm × 482 µm
2d shu�emotor reached displacements of 60µm (corresponding to 0.64mN force)

at driving voltages of 45V and 36V for the plate and clamps, respectively, only being

limited by the design layout (Sarajlic et al., 2005a). Unfortunately, stiction and fric-

tion of the feet are a large problem for reliable operation (Patrascu, 2006). Moreover,

a complex control loop is required (Patrascu et al., 2007). Interestingly, because the

device is electrostatically clamped to the base plate, it is inherently shock-resistant.

But when the shock force plus the spring force exceeds the stiction force, there is
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le� leg right legelectro-elastic plate

insulation

one step

silicon bulk (ground potential)

Figure 2.8 – Step sequence of the shu�e motor by Patrascu et al. (2007). �e circles

indicate that a voltage is applied on the corresponding leg or plate.

no way to compensate for it.

2.2.4 Piezoelectric

Piezoelectric actuation is commonly used for scanning probe microscopes, where

there is ample space for the actuator. Piezoelectric material deforms when a voltage

is applied, resulting in translational, rotational, or bendingmotion. An advantage of

using piezo actuators is that their force is very large. However, piezo elements need

to be quite large to provide the required displacement range for probe storage. But

because of the large force, the areal e�ciency can be high when mechanical stroke

ampli�cation is used to increase the displacement range of small piezo elements.

�e required voltage is reasonable in comparison to electrostatic actuators.

Several scanner designs using PZT actuators and stroke ampli�cation are descri-

bed by Zhang et al. (2003). �e work continued and the improved design reaches

82 µm at an applied voltage of 70V (Faizul et al., 2009b). �e scanner consists of

a silicon MEMS displacement stage, to which PZT actuators have been attached

manually (see Figure 2.9). �e scan table is 9.5mm × 9.5mm large. Although the
fabrication of a micromachined stacked PZT actuator especially designed for the

scanner is discussed, only measurements using commercially available larger PZT

actuators are shown. �e PZT actuators generate large forces (∼3N) and their
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piezo

Figure 2.9 – Photograph of the silicon microstage by Faizul et al. (2009a) to which

PZT stacked actuators have been attached. �e total device is 2×2 cm2 large.

small displacement is mechanically ampli�ed 20 times to move the scan table. �e

maximum force on the scan table of 150mN is very large in comparison to other

scanners discussed in this chapter. �e displacement versus voltage measurements

show hysteresis, but this may be reduced by using charge control instead of voltage

control (Comstock, 1981). It will be interesting to see if the sti� springs provide a pas-

sive shock-resistance comparable to the shock resistance of IBM’s mass-balanced

electrodynamic scanner. �e fabrication complexity of attaching the PZT actua-

tors on the silicon stage is comparable to glueing of permanent magnets onto the

electrodynamic scanner by IBM shown in Figure 2.1(c).

2.3 Sensors and control

Many MEMS displacement sensor types are suitable for probe storage systems

(Bell et al., 2005). One of the challenges in a probe storage system is the need

for nanometre resolution over a displacement range of 100µm. To improve the

positioning accuracy, a medium-derived position error signal can be used (Min

and Hong, 2005; Sebastian et al., 2008). Several probe �elds are designated as servo

�elds and are written by the device itself with special patterns; these servo �elds

are then used to obtain very precise information about the position of the probe

array relative to the bit track.

�e probe data storage prototype by IBM features a di�erential thermal displa-

cement sensor, measuring the change in resistance due to the temperature change

when the overlap between heater and scan table changes (Lantz et al., 2005). It

provides 2.1 nm resolution (10 kHz bandwidth) at 10mW power, and a maximum

resolution of 0.49nm at 32mW. Less than 6nm of dri� over 100minutes was mea-

sured. �e sensitivity strongly depends on the input power: S ∝ P1.6. �e required
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power of a thermal sensor makes it less attractive for use in a mobile device. �e

sensor described by Lantz et al. (2005) is fabricated on a separate silicon wafer that

is later bonded to the scan table. Recently, Krijnen et al. (2010) fabricated both

thermal displacement sensors and an electrostatic comb-drive actuated scan table

in the device layer of a silicon-on-insulator wafer using only one mask.

Capacitive sensors using comb drives are an attractive solution when comb

drives are already used for actuation. An advantage is the lower energy consump-

tion compared with thermal sensing. Comb drives are used as position sensors in

commercial accelerometers, for example in air bag sensors and in the Nintendo

Wii remote controller. An early example of a positioning system using comb drives

for actuation and sensing is given by Cheung et al. (1996). Pang et al. (2009) from

DSI in Singapore propose to use the same comb drive for actuation and sensing,

however no measurement results are shown. Kuijpers (2004) from the University

of Twente has studied an incremental long-range capacitive displacement sensor

based on the capacitance change between two periodic structures, and obtained

10nm resolution with, in principle, unlimited displacement range. �e output of

the sensor is periodic, and extra circuitry is used to count how many cycles have

been measured. Unfortunately, the sensor has a low bandwidth of 5Hz, due to the

delicate capacitive sensing circuitry (Kuijpers et al., 2006).

For the same reason a comb drive can be used as actuator and sensor, the elec-

trode patterns in a dipole surface drive can also be used for sensing the position.

Such a �ne line capacitive position sensor integrated with a dipole surface drive

is described by Hartwell et al. (2004). �e resolution is 0.03 nm/
√
Hz. Lee et al.

(2009) from Seagate use a similar capacitive sensor for their electrodynamic scan-

ner. Like the incremental capacitive sensor by Kuijpers et al. (2006), the output

signal of both sensors is an ambiguous measure of the position, requiring extra

circuitry that keeps count of the number of cycles that have beenmeasured. For the

dipole surface drive that (Hartwell et al., 2004) used, Agarwal et al. (2006) describe

a capacitive sensor with large plates with a resolution of 0.03 nm/
√
Hz. Because of

the large plates, the output signal is no longer periodic and the output signal is a

direct measure of the displacement.

IBM has performed extensive research on the control of their electrodynamic

actuator (Pantazi et al., 2004, 2007; Sebastian et al., 2005, 2006, 2008). Di�erent

controller architectures have been investigated in order to optimize the seek time

and the track-follow performance. Using 200mA as maximum current for the

electrodynamic scanner, the fastest seek time for 50 µm movement is on the order

of 1.6ms (Pantazi et al., 2007).

Open-loop and closed-loop control for a shu�e motor was investigated by Pa-

trascu et al. (2007); unfortunately only a microscope with camera was available

for position measurement, severely limiting the control bandwidth. �e actuator

position could be measured every 33ms with 10nm accuracy. A state-machine con-

troller was designed, to generate the correct voltage sequences for making a small

or large step in positive or negative direction or standing still. If the measured

positioning error is non-zero, the state machine generates correction signals every

33ms in the form of a number of steps into one direction. Open-loop control re-



2.4 – Conclusion 19

sulted in a maximum positioning error of 140nm. Closed-loop control was shown

to work, however an integrated sensor with much larger bandwidth than the video

setup is needed to obtain a fair assessment.

2.4 Conclusion

Important requirements for scanners for probe data storage a displacement range

of ±50 µm with a nanometre resolution in two degrees-of-freedom, a large scan
table such that many probes can be used in parallel, and an access time around 1ms.

For mobile applications, shock-resistance, a low energy consumption and a small

physical size are also required.

It is not yet clear which actuation type is most suited for probe data storage.

�e scanners for probe data storage that have been found in the literature, use

several di�erent actuator types; all designs use MEMS technology. MEMS techno-

logy makes it is possible to obtain a relatively large in-plane motion range within

a small volume. �e most prominent choices for which actuator type to use, are

electrodynamic actuators or electrostatic comb drives. �e only reported probe-

data storage prototype has been made by IBM, and uses electrodynamic actuators.

�e generated force is generally not large enough for the required shock-resistance,

however, this can be remedied by applying a mass-balancing scheme employed in

the scanner design by IBM.�e use of comb drives results in a relatively straightfor-

ward fabrication process, however, the required footprint is large to obtain enough

force at a reasonable driving voltage. Although electrostatic stepper motors, the

dipole surface drive and the shu�e drive, o�er potentially very high forces at low

voltages, their use is complicated, among others, by a relatively complex fabrication

process and control circuit. �e scanner design using piezoelectric actuators with

mechanical ampli�cation looks promising, but the design is relatively young and

not much information is available for a good judgement.





Chapter 3

Amass-balanced electrostatic
x/y-scanner

One of the promising candidates for future storage applications is parallel-probe

data storage, in which many atomic-force-microscope-like probes are operated

in parallel to read and write data at a high data rate and a high data density (>
1 Tbit in−2; Cannara et al., 2008; Pantazi et al., 2008). Below the array of probes,

the storage medium is moved in x and y directions by a positioning system (the

scanner) with nanometre accuracy. To fully utilize the storage medium, the scan-

ner’s displacement range should be larger than the distance between the probes. As

the probe density is on the order of 100 cantilevers per square millimetre (Despont

et al., 2004), the scan range has to be relatively large, on the order of ±50 µm.
Shock resistance and low power consumption are important requirements for

mobile probe-storage applications (Lantz et al., 2007). Previously, a shock-resistant

scanner design using electrodynamic actuation was reported by Lantz et al. (2007).

Here we explore electrostatic actuation with shaped comb-drive �ngers as an alter-

native to the electrodynamic actuation used by Lantz et al., because, in principle,

comb drives do not require power to maintain a non-equilibrium position.

�e total power consumption of the electrodynamic scanner by Lantz et al. is

dominated by track follow rather than seek operations because seek operations are

much shorter. When reading the outermost track (50 µm displacement), the elec-

trodynamic scanner’s x-axis consumes 20mW on average and the y-axis 60mW

continuously, which is almost a third of the SD �ash memory card power budget

of 300mW. �e power consumption can be reduced by optimizing the scanner

sti�ness and the actuator design, however, power is always required for an elec-

trodynamic actuator to maintain a non-equilibrium position. An advantage of

electrostatic comb-drives compared to electrodynamic actuation is that, neglecting

�is chapter is based on J. B. C. Engelen, H. E. Rothuizen, U. Drechsler, R. Stutz, M. Despont,

L. Abelmann, andM.A. Lantz, “Amass-balanced through-wafer electrostatic x/y-scanner for probe data

storage”,Microelectron. Eng., 86, pp. 1230-1233, 2009, and J. B. C. Engelen, M. A. Lantz, H. E. Rothuizen,
L. Abelmann and M. C. Elwenspoek, “Improved performance of large stroke comb-drive actuators by

using a stepped �nger shape”, presented at TRANSDUCERS 2009, pp. 1762–1765, 2009.
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leakage, no energy is consumed tomaintain the actuator position. �e comb drive’s

force is caused by charge instead of current �ow; once a comb drive is put at a cer-

tain position by charging the combs, nomore energy has to be supplied tomaintain

its position. �us during track follow, when one axis is stationary and the other is

moving slowly, the energy consumption of comb drives is potentially much lower

compared to electrodynamic actuation. A disadvantage of using comb drives is the

high voltage required for operation, typically many times the standard voltage avai-

lable in a mobile storage device. DC/DC conversion is used commonly in mobile

devices (12V for Flash memory and 28V for an LCD display); and conversion from

3V to 380V has been demonstrated for MEMS applications (Saheb et al., 2007). In

our design, we have assumed that 150V is a reasonable upper limit.

3.1 Design

An electrostatic comb-drive actuator (Tang et al., 1989) uses the attractive force

between opposite electrical charges to generate a force. Two interdigitated electro-

des, a �xed stator and a moving translator, are charged oppositely by applying a

voltage across the gap between the electrodes. �e magnitude of the comb drive

force Fcomb can be found using the principle of virtual work (Johnson and Warne,

1995),

Fcomb =
1

2

∂C

∂x
V 2 , (3.1)

where x is the displacement, C the capacitance between the electrodes, and V the

applied voltage. �e generated force is always attractive, proportional to the square

of the applied voltage. �is means that two comb drives are required to actuate in

both positive and negative x-directions.

In order to achieve shock resistance in the planar x and y directions while

being compliant for actuation, we adopt the mass-balancing concept by Lantz et al.

(2007). �e electrodynamic actuators are replaced by electrostatic comb-drives,

keeping the rest of the design intact (see Figure 3.1). To obtain a comparable force

the total area is increased by 34%. To move the scan table 50 µm in both positive

and negative x and y directions, four comb drives, consisting of a �xed stator

and a moving translator, are used. �e comb drives are coupled to the scan table

through pivoting elements, such that the scan table and translator move in opposite

directions. When the pivot ratio matches the inverse ratio of the scan table and

translator masses, the equally directed inertial forces of a linear shock are cancelled,

providing enhanced linear shock resistance.

�e scan table is supported by a C-bracket suspended to the �xed outer frame,

to decouple movement in the x and y directions. In the y direction, the scan table

and the C-bracket move as one; in the x direction, only the scan table moves. �is

means that the moving mass in the x direction is smaller than in the y direction.

Because the comb-drive translator masses are equal to the scan table plus C-bracket

mass, a 1:1 pivot ratio is used in the y direction. In the x direction, a 1:1.36 pivot
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shuttle for
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Figure 3.1 –�e electrodynamic actuators (coils and permanent magnets) of the

original scanner design are replaced by electrostatic comb-drives. Here, a design

snapshot is shown, where the actuation for the x-axis is replaced. Two comb drives

are needed to obtain negative and positive displacements; the �xed comb-drive

stators are coloured black. �e �nal design contains comb drives for both directions.

�e dashed line indicates the width of the original design with two electrodynamic

actuators; the area of the �nal design is 34% larger than the original.

ratio is used (i.e. the scan table moves a factor 1.36 more than the corresponding

translator).

A large out-of-plane sti�ness for passive shock rejection in the z direction is

achieved by etching the device, including the spring suspension, through the full

thickness of the wafer (400µm). �is large etch depth necessitates the use of a rela-

tively large gap between �ngers (25 µm, see §3.2), resulting in a reduced actuation

force. To increase the generated force without decreasing the minimum etch trench

width, two comb �nger shapes are investigated: a tapered shape (Mohr et al., 1992;

Rosa et al., 1998) and a new ‘stepped’ shape, both shown in Figure 3.2.

To perform seek operations or compensate for residual shock forces, the actu-

ation force at any given position x must exceed the suspension spring restoring

force. �e force available for these control operations is

Favail(x) = Fcomb(x ,Vmax) − kx ,

Favail(x) =
1

2
N
∂C

∂x
V 2max − kx , (3.2)
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Figure 3.2 –�e three investigated �nger shapes, drawn to scale. �e new stepped

�nger shape is shown on the right. �e dashed outline shows the geometry at 50 µm

displacement.

where Fcomb is the actuation force generated by the comb drive, Vmax the maximum

available voltage, k the spring constant of the suspension, x the displacement, N

the number of �nger pairs, and C the capacitance of one �nger pair. �is available

force Favail should be greater than zero within the operating range to enable control

operations and ideally should be as large as possible. Figure 3.7 shows a simulation

result for the available force curve for a normal straight �nger shape, from which

it can be seen that the force available at large positive displacements needs to be

increased in order to extend the range of achievable displacement and to provide a

positive force margin for control operations.

As will be discussed in the next chapter, the use of ‘gap-narrowing’ �nger sha-

pes (i.e. shapes that narrow the gap between �ngers at larger displacements) in-

crease the force for large displacements and is most suited for our application. For

straight �ngers, the necessary change in capacitance ∂C
∂x
is caused by increasing �n-

ger overlap; for gap-narrowing �nger shapes, an extra term due to the decreasing

gap distance between �ngers adds to the capacitance change, hence an increase in

force. In this chapter, we will discuss the use of tapered and ‘stepped’ comb-drive

�ngers. �e gap-narrowing e�ect of the tapered and stepped shapes can be seen in

Figure 3.2, when comparing the geometries at 0 µm and 50µm displacement. �e

next chapter will discuss the optimal �nger shape for maximum shock-resistance.
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3

1

4

5

2

Figure 3.3 – Photograph of a fabricated device (2 cm × 2 cm). 1: scan table, 2:

C-bracket, 3: x comb drives, 4: y comb drives, 5: pivoting element. �e wires are

electrical connections to the isolated stators and to ground the moving parts of the

device (bottom right).

3.2 Fabrication

�e scanners are fabricated from a 400µm thick, highly-doped single-crystal sili-

con wafer, using deep reactive-ion etching and a layer of aluminium as an etch stop.

A photograph of a fabricated scanner is shown in Figure 3.3. All the mechanical

parts including the comb drives are etched through the full thickness of the wafer.

For a uniform etch load, the whole mask design is de�ned with a �xed etch trench

width of 20µm and a minimum structure width of 15 µm. �e resulting trench

width a�er etching is 25 µm and the minimum structure width is 10 µm. Large ope-

nings are de�ned by a 20µm trench along their periphery, leaving a centre piece

that drops out when the aluminium etch stop layer is removed. With these rules,

the minimum �nger width is 10 µm and the gap between comb-drive �ngers a�er

etching is 25 µm. A larger minimum width constraint of 40µm is used at the base

of the �ngers (where the etch area is enclosed on three sides, instead of two sides for

a continuous trench), to obtain a more homogeneous etch rate across the geometry.

�ese openings within the comb drives have no drop-out pieces. �e �nger shape

is preserved well through the thickness of the wafer, as can be seen in Figure 3.4(a).

�e comb drive stators are completely surrounded by the translators; several

break-out pieces connect the stators mechanically to the translators to prevent the

stators from falling out at the end of the etch process (see Figure 3.4(b)). A�er

etching, individual scanner chips are separated from the wafer and glued to base

plates. A base plate features several arrays of supports on which glue is applied; the

clearance between moving parts and base plate is about 100µm. Subsequently, the



26 Chapter 3 – A mass-balanced electrostatic x/y-scanner

(a) Scanning electron micrograph of the tapered

comb drive �ngers (the wafer front side is seen

at the top). �e shape is preserved within

several micrometres; there is an increase in

�nger width toward the back of the wafer.

(b) Optical micrograph of the front side,

showing the break-out piece between

stator and translator. �e break-out piece

is designed with small indents on both

ends for easier breaking.

Figure 3.4 – Images of the fabricated scanner with tapered �ngers.

break-out pieces are removed to provide electrical insulation between the stator

and the translator of the comb drives. Finally, small electrical leads are connected

to the device using conducting epoxy.

3.3 Results

�e fabricated devices are analysed using stroboscopic video microscopy measure-

ments. For the scanner with tapered �ngers, a UMECH motion analyzer was

used (UMECH MEMS Motion Analyzer, Umech Technologies); for the scanner

with stepped �ngers, we used a Polytec MSA400 and its Planar Motion Analyzer

so�ware (Planar Motion Analyzer 2⋅5, Polytec MSA400, Polytec GmbH).
As can be seen from the measured frequency response and phase shi� of the

scanner with tapered �ngers, shown in Figure 3.5, each axis behaves like a second-

order mass-spring-damper system. �e measured resonance frequencies for the x

and y axes are 147Hz and 133Hz, respectively, in good agreement with the values

of 148Hz and 130Hz predicted by mechanical FE simulations. �e scanner with

stepped �ngers shows similar results.

Figure 3.6 shows the displacement of the slow axis versus voltage curve mea-

surements for the tapered and stepped �nger shape devices. �e measured reso-
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Figure 3.5 – Bode plots for both axes of the scanner with tapered �ngers. Both axes

are second-order systems to a good approximation.

nance frequencies for the corresponding axes of the tapered and stepped designs

were 133Hz and 147Hz, respectively. Using these frequencies and measured actua-

tor and scan table masses, mechanical �nite-element simulations predict e�ective

spring constants of 60Nm−1 and 72Nm−1, for the tapered and stepped designs res-

pectively, although the suspensions should have identical sti�ness by design. �e

di�erence stems from variations in the etch pro�les actually obtained. At 120 V, dis-

placements of 38 µm and 48µm were measured for the tapered and stepped �ngers,

respectively (Figure 3.6), corresponding to 2.3mN and 3.5mN, respectively, using

the calculated sti�ness values.

Figure 3.7 shows 2d electrostatic �nite-element results for the available force of

the three �nger shapes. �e equilibrium voltageVeq measurements in Figure 3.6 are

used to calculate the available force; combining equation (3.2) and the equilibrium

condition

1

2
N
∂C

∂x
V 2eq = kx ,
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Figure 3.6 – Displacement measurements on a device with tapered and a device

with stepped �ngers. �e feature in the tapered �nger curve at 65V is a

measurement error caused by video processing.
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Figure 3.7 –�e maximum available force (= Fcomb − kx) in the positive direction

as calculated by 2d electrostatic �nite-element simulations (solid lines, polynomial

�t, Vmax = 150V; k = 72Nm
−1; 731 �nger pairs) and as calculated from the

measurements in Figure 3.6 (points). �e dashed curve shows the force from the

suspension springs only.
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we obtain

Favail(x) = kx
V 2max
V 2eq

− kx .

�e calculation results are shown as points in Figure 3.7; the di�erence with the

�nite-element result is explained by a slightly larger obtained �nger gap size.

�e device using stepped �ngers reaches a 25% larger displacement than the

device using tapered �ngers, in spite of the 20% sti�er spring suspension of the

stepped shape device. Stepped �ngers provide the highest force and their available

force curve is almost �at for positive displacements, approximating an optimal

solution where the minimum in the available force curve is as high as possible

(see Chapter 4). During the design of the stepped shape, �nite-element calculations

were used to inspect the raised part of the available force curve (around 35 µm),

because a too high local maximum will lead to unstable displacements at the start

of the raised part (see §4.1.2). Assuming a maximum voltage of 150V, the device

using the stepped shape has at least 1.8mN force available for control operations

for the full ±50 µm range.
Interestingly, the available force is largest in the region where the �ngers are

disengaged and have no overlap (x < −25 µm); the comb drive force decreases, but
the spring force increases and because the displacement is negative, it adds to the

available force in the positive direction. Contrary to what one might expect, the

minimum of the available force curve lies not in the region where the �ngers are

disengaged and Fcomb is small, but in the region where Fcomb is large and where the

comb drive is close to instability (snap-in).

3.4 Conclusion

We have designed and successfully fabricated a mass-balanced vibration resistant

x/y-scanner that uses electrostatic actuation. To provide passive shock rejection

in the z direction perpendicular to movement, the x/y-scanner is fabricated from

the full thickness of the wafer (400µm). In order to etch comb drives through this

thickness, the gap between comb drive �ngers was relatively large (25 µm).

An important conclusion from the available force calculations is that, although

the �ngers are disengaged for large negative displacements, the available force in

the positive direction is still large in this region due to the restoring spring force;

the minimum available force in the positive direction is found at large positive

displacements. �is means that, in terms of available force, it is not necessary to

have comb �ngers overlap throughout the whole actuation range.

�e comb drive force was increased by using gap-narrowing �nger shapes. Mea-

surements showed that the displacement at 120V using stepped �ngers is 26%more

than using tapered �ngers, despite the spring suspension of the stepped shape de-

vice being 20% sti�er than the spring sti�ness of the device with tapered �ngers.

Moreover, the available force for control operations is larger for the stepped shape

compared to the straight and tapered �nger shapes. �e available force curve of the

stepped shape approximates an optimal solution where the available force curve
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is �at and its minimum is as high as possible. To obtain a force and displacement

range comparable with the original electrodynamic scanner, the footprint needed to

be increased by 34%. However, the thickness of the scanner is reduced, because the

electrodynamic scanner requires permanent magnets above or below the scanner.

Combined, the electrostatic scanner is more volume e�cient.
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Chapter 4

Optimized comb-drive �nger shape
for shock-resistant actuation

Electrostatic comb drives are frequently used for actuation in MEMS, mainly be-

cause fabrication is relatively simple compared to other actuator types, such as piezo

or electromagnetic actuators. However, the obtainable maximum force of standard

comb-drive actuators (with straight �ngers) is relatively low. When using comb

drives in a x/y-nanopositioner, or scanner, for a probe data-storage system (Pantazi

et al., 2008), this low force is an issue, as described in the previous chapter. �e

scanner (Figure 4.1) has to move a scan table with the storage medium over a large

range (typically 100µm), and has to function in the presence of external shocks and

vibrations. �erefore, shock and vibration resistance of the scanner is important,

especially for operation in mobile devices. �e spring suspension can be made sti�

for rotations andmovement in the z direction for passive shock resistance, however

since movement along the x and y axes is desired, the spring sti�ness in the x and

y directions is necessarily low to enable actuation. External shocks and vibrations

result in inertial forces on the scan table, which can be counterbalanced by the

inertial forces on the actuator, via a mass-balancing scheme (Lantz et al., 2007). By

introducing a pivot point and oppositely linking the scan table and actuator mass,

the movement of the scan table is always opposite to the actuator mass (e.g. when

the actuator moves to the le�, the scan table moves to the right). If the masses of

the scan table and actuator are matched, the initial forces on them will be equal in

size and direction, and will cancel each other through this opposite linking. Ne-

vertheless, a large actuator force is required to compensate residual inertial forces

due to imperfect mass matching and rotational accelerations about the pivot point.

To compensate shock forces, the actuation force at any given displacement

x must exceed the suspension springs restoring force. �e available force Favail
is equal to the maximum actuator force Fact,max minus the suspension springs

�is chapter is based on J. B. C. Engelen, L. Abelmann, and M. C. Elwenspoek, “Optimized comb-

drive �nger shape for shock-resistant actuation”, J. Micromech. Microeng., 20, 105003, 2010.
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force kx,

Favail(x) = Fact,max(x) − kx , (4.1)

where k indicates the suspension spring sti�ness. �e minimum value of the avai-

lable force throughout the displacement range is paramount, as it determines the

maximum shock force that can be compensated for at any displacement.

�e force generated by a voltage controlled comb drive equals (Legtenberg et al.,

1996)

Fcomb(V , x) =
1

2
N
∂C

∂x
V 2 , (4.2)

where N is the number of unit cells (i.e. the number of �nger pairs), ∂C
∂x
the change

in capacitance between the �nger pair in one unit cell, and V the applied voltage.

�e standard comb-drive design features straight comb �ngers, which have a con-

stant ∂C
∂x
and hence result in a constant maximum force independent of displace-

ment. �erefore, the available force of a standard comb drive will be low at large

displacements, where the spring force is maximum, severely limiting the shock

resistance (see Figure 4.2(a)). From (4.1), we see that a maximum actuator force

Fact, max that increases with displacement is desired for shock-resistant actuation.

�e force characteristic (force versus displacement) of a comb drive can be

tailored by reducing the spring sti�ness k, by modifying ∂C
∂x
. Because a minimum

out-of-plane sti�ness is required, reduction of k is undesired, and provides only

limited control of the force characteristic. An obvious way to increase the comb-

drive force is increasing the number of �nger pairs, however this increases the

footprint and mass of the scanner and is therefore unattractive. Obeying the mini-

mum gap size limit of the fabrication process, tailoring ∂C
∂x
can be done by changing

the individual lengths of straight �ngers, such that �nger pairs engage at di�erent

displacements (Grade et al., 2003). However, when all �nger pairs are engaged

(maximum force), the number of �nger pairs and gaps between �ngers is the same

as for a standard comb drive, and hence the maximum force does not increase.

Modifying individual �nger lengths decreases the force at small displacements and

does not increase the force for large displacements. E�ectively, changing the lengths

of �ngers only allows tailoring of the available force within the available force limits

of the standard comb drive (indicated by the shaded region of Figure 4.2(a)).

More suited for our purpose ismodifying ∂C
∂x
by changing the shape of the comb

�ngers, e.g. tapering the �ngers as in the previous chapter. Vertical shaping (Mor-

gan and Ghodssi, 2008) is not desired because it does not increase the force and is

not possible in most fabrication processes anyway. �e previous chapter showed

the application of comb drives with a stepped �nger shape in a probe-storage scan-

ner, leading to a strong increase in both maximum stroke and force. However, this

stepped shape can result in an unstable region, requiring careful adjustment of the

shape using �nite-element simulations to ensure stability over the full operation

range. We’ll use the term ‘snap-in’ to denote instability in the direction of desired

motion x, in contrast to ‘side snap-in’ that concerns unstable behaviour in the di-

rection perpendicular to x. Side snap-in can occur for individual �ngers (�ngers
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x

suspension springs
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‘negative’

comb drive

‘positive’

comb drive

Figure 4.1 – Schematic illustration of a 1d scanner with comb-drive actuators for

positive and negative displacements. Light shaded areas are free to move, suspended

by the springs; dark shaded areas are �xed.

bending towards each other) and for a whole comb drive (sideways bending of

spring suspension).

Ye et al. (1998) reported a numerical optimization of �nger shapes for several

polynomial force characteristics. An analytical model for calculating the force

characteristic of arbitrary �nger shapes is described by Jensen et al. (2003). We will

use this analytical model as starting point of our analysis. �ese works describe

�nger shapes that result in a linear dependence of the force on displacement, similar

to the shape described in this work. However, the described �nger shapes result in

thick �ngers, reducing the force per unit length. Moreover, the issue of the optimal

force characteristic for shock-resistance and the analytical solution for the �nger

shape that provides this force characteristic remained unaddressed.

In the following, we describe a new �nger shape with an increased maximum

force at large displacements, leading to a larger shock resistance. We show that a

constant available force throughout the comb drive’s operating range is the optimal

solution for shock resistance and large stroke, combining the highest available force

with the largest side-stability (see Figure 4.2(b)). �e analytical solution for the

�nger shape with constant available force is presented together with �nite-element

calculations and measurements on fabricated comb drives.
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4.1 �eory

�is section discusses the optimal �nger shape for use in scanners like the one

shown in Figure 4.1. Two identical comb drives are used to displace the scan table

in both positive and negative directions. �is e�ectively doubles the range of ob-

tainable displacements without increasing the maximum voltage. �e scanner is

symmetric for positive and negative displacements. Except when explicitly menti-

oned otherwise, it is assumed that the displacement x is positive and the ‘positive’

comb drive is actuated.

4.1.1 Analytical model

�e maximum force of a comb drive is obtained when applying the maximum

voltage Vmax of the available voltage source. �e available force of a comb drive

with suspension springs therefore equals

Favail(x) = Fcomb(x ,Vmax) − kx , (4.3)

Because the maximum force of a standard comb drive with straight �ngers is con-

stant when the �ngers are engaged, the available force equals a straight downward

curve, shown in Figure 4.2(a). As can be seen from this �gure, the available force

and therefore the range of forces that can be applied (the shaded area) depend stron-

gly on the displacement. �e shock resistance of the whole system is low because

the available force at large displacements is low.

Bymodifying the shape of the �ngers, it is possible to increase the available force

beyond the shaded region of Figure 4.2(a). When the base of the �ngers is thicker

than the tip, the gap between �ngers becomes smaller for increasing displacement,

and the force increases. However, it is not possible to increase the available force at

zero displacement Favail,0, because theminimum gap between the tips of the �ngers

is determined by the fabrication process’ design rules; all �nger shapes will result

in the same Favail,0.
*

Jensen et al. (2003) describe an analytical model for calculating the force of a

comb drive with arbitrary �nger shapes. �e model uses a parallel-plate approxi-

mation, giving accurate predictions for comb drive �ngers with continuous shapes

that are approximately parallel to each other. Limiting the design freedom by as-

suming that one of the �ngers is straight (see Figure 4.3), results in an important

simpli�cation for the expression of the capacitance C of one comb-drive unit cell,

C(x) = 2ε0h
x0+x

∫
0

1

g(s)
ds,

*When tapered �ngers are used, in some cases an increase in Favail,0 is seen, see Figure 3.7. However,

in those cases, the distance between �ngers in the design has decreased below the fabrication process’

design rules.
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(a) Sketch of the available-force curve for standard straight comb �ngers. �e snap-in point is

determined from where a line from the origin is tangent to the available-force curve (this
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exerted on the scan table is independent of the displacement.

Figure 4.2 – Sketches of the available-force curve for straight �ngers and the desired

available-force curve. �e range of forces that can be exerted on the scan table is

indicated by the shaded areas.
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Figure 4.3 –�e comb drive geometry with straight �ngers on one side, and

symmetrically shaped �ngers on the other side. �e initial overlap (x = 0) is x0; at
displacement x, the overlap equals x0 + x. Shape function f (s) is de�ned from the

centre of the shaped �nger, where s = 0 at the tip of the shaped �nger. To have as
many �ngers per meter as possible, w should be small. Because of the minimum gap

size g0 that can be fabricated, �nger shape f must be less or equal to w for the part

where the �ngers initially overlap ( f (s) ≤ w for s ∈ [0, x0]).

where h is the height of the �ngers, x0 the initial overlap, x the displacement, and

g(s) = g0 + w − f (s) the gap pro�le between �ngers. Shape function f (s) repre-
sents half the thickness of the �nger at position s, and w is equal to half the �nger

thickness at s = x0. Normal straight �ngers have �nger shape f (s) = w. �e force

of the total comb drive then equals

Fcomb(x ,V) = ε0hNV 2

g(x + x0)
, (4.4)

for a comb drive with N �nger pairs and an applied voltage V . Note that because

one �nger is straight, the force at displacement x depends only on the gap width

at the tip of the straight �nger, g(x + x0), rather than the complete shape pro�le.
Intuitively, this can be understood as follows: the force depends on the change

in capacitance between the �ngers, and the only change in capacitance occurs at

the tip of the straight �nger whose distance to the other �nger varies with the

displacement.

4.1.2 Graphical determination of equilibrium stability

Modifying the �nger shape can lead to unstable behaviour. �is section describes

a method to quickly identify stability issues using an available force versus displa-

cement graph.

When the scanner is in equilibrium at a positive displacement, the force of the
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Figure 4.4 – Graphical determination of stability for two displacements of an

arbitrary available-force curve, by drawing a line from the origin to a point on the

available-force curve. When the derivative of this line is larger than the derivative of

the curve, the point is stable, otherwise the point is unstable. Snap-in occurs at

points where the line from the origin is tangent to the curve.

‘positive’ comb-drive and the spring force exactly counteract each other:

−Fspring = Fcomb ,

kx = 1
2
N
∂C

∂x
V 2eq , (4.5)

from which follows

Veq = ±
¿
ÁÁÀ 2kx

N ∂C
∂x

. (4.6)

Because the comb-drive force is proportional to the square of the applied voltage,

the sign of the applied voltage is irrelevant. To simplify the notation in the following

discussion, we will assume a positive equilibrium voltage Veq.

To be able to control the displacement by a constant equilibrium voltage, the

derivative of (4.6) should be larger than zero, from which we obtain constraints on
∂C
∂x
for stable voltage control. Because

√
x is a strictly increasing function, it is not

relevant for the sign of the derivative of (4.6); 2k
N
is constant and positive, and is
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therefore irrelevant for the sign too. For stable voltage control,

∂Veq

∂x
> 0 ⇒

∂C
∂x
− x ∂2C

∂x2

( ∂C
∂x

)2
> 0,

1 −
∂2C
∂x2

∂C
∂x

x > 0. (4.7)

Note that the spring sti�ness k does not in�uence the stability range of any comb

�nger shape.

An elegant graphical way of locating stability issues is found a�er rearranging

(4.7), multiplying by 1
2
V 2max, and subtracting k:

1

2
V 2max

∂2C

∂x2
− k <

1

2
V 2max

∂C
∂x
− kx

x
. (4.8)

�e le� hand side of (4.8) is equal to the slope of the available force versus displa-

cement curve, and the right hand side equals the slope of the line from the origin

to a point on the available-force curve. When the line from the origin to a point

on the curve is steeper than the derivative at that point, the comb drive can be held

stable at that point at the equilibrium voltage given by (4.6). Figure 4.4 shows a

particular available-force curve and the determination of equilibrium stability of

two displacements. Snap-in (in x-direction) happens at the transition from stable

to unstable points, and can be determined from where the line from the origin is

tangent to the curve (shown in Figure 4.2(a)).

Because Favail,0 cannot be increased, it determines the maximum shock resis-

tance that can be obtained. A constant available force Favail(x) = Favail,0 throughout

the comb drive’s operating range, shown in Figure 4.2(b), is the optimal solution

for shock resistance and large stroke, because it combines the highest shock resis-

tance with the largest side-stability. If the available force would be increased more,

equilibrium voltage control would be more di�cult as the displacement would be

more sensitive to changes in applied voltage. Moreover, sideways forces would in-

crease due to the decreasing gap at the base of the �ngers, requiring a sti�er spring

suspension to prevent side-instability.

4.1.3 Design of optimal shape

From the graphical method to determine stability, we obtained that a constant avai-

lable force is optimal for shock resistance. For a constant available force Favail(x) =
Favail,0, the comb drive force should equal

Fcomb(x ,Vmax) = kx + Favail,0 , (4.9)

where Favail,0 is determined by the initial gap size g0 as dictated by the minimum

etch trench width of the fabrication process,

Favail,0 =
ε0hNV 2max

g0
. (4.10)
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Combining (4.2) and (4.9), we �nd the optimal capacitance as a function of

displacement for the unit cell,

1

2
N
∂C

∂x
V 2max = kx + Favail,0 , (4.11)

C(x) = kx2

NV 2max
+ 2Favail,0 x

NV 2max
+ C(0). (4.12)

When k = 0, (4.12) equals the capacitance of the standard straight �ngers unit
cell (Legtenberg et al., 1996), with a di�erent value for C(0). Combining (4.6)
and (4.11), the equilibrium voltage of a comb drive with this optimal capacitance is

obtained,

Veq,optim = ±
√

kxV 2max
kx + Favail,0

. (4.13)

�e new shape does not remove the non-linearity of the comb drive.

Combining (4.4) and (4.9), we can calculate the gap pro�le that has the optimal

force characteristic andwe obtain the solution for the optimal shock-resistant �nger

shape,

f (s) = w + g0 −
ε0hNV 2max

(s − x0)k + Favail,0
, (4.14)

where s indicates the position on the �nger along the x-axis and ranges from 0 (�n-

ger tip) to �nger length L (base). �e initial overlap x0 is limited by the requirement

that f (s)must be positive,

min
s≥0 f (s) = f (0) ≥ 0,

so

x0 ≤
Favail,0

k
− ε0hNV 2max

(w + g0)k
. (4.15)

We have named the shape described by (4.14) the ‘optim’ �nger shape.

Figure 4.5 shows the ‘optim’ shape f (s). A higher value for k
NV 2max

results in a

more pronounced �nger shape. When there are no springs (k = 0), the �nger shape
becomes straight, as is expected because the force of a comb drive with straight

�ngers is constant. Note that, because both k and Favail,0 in (4.14) are proportional

to h, the ‘optim’ shape is independent of the structure height h.

To obtain equally large forces at large displacements with only straight �ngers,

the gap between straight �ngers would have to be equal to the gap between the tip

of the straight �nger and shaped �nger in the ‘optim’ design. Because this gap is

small, the capacitance between the straight �ngers would be large too, resulting in a

reduced side stability (Grade et al., 2003). For the ‘optim’ shape, only the gap at the

tip of the straight �nger is small, while the gap for the rest of the overlap region is

larger. �is results in an increased side stability when compared with only straight

�ngers with equal force at large displacements.
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Figure 4.5 – Di�erent ‘optim’ �nger shapes f , given by (4.14), for di�erent values

for spring sti�ness k, number of �nger pairs N, and maximum voltage Vmax. For

increasing kN−1V−2
max, the �nger shape becomes more pronounced (a = 0 < b < c).

�e �nger width w and gap g0 at the initial overlap x0 are determined by the

fabrication process limits.

4.1.4 Asymmetric shape

�e obtained result is valid for symmetrically shaped �ngers and also for asym-

metric �ngers with one straight edge and one shaped edge. �e unit-cell width

of these asymmetric �ngers is smaller than for symmetric �ngers, and results in

more force per unit comb-drive length (see Figure 4.6). In order to obtain the same

unit-cell width for symmetrically shaped �ngers, the initial overlap x0 would have

to be reduced.

�e sideways forces on the asymmetric �nger are unbalanced. �e largest side-

ways force is exerted at the smallest gap size; as can be seen in Figure 4.6(b), the le�

�nger experiences a large downward force at the �nger tip, and an upward force

somewhere along the �nger length depending on the displacement. Especially for

large displacements, the di�erence between the locations of largest force may result

in bending of individual �ngers. �e asymmetric shape also leads to an in-plane

torque on the combs; in Figure 4.6(b), the le� comb will experience a clockwise

torque, the right vice versa. �is torque is cancelled by mirroring the �nger shape

for one half of the comb drive. �e middle �nger is shaped like the thick �nger le�

in Figure 4.6(a), because it results in the largest force per unit length. Figure 4.1

shows the use of such balanced comb drives with asymmetric �ngers.

�e found �nger shape is similar to the spring so�ening �nger shapes found by

Ye et al. (1998) and Jensen et al. (2003), however, these �nger shapes result in �ngers

that are thicker than standard straight �ngers, increasing the footprint of the comb

drive for the same number of �ngers. In our case, the asymmetric ‘optim’ �nger

shape leads to 20% reduction in unit-cell width, compared to the symmetric �nger
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15 µm

(a) �e initial design with symmetric �ngers.

12 µm‘optim’

F

F

(b) �e assymetric space-optimized ‘optim’ geometry (20% smaller).

Figure 4.6 – Schematic drawings of comb-drive unit cells with optimized �ngers.

Both geometries have the same force characteristic. �e ‘optim’ shape (b) experiences

an asymmetric distributed force; the component perpendicular to x is shown

(indicated by F), where the size of the arrow represents the relative size of the force.

Although the total force perpendicular to x cancels on both sides, the asymmetry

gives rise to a torque and causes slight bending of the �nger (see discussion in text).

shape. �e unit-cell width is equal to a comb drive with straight �ngers. �erefore,

using the �nger shape presented in this work will not increase the footprint of the

comb drive, and a fair force comparison is made between the unit cells of standard

straight and ‘optim’ shaped �ngers.

4.2 Finite-element analysis

To validate our analytical model and to obtain information about Fcomb when the

�ngers disengage, the capacitance and Fcomb of comb-drive unit cells with straight

and ‘optim’ �ngers are calculated using �nite-element method (FEM) analysis. A

2D electrostatic simulation of the unit cells is performed using FreeFEM++ 3⋅8.
Each unit cell contains one �nger pair with air in between, see Figure 4.6; the

direction of displacement is along the x axis. For each displacement x, the electric

�eld E in the unit cell is calculated, from which the comb drive force is obtained in
the following way: �e surface charge density σ is calculated from the component

of the electric �eld E normal to the boundary, because along the boundary of a
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conductor

σ = εE ⋅ n,

where ε is the permittivity, n is the unit vector perpendicular to the boundary (direct
consequence of Gauss’ law, see Gri�ths, 1999, p. 102). �e comb-drive capacitance

is calculated by integrating this surface charge and dividing it by the voltage set

in the FEM simulation. �e result is shown in Figure 4.7 for both straight and

‘optim’ �ngers. From the simulation result of ‘optim’ �ngers, we obtain that C(0) =
3.0 fF for C(0) in (4.12), where we assume the parameter values of Table 4.1. When
the �ngers are engaged (x ≥ −x0 = −20µm), the result corresponds within 2%
with (4.12). In the disengaged region (x ≤ −x0), the analytical model is not valid
and the theoretical value for the capacitance becomes negative. �e capacitance

goes to zero asymptotically for large negative displacements, as the FEM simulation

predicts, and therefore ∂C
∂x
and Fcomb will be lower than optimal when the �ngers

are disengaged. In order to extend the region where the capacitance and force are

optimal, the initial �nger overlap x0must be increased, because an increase inC(0)
moves the intersection of C(x) with the x-axis to a lower x value.

�e comb-drive force is calculated from the derivative of the FEM calculated

capacitance. Figure 4.8 shows the result for the available force. �e available force at

x = 0, Favail,0, corresponds well with theory, and is the same for both �nger shapes,
as expected. When the �ngers are engaged, the available force for ‘optim’ �ngers is

constant, which is as desired. When the �ngers disengage, the force drops quickly

for both �nger shapes; the available (positive) force in the disengaged region is

mostly due to the restoring spring suspension force.

�e �nite-element result con�rms that the ‘optim’ �nger shape increases the

available force and increases the operation range (grey region in Figure 4.2(a))

compared with straight �ngers. �eminimum in the available-force curve is higher,

and the shock-resistance is therefore larger for ‘optim’ �ngers than straight �ngers.

4.3 Experiment

4.3.1 Fabrication

�e comb drives are fabricated from a (1 0 0) single-crystal highly boron-doped

silicon-on-insulator wafer, with a 25 µm thick device layer (determining height h

of the �ngers) and an oxide thickness of 1 µm. �e structures are made by deep

reactive-ion etching (DRIE) (Jansen et al., 2009; Laermer and Schilp, 1994), a�er

which the (movable) structures are released by HF vapour phase etching (Holmes

and Snell, 1966) of the oxide layer. See Appendix C for a detailed description of the

fabrication process.

To fabricate ‘optim’ �ngers, the lithography resolution and the DRIE depth

pro�le are important. While these characteristics are important for all �nger shapes,

they are especially so for the ‘optim’ shape, as this shape has a sharp tip and a small

�nger gap at large displacements. Although we aim to obtain structure widths that
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Figure 4.7 – Finite-element calculation result: unit-cell capacitance as a function of

displacement, for both straight and ‘optim’ �nger shapes. �e dashed lines are the

designed capacitance of (4.12), where C(0) = 3.7 fF and C(0) = 3.0 fF are used to
�t the curves to the FEM results for the straight (k = 0) and ‘optim’ shapes,
respectively. �e initial overlap x0 equals 20µm. �e �ngers are disengaged for

x < −20µm, and the analytical model (4.12) is not valid in that region.

are equal to the designed width, small deviations are typical and unavoidable for

the used fabrication process. It is better to obtain a thinner than designed �nger

a�er fabrication, rather than a thicker than designed �nger, because a thicker �nger

may lead to device failure due to a too small gap at large displacements. We use a

positive photoresist, to prevent widening of the �ngers due to overexposure.

Equations (4.10) and (4.14) have been applied together with the values in Ta-

ble 4.1 to de�ne the shape of the comb-drive �ngers. Identical folded �exure spring

suspensions, with 3 µm spring width, are used for each comb drive, therefore k is

expected to be the same for each comb drive,

k = 2Eh ( t

Lspring
)
3

,

where E is the Young’s modulus of silicon, and t and Lspring the spring width and

length, respectively (Legtenberg et al., 1996). However, because the spring width

a�er fabrication is inherently slightly di�erent from the designedwidth t, the spring

sti�ness is not precisely known during design. �erefore, several shapes for a range

of spring widths and sti�nesses have been fabricated.

Possible issues with the ‘optim’ shape are voltage breakdown at high displace-

ments, and side snap-in of the comb drive or individual comb �ngers. �e smallest
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Figure 4.8 – Finite-element calculation result: available force as a function of

displacement. Table 4.1 lists the values used in the simulation. �e theoretical

Favail,0 and the spring force are indicated by dashed lines. �e available-force curves

are mirrored to obtain the negative available-force curves. �e space between the

two curves for a �nger shape is the range of forces that can be exerted. At

x = −20µm, the �ngers disengage, causing a steep decrease in force.

Table 4.1 –�e fabrication process’s design constraints, the design parameters, and

the resulting expected values for the available force at x = 0 and spring sti�ness.

Design constraints Maximum voltage Vmax 70V

Device layer height h 25 µm

Minimum gap size g0 3 µm

Finger width w 3 µm

Spring width t 3 µm

Young’s modulus E 169GNm
−2

Parameters Number of �nger pairs N 100

Finger length L 70 µm

Initial overlap x0 20 µm

Spring length Lspring 700µm

Expected values Available force at x = 0 Favail,0 36.2 µN

Spring sti�ness k 0.67Nm
−1
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Figure 4.9 – Optical micrograph of two comb drives with folded �exure spring

suspensions. �e moving structures are perforated for silicon oxide underetch, which

is why they appear darker in the image.

gap at 35 µm displacement is 1.8 µm, for which a breakdown voltage above 300V is

expected (Chen et al., 2006), well above the maximum applied voltage of 70V. �e

bending of the �nger can be estimated by calculating the bending of a cantilever

beam due to a force at its end, because the bending force at the tip of the �ngers is

largest, see Figure 4.6(b). �e beam’s equivalent thickness is approximated by 3 µm;

and the force is approximated by the force on two parallel plates separated by a gap

equal to the 1.8 µm tip gap at 35 µm displacement, with an area equal to hl , where

l is the length of the part near the tip with a small gap and large force, which we

estimate l = 10 µm. In this worst case scenario, the bending is 40nm. �erefore,
no observable bending of individual �ngers is expected during the measurements.

Figure 4.9 and Figure 4.10 show images of fabricated structures. �e ‘optim’

shape for t = 2.4 µm is very subtle, but for t = 3.0 µm the asymmetric shape is
clearly visible. �e tip width for t = 3.0 µm is only 1.25 µm, however, the fabricated
tip is only 0.5 µm shorter than designed due to rounding. �e fabricated shape

closely �ts the designed shape within 0.2 µm.
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(a) t = 2.4 µm (b) t = 3.0 µm

Figure 4.10 – Scanning electron micrographs of the tips of the fabricated �ngers for

two di�erent suspension spring sti�nesses (indicated by the spring width t). �e

scale bars are 2 µm long.
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Figure 4.11 –�e available force as a function of displacement, determined from

equilibrium displacement measurements (k = 0.67Nm−1), of shaped ‘optim’ �ngers
designed for spring sti�nesses weaker than (t = 2.4 µm), equal to (t = 3.0 µm) and
stronger than (t = 3.4 µm) the actual designed spring sti�ness. �e measured

available force of straight �ngers is shown for comparison. �e dashed lines are

theoretical curves for the straight and the ‘optim’ �nger shapes.



4.3.2 – Measurement results 47

4.3.2 Measurement results

�e available-force curve is determined indirectly from equilibrium displacement

measurements at equilibrium voltages Veq. �ese stroboscopic video microscopy

measurements are performed with a Polytec MSA400 and its Planar Motion Analy-

zer so�ware (Planar Motion Analyzer 2⋅5, Polytec MSA400, Polytec GmbH). Using
the equilibrium condition (4.5),

∂C

∂x
= 2kx

NV 2eq
,

which, when combined with (4.3), gives the available force as a function of measu-

rable quantities,

Favail(x) = kx (V
2
max

V 2eq
− 1) .

�e obtained spring sti�ness a�er fabrication is estimated from resonance fre-

quency f0 measurements, using k = m(2π f0)2, and corresponds well with the
expected value of 0.67Nm−1. �e mass m was estimated from the area of the de-

sign and the silicon thickness, with a combined uncertainty of about 10%.

Figure 4.11 shows the obtained available-force curves of straight �ngers and se-

veral ‘optim’ �nger shapes designed for di�erent spring sti�nesses. �e result shows

a constant available force for t = 3.0 µm for which the �nger shape was matched to
the expected suspension spring sti�ness. �e available force is linearly dependent

on the displacement when the �nger shape is matched to a weaker (t = 2.4 µm) or
sti�er (t = 3.4 µm) suspension. Straight �ngers show a slightly larger force than
expected, however, the slope of the available-force curve (i.e., the dependence on

the displacement) is as expected. �e available force at a displacement of 25 µm is

1.8 times larger for the correctly matched ‘optim’ �ngers than for straight �ngers.

�e obtained displacements were limited around 30µm by side instabilities.

4.4 Discussion

�emeasurements show that the ‘optim’ shape results in linear available-force cur-

ves, see Figure 4.11. Because a change in spring sti�ness ∆k adds a linear curve

∆kx to the available force, a linear available-force curve indicates that the comb

drive is matched to a certain spring sti�ness. �e t = 3.0 µm and t = 3.4 µm ‘optim’
�ngers result in a downward and upward available-force curve, respectively, but

because the curves are linear, the �nger shapes are indeed matched to di�erent

spring sti�nesses. We conclude that the ‘optim’ �nger shape given in (4.14) indeed

provides a constant available force for a shock-resistant positioning system.

Knowledge of the spring sti�ness is required during the design of the �nger

shape. Most likely in practice this means that one iteration is required to determine

the exact suspension spring sti�ness. As will be discussed in Chapter 6, there

is a variation in spring sti�ness across the wafer a�er fabrication. �e e�ective
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variation in spring width is approximately ±0.2 µm, resulting in a variation in the
obtained available-force curve comparable to the di�erence between the curves for

t = 3.0 µm and t = 3.4 µm in Figure 4.11. Note that there will also be a variation
in obtained �nger pro�les; a larger spring width is likely to be accompanied by a

larger �nger width. �e increased widths have opposite e�ects (wider �ngers lead

to smaller gaps and a larger force), partially cancelling each other.

�e FEM results indicate that there is a sharp decrease in Favail when the �ngers

disengage. �is can be ameliorated by increasing the initial overlap x0; however,

x0 cannot exceed the maximum value given by (4.15). Increasing �nger width

w increases the maximum value of x0; unfortunately, the increased w decreases

the force per unit length and the comb-drive width will increase. In practice, the

maximum value of x0 given by (4.9) cannot be obtained because of the tip rounding

that occurs during fabrication. �e end of a �nger with a very narrow tip cannot

be fabricated and the resulting �nger is shorter than designed. Consequently, the

comb-drive force is reduced, because the �nger length L is reduced, which results

in a negative displacement o�set for Fcomb. In other words, with a �nger length

reduced by ∆L during fabrication, the comb-drive force at x = 0 is equal to the
designed force at x = −∆L, which is lower than the desired force at x = 0, see (4.9).
In that case, the �nger shape (4.14) will not be matched to the designed spring

sti�ness. �is is seen in the result for the t = 3.4 µm ‘optim’ �ngers in Figure 4.11,
where the actual slope of the available force is lower than the expected slope. With

improved fabrication methods allowing very sharp tips, the �nger width w could

be reduced for more force per unit length, or x0 could be increased.

�eobtained displacementswere limited by side instabilities, indicating that the

spring suspension sti�ness perpendicular to x is not su�cient at large de�ections.

To increase the sideways sti�ness, improved spring suspension designs can be used,

for example suspensions with initially bent beams (Grade et al., 2003) or exact

constraint folded �exures (Brouwer et al., 2010).

4.5 Conclusion

For shock-resistant actuation, a large available force is desired which is constant

over the actuator range. Stability of the available force can be analysed by a graphical

method on the force curve. �e new ‘optim’ �nger shape presented in this work

provides a constant available force, that is as large as possible within the fabrication

process’s design rules. �e analytical solution for this optimal �nger shape is given

in (4.14). �e ‘optim’ �nger shape is asymmetric to reduce the size of the unit

cell as is shown in Figure 4.6(b). �e unit-cell width of the ‘optim’ �nger shape

is equal to a comb drive with straight �ngers, such that a fair comparison of the

force per unit length is made. Measurements on the fabricated structures show that

the presented ‘optim’ �nger shape delivers up to 1.8 times more available force in

the measured operation range compared to the straight �nger shape. �e available

force varies linearly with displacement and is constant when the spring constant

of the suspension matches the spring sti�ness used to calculate the �nger shape.
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�is constant available force is the optimal solution for shock-resistance, where

the minimum available force is as large as possible. When the maximum voltage is

applied, the comb-drive acceleration will be large and independent of displacement.

�e ‘optim’ �nger shape results in comb drives with a large force output and is

especially useful in applications where shock-resistant actuation is important, such

as portable devices.
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Chapter 5

Energy consumption comparison

�e previous chapters discussed the design of electrostatic comb-drive actuators

for use in a parallel probe data storage system. A brief comparison with electro-

dynamic actuation was already made in Chapter 3. �is chapter will expand on

this comparison, comparing the seek performance and energy cost of electrostatic

comb-drive actuation with other actuation types.

Chapter 2 discusses several actuator types that have been proposed for probe

data storage systems, however, in this chapter we will limit the discussion to elec-

trostatic comb-drive (Alfaro and Fedder, 2002; Carley et al., 2001; Kim et al., 2003),

electromagnetic comb-drive (Schonhardt et al., 2009), and electrodynamic actu-

ation (Choi et al., 2001a; Huang et al., 2010b; Lantz et al., 2007). To the best of

our knowledge, only electrodynamic actuation has been used in a complete probe

data storage prototype (by IBM, Pantazi et al., 2008). We believe electrostatic comb-

drive actuation o�ers advantages over electrodynamic actuation, especially in terms

of energy cost. �e electromagnetic comb-drive is interesting, because it mixes as-

pects of the quite distinct electrostatic comb-drive and electrodynamic actuator.

We will assume that the electrostatic and electromagnetic comb-drives use the ‘op-

tim’ comb-drive �nger shape, optimized for use in a probe data storage system

device, described in the previous chapter.

�e seek performance of electrostatic comb-drive and electrodynamic actua-

tors has been studied by Gri�n et al. (2000), Schlosser (2004), and Khatib et al.

(2008). Here, we will expand their results for ‘optim’ shaped comb-drives. �e

energy cost of using an electrodynamic actuator in a probe data storage system

has been studied by Khatib (2009). However, the di�erence in energy cost of the

di�erent actuator types has not yet been studied in detail. Using the characteris-

tics of the scanner in IBM’s prototype (Lantz et al., 2007), hypothetical designs are

created for each actuator type, which can then be compared against each other.

�e performance and energy cost for basic operations (idle, reading/writing, and

seeking) is presented. �e results can be used in a simulated workload comparison

using �le system traces (Khatib, 2009) for a more complete comparison.

�is chapter has been submitted for publication.

51



52 Chapter 5 – Energy consumption comparison
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Figure 5.1 – General probe storage actuation system.

�e damping by air is relatively small and will be neglected in order to simplify

the analysis and to obtain more compact equations without losing much accuracy

of the estimates. Moreover, the lost energy because of air damping will be similar

for all three actuator types. �e displacement sensors, control loops and driving

circuitry are omitted in the discussion. Here we want to compare only the actuation

mechanisms themselves. However, because each actuator typewill require a speci�c

type of driving circuitry, future research should try to consider actuator and driving

circuitry together for an overall estimate of energy consumption.

5.1 General aspects

A general actuation subsystem of a probe data storage device is shown in Figure 5.1.

�e medium sled, or scan table which carries the storage medium, is suspended

by springs such that it is constrained to move along the x and y axes. Two actu-

ators enable independent movement in positive and negative x and y directions.

�e spring suspension is made such that the x and y axes are almost completely

decoupled and can be treated as being independent of each other. Each axis can be

modelled accurately by a second-order mass-spring-damper system (Lantz et al.,

2007, also see Figure 3.5). �e total spring sti�ness k is the sum of the sti�nesses of

the medium sled suspension and the actuator suspension,

k = ktable + kactuator .

Also, the total actuated mass m is the sum of the masses of the medium sled and

the actuator. In case of a mass-balanced system (Chapter 3), mass m equals the

e�ective total mass on the actuator side of the pivot. Characteristic values for the

actuation subsystem are listed in Table 5.1. Note that the read and write velocities

di�er.
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Table 5.1 – ‘Realistic’ characteristics of a probe data storage scanner, derived from

Lantz et al. (2007) and Cannara et al. (2008).

Quantity Symbol Value

Actuated mass m 100mg

Suspension sti�ness k 90Nm
−1

Avail. force at x = 0 Favail,0 5mN

Scan range ±50 µm
Read velocity vread 1mms

−1

Write velocity vwrite 15mms
−1

�edisplacement x ranges from−50 µm to 50µm. �e scanner is assumed to be
a symmetric device, behaving the same for negative and positive displacements. �e

actuation mechanisms are symmetric under transformations x ↦ −x and y ↦ −y.
Using this symmetry, the text assumes that all motion is in the positive direction,

x0 < x1. If this is not the case, mirror transformationM should be applied to obtain

correct results,

M= {x ↦ −x , v ↦ −v}. (5.1)

Generally, the x and y axes have di�erent characteristic values, and the scanner is

therefore not symmetric under transformation {x ↦ y , y ↦ x}. �ere is a ‘fast’
axis with a higher resonance frequency than the other, ‘slow’, axis. We will assign

the x axis to the ‘fast’ axis alongwhich data is read, and y to the ‘slow’ axis. Although

using a spiral read-out path has advantages for the control system (Kotsopoulos and

Antonakopoulos, 2010), we will assume a more standard x/y-rasterized read-out
path, where the y axis is used to select a row of bits that is read by scanning along

the x axis. �is is the convention used for example by Ele�heriou et al. (2003), but

is opposite to the convention used by Hong and Brandt (2002).

At any moment, the scanner is in one of four modes: idle, stay, read/write,

seek. �e behaviour of the scanner can be described as a consecutive string of

modes. For example: idle, seek(0 to 25), read(25 to 26), seek(26 to 12), write(12 to

11), stay(11), write(11 to 10), seek(10,0)*, idle. In idle mode, no energy is consumed.

�e energy cost of the other modes will be denoted as follows: (1) staying at a

certain displacement x for some time t, Estay(x , t), (2) moving from x0 to x1 at

speed v, Eread(x0 , x1 , v), and (3) moving as quickly as possible from x0 with initial

velocity v0 to a new displacement x1 with �nal velocity v1, Eseek(x0 , x1 , v0 , v1). �e
seek time will be denoted as tseek(x0 , x1 , v0 , v1). ‘Bang-bang’ control, where the
driving signal is always at its maximum, is assumed for seek operations. ‘Bang-

bang’ control is time-optimal for linear systems (LaSalle, 1959). �is is also valid for

the non-linear scanners discussed here, because the force is, although non-linear,

a strictly increasing function of the input voltage or current. �e actual control

*To save energy, one can decide to let the scanner passively settle to zero, instead of actively seeking

to the rest position.
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Figure 5.2 – Circuits for the x axis of an electrostatic and electromagnetic

comb-drive. �e circuits are each other’s duals, and can be transformed into each

other using Table 5.2.

output in IBM’s prototype is quite similar to ‘bang-bang’ control (Sebastian et al.,

2006).

5.2 Comb-drive actuation

�e force generated by an electrostatic comb-drive equals

Fcomb =
1

2

∂C

∂x
V 2 ,

where x is the displacement, C the capacitance between the electrodes, and V the

applied voltage (see §3.1). �e generated force is always attractive, meaning that

two comb drives are required to actuate in both positive and negative x-directions.

Analogous to using electrodes and an electric �eld to generate a force, it is

possible to generate a force using interdigitatedmagnetic pole shoes and amagnetic

�eld (Schonhardt et al., 2009). �e magnetic �eld is ‘applied’ by �owing a current

through a coil that is magnetically connected to the pole shoes. �e generated force

Fcomb,m equals

Fcomb,m = 1
2

∂L

∂x
i2 ,

where L is the total inductance of the magnetic circuit, and i the electrical current

through the coil (Schonhardt et al., 2009).

Both the electrostatic and electromagnetic comb-drives su�er from energy los-

ses due to electrical resistances. �e electrical circuits of both comb-drive types are

shown in Figure 5.2. Because the electrical circuits of the electrostatic and electro-

magnetic comb-drives are each other’s duals (Tilmans, 1996), the same equations
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Table 5.2 – Relation between the electrostatic and electromagnetic comb-drive

variables.

Electrostatic Electromagnetic

Rp 1/Rcoil
Rs 1/Rpar
V i

C L

apply for the electrostatic as for the electromagnetic comb-drive, substituting va-

riables as listed in Table 5.2. In the following discussion, we will derive equations

for an electrostatic comb-drive, without losing the applicability of the equations

to an electromagnetic comb-drive. Note that subscripted symbols should also be

substituted, for example imax for Vmax.

We assume that the ‘optim’ �nger shape, described in the previous chapter, is

used. Note that the ‘optim’ �nger shape, with slight modi�cation, is also applicable

to electromagnetic comb-drive actuators. Using ‘optim’ shaped �ngers, the ‘positive’

comb drive’s total capacitance depends non-linearly on the position, see (4.12),

C+(x) =
kx2

V 2max
+ 2Favail,0 x

V 2max
+ C(0), (5.2)

where C(0) represents the capacitance at zero displacement (mostly due to the
initial overlap between comb �ngers). �e ‘negative’ comb drive’s capacitance C−
is equal to C+ with mirrored x,

C−(x) = C+(−x) =
kx2

V 2max
− 2Favail,0 x

V 2max
+ C(0).

�e available force of the comb-drive system including the suspension springs is

constant (see §4.1.3),

Favail,comb(x) = Favail,0 .

�e voltage Veq required to position the comb drive in equilibrium at displacement

x equals

Veq(x) = ±

¿
ÁÁÀ k∣x∣V 2max

k∣x∣ + Favail,0
, (5.3)

adapting (4.13), taking the absolute value of x to allow the equation to be used with

negative x values when the ‘negative’ comb drive is actuated. �e absolute value

of x is used, to allow for negative displacements when C− is charged. Due to the
quadratic nature of the force, the sign of the applied voltage is irrelevant. Herea�er,

we will assume that the voltages applied to comb drives are positive.
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Figure 5.3 –Mechanical model of an electrodynamic Lorentz force actuator.

Operating an electrostatic comb-drive involves charging and discharging a ca-

pacitance; analogously, operating the electromagnetic actuators involves charging

and discharging an inductance. Charging costs energy because energy is stored in

the electric �eld and the spring suspension and because simultaneously energy is

dissipated in the series and parallel resistors. �e stored energy Ec,stored in equili-

brium equals

Ec,stored(x) = 1

2
C(x)V 2eq(x) + 1

2
kx2 .

�e dissipated energy depends on the charge process. When charging fast, a high

current i is required, and much energy is dissipated in Rs because the dissipated

energy scales with i2. Charging slowly, very little energy is dissipated in Rs, howe-

ver much energy will be dissipated though Rp, because there will be a large voltage

across Rp for a relatively long time. �e optimal charge process for a capacitor,

minimizing the energy cost with series and parallel resistors, is calculated in Ap-

pendix A. Instead of charging with a constant voltage, it is more energy e�cient to

charge with an increasing voltage as a function of time. �e result shows for our

parameter values and charging in 10ns, that the dissipated energy is two orders

of magnitude smaller than the stored energy. We can therefore approximate the

required energy to charge the comb-drive capacitance, with resistors, simply by

12kx
2 + 12C(x)V 2.

5.3 Electrodynamic actuation

�e probe data storage prototype by IBM uses an electrodynamic actuator with

permanent magnets and coils (Vettiger et al., 2002). �e actuator uses the Lorentz

force generated by �owing a current through a wire in the magnetic �eld of per-

manent magnets. Figure 5.3 shows the mechanical model of such an actuator. �e

permanent magnets and coils can be put in a ‘Lorentz-force’ con�guration (Choi

et al., 2001a; Huang et al., 2010b; Rothuizen et al., 2002) or in a voice-coil con�gura-

tion (Lantz et al., 2007). In the Lorentz-force con�guration, the coil slides in or out

of the magnetic �eld, perpendicular to that magnetic �eld. In the voice-coil con�-

guration, the coil moves between two permanent magnets, parallel to the magnetic
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�eld. �e Lorentz-force and voice-coil con�gurations have the same characteristics

and are treated as one.

�e electrodynamic scanners in the literature are (to a good approximation)

linear devices (Choi et al., 2001a; Lantz et al., 2007; Rothuizen et al., 2002), where

the current required for equilibrium at a certain displacement x is proportional to

that displacement,

ieq(x) =
kx

n
,

where n is the actuator force constant. �is linearity implies that the actuator force

is proportional to the applied current i and is independent of the displacement,

FLtz = ni .

�is is consistent with a �ux linkage λ that increases linearly with x,

λ(x , i) = Li + n(x + x0),

where the inductance L of the coil is constant, and x0 is the initial overlap of the

coil with the magnetic �eld. �e stored co-energy E∗(x , i) in the actuator (without
springs) then equals (Woodson and Melcher, 1968, chap. 3),

E∗(x , i) =
i

∫
0

λ(x , i′) di′ = 1

2
Li2 + n(x + x0)i ,

leading to the force when the actuator is current controlled,

FLtz =
∂E∗(x , i)

∂x
= ni .

For the Lorentz-force con�guration, (5.3) is intuitively correct; (5.3) is also valid for

the voice-coil actuator, because there are permanent magnets on both ends of the

coil in a push-pull con�guration (Lantz et al., 2007). �e energy E stored in the

actuator equals (Woodson and Melcher, 1968, chap. 3),

E = λi − E∗ = 1

2
Li2 .

Note that the stored energy is independent of x, in contrast to the stored energy for

a comb-drive actuator. Whereas for a comb-drive actuator the force stems from the

change in energy of both the source and comb drive, the force of the electrodynamic

actuator stems from the change in energy of only the source. �e total stored energy

(including springs) for the electrodynamic actuator equals

Estored,Ltz = 1

2
Li2 + 1

2
kx2 .

Given a maximum current imax, the maximum actuator force is constant and

equals

Fmax,Ltz = imaxn.
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�erefore, the available force has its maximum at x = 0 and decreases for increasing
displacements, similar to the available force of an electrostatic comb-drive with

straight �ngers (see Figure 4.2(a)),

Favail,Ltz(x) = Favail,0 − kx . (5.4)

�e maximum obtainable equilibrium displacement x∗ is the displacement where
Favail = 0,

x∗ = Favail,0

k
. (5.5)

Like the electromagnetic comb-drive, the dissipative element of the electrody-

namic actuator is the resistance Rcoil of the coil.

5.4 Seek time calculations

To move a linear system from x0 to x1 as fast as possible, i.e. a time-optimal seek

operation, one must use the maximum available force to accelerate and then use

the maximum available force to decelerate (LaSalle, 1959). �is is called ‘bang-bang’

control. �is applies to the Lorentz actuator where the generated force is indepen-

dent of position. A comb drive with shaped �ngers is a non-linear system, because

the generated force depends on the position. However, the comb drive system can

be rewritten such that the spring force and comb-drive force are combined as one

e�ective actuator force (e�ectively becoming a systemwith k = 0). Using the ‘optim’
shape, the maximum of this e�ective actuator force (available force) is constant,

and therefore ‘bang-bang’ control is also time-optimal for ‘optim’ comb drives.

We de�ne the acceleration a0 to be the total maximum acceleration (including

springs) at x = 0 in positive direction,

a0 =
Favail,0

m
,

de�ned by the speci�cations in Table 5.1. �e maximum acceleration as a function

of position is equal to a0 for ‘optim’ comb drives, in contrast to the electrodynamic

actuator for which the maximum acceleration equals a0 − kx. Because of this

di�erence, the time thw and location xhw of the transition from acceleration to

deceleration will be di�erent for each scanner type (the subscript ‘hw’ stands for

‘half-way’).

�ere is an important di�erence between the fast and slow axes with respect to

seeking. �is is because for the fast axis, along which data is read/written, there is

an initial velocity v0 and also a desired �nal velocity v1 a�er the seek. For the slow

axis, both the initial and �nal velocity are zero.

�e calculations below assume that the seek operation can be performed by �rst

applying positive acceleration and subsequent negative acceleration. �e correct

result for seek operations which �rst require negative acceleration and subsequent

positive acceleration, for example a seek operation for which the start and end
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point are identical, x0 = x1, with initial velocity zero, v0 = 0, but with a positive
�nal velocity, v1 > 0, is obtained a�er applying mirror transformationM.

5.4.1 Comb drives with ‘optim’ �ngers

For the comb drives, the acceleration during a seek operation is independent of

displacement x and is equal to a0. �e di�erence between �nal and initial velocity is

therefore equal to a0 times the di�erence between the acceleration and deceleration

times,

v1 − v0 = a0(taccel − tdecel). (5.6)

�e distances travelled during the acceleration and deceleration phases, xaccel and

xdecel respectively, are

xaccel =
taccel

∫
0

v0 + a0 t dt, (5.7)

xdecel =
tdecel

∫
0

(v0 + a0 taccel) − a0 t dt. (5.8)

Combining (5.6), (5.7), and (5.8) with the knowledge that xaccel + xdecel = x1 − x0,

we obtain a solution for the seek time,

tseek,comb = 2

¿
ÁÁÀv20 + v21

2a20
+ x1 − x0

a0
− v0 + v1

a0
.

In order to calculate the seek energy cost, we need to know the half-way point xhw
(equal to xaccel),

xhw,comb =
x0 + x1

2
+ v21 − v20
4a0

,

and the half-way time thw at which the deceleration phase begins (equal to taccel),

thw,comb =
−v0 +

√
v20 + 2a0(xhw − x0)

a0
.

5.4.2 Electrodynamic actuator

For the electrodynamic actuator, the available force (5.4) decreases for increasing

displacements. �is means that seek operations in positive direction will be faster

formore negative displacements. Because data is read along the x axis, the seek time

along x is more complex to calculate because the start and end velocities are not

zero as is the case for the y axis. When the start and/or end velocities are negative,

a turn around happens, but the seek operation is still split in one acceleration phase

and a subsequent deceleration phase.
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�e seek time for an electrodynamic scanner has been calculated by Hong and

Brandt (2002). �eir calculation of the half-way point assumes that the magnitudes

of the start and end velocities are equal, ∣v0∣ = ∣v1∣. �e more general solution for
the half-way point, valid for all velocities and x0 < x1 is

xhw,Ltz =
k

4Favail,0
(x21 − x20) +

m

4Favail,0
(v21 − v20) +

x0 + x1

2
. (5.9)

For negative velocities, Hong and Brandt (2002) add an approximate turnaround

time to the seek time. However, this turnaround time is only roughly accurate when

∣v0∣ = ∣v1∣. In Appendix B, a more general solution for the seek time is derived, that
is valid for all velocities and x0 < x1,

tseek,Ltz =
√

m

k

⎡⎢⎢⎢⎢⎢⎣
arcsin

⎛
⎜
⎝

xhw − x∗
√

(x0 − x∗)2 + (v0
√

m
k
)2

⎞
⎟
⎠
− arctan

⎛
⎝
x0 − x∗

v0
√

m
k

⎞
⎠
+ π0

+ arcsin
⎛
⎜
⎝

−xhw − x∗
√

(x1 + x∗)2 + (v1
√

m
k
)2

⎞
⎟
⎠
+ arctan

⎛
⎝
x1 + x∗

v1
√

m
k

⎞
⎠
+ π1

⎤⎥⎥⎥⎥⎥⎦
,

where

π i =
⎧⎪⎪⎨⎪⎪⎩

π if v i < 0,
0 if v i ≥ 0.

�e maximum equilibrium displacement x∗ is given by (5.5). �e half-way time
thw is equal to taccel given in Appendix B.

5.5 Energy cost calculations

In idle mode, no voltage or current is applied on the actuator and no energy is

consumed. �e energy cost of the other three modes is discussed below.

5.5.1 Stay energy

When the scanner is held in equilibrium away from the origin, the voltage (or

current) is held constant and no charging is required. However, still energymust be

supplied because of the dissipative elements. For the electrostatic comb-drive, there

is leakage through Rp; for the electromagnetic comb-drive and the electrodynamic

actuator, Rcoil is dissipating energy. �e dissipated power equals

pstay(x) =
Rp + Rs

R2p
V 2eq(x) = Rcoil i

2
eq(x). (5.10)

�e energy cost of standing still at position x for time t equals

Estay(x , t) =
Rp + Rs

R2p
V 2eq(x) ⋅ t = Rcoil i

2
eq(x) ⋅ t.
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5.5.2 Read/write energy

A read/write operation uses a constant velocity v to move from x0 to x1,

x(t) = x0 + vt. (5.11)

As mentioned in §5.1, we assume x0 < x1; note that this implies that v > 0.
During read and write operations, the applied voltage (or current) is increased

or decreased relatively slowly. �erefore, the charge current during read/write

for an electrostatic comb-drive is much lower than the current used when rapidly

charging the comb drive. �e dissipation of the charge current can therefore be

neglected. For the electromagnetic actuators, because Rpar is so large, the leakage

current can always be neglected. �e total energy cost is the sum of the energy cost

of an ideal scanner without resistors and the dissipated energy by Rp or Rcoil,

Eread(x0 , x1 , v) = Eread,ideal(x0 , x1) + Eread,diss(x0 , x1 , v).

�e energy cost of a read/write operation for an ideal scanner is equal to the change

in stored energy. Because the velocity is constant, there is no change in kinetic

energy.

When both x0 and x1 are negative, x0 < x1 < 0, the (negative) actuator and
spring should be slowly discharged, and no extra energy has to be supplied.

When x0 and x1 have opposite signs, x0 < 0 < x1, the stored energy at x0 cannot

easily be used to load the spring in the positive direction or to charge the actuator

up to x1, because the directions are opposite. �e stored energy at x0 is completely

discarded, before charging the system to x1.

When x0 and x1 are both positive, the extra required energy is the di�erence

between the stored energy at x0 and x1.

�ese three cases can be summarized as follows,

Eread,ideal(x0 , x1) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

0 if x0 < x1 ≤ 0,
Estored(x1) if x0 ≤ 0 < x1 ,

Estored(x1) − Estored(x0) if 0 < x0 < x1 .

�e dissipated energy is the integral of the dissipated power pdiss,

Eread,diss(x0 , x1 , v) =

x1−x0
v

∫
0

pdiss dt.

�e dissipated power is equal to pstay, see (5.10). Using (5.11),

Eread,diss(x0 , x1 , v) =
1

v

x1

∫
x0

pstay(x)dx , (5.12)

Because the equilibrium voltage and current are the same for the electrostatic and

electromagnetic comb-drives, the integral can be worked out for both comb drives

simultaneously. However, the details are di�erent for the Lorentz actuator.
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Comb drives with ‘optim’ �ngers

Working out the integral in (5.12) for ‘optim’ comb drives, using (5.3) and (5.10), we

�nd

Eread,diss,comb(x0 , x1 , v) =
Rp + Rs

R2p

V 2max
v

x1

∫
x0

∣x∣
∣x∣ + Favail,0

k

dx .

Because pdiss only depends on the instantaneous position and not on the direction

of motion, the dissipated energy moving from x0 to x1 is equal to the dissipated

energy when moving from x1 to x0. Moreover, because the scanner is symmetric,

the dissipated energy is equal for moving from 0 to x and moving from −x to 0.
De�ning an intermediate solution f equal to the total dissipated energy moving

from 0 to x, or from x to 0 when x < 0,

f (x) =
Rp + Rs

R2p

V 2max
v

∣x ∣

∫
0

x′

x′ + Favail,0
k

dx′ ,

we obtain

Eread,diss,comb(x0 , x1 , v) = sgn(x1) f (x1) − sgn(x0) f (x0),

f (x) =
Rp + Rs

R2p

V 2max
v

[∣x∣ − Favail,0

k
ln( k∣x∣ + Favail,0

Favail,0
)] ,

where sgn(x) is the sign function.
Note that decreasing Vmax decreases the dissipated energy. However, the comb-

drive size is inversely proportional to V 2max (to obtain an equal Favail,0), and Rp may

decrease proportionally with the comb-drive size because the area where leakage

occurs increases, depending on the design. �erefore, the e�ect of decreasing Vmax
may be cancelled by a decrease in Rp.

Electrodynamic actuator

Working out the integral in (5.12) for the electrodynamic actuator, we �nd

Eread,diss,Ltz(x0 , x1 , v) = Rcoil
k2

3vn2
⋅ (x31 − x30) .

5.5.3 Seek energy

During a seek operation, the actuator moves from x0 to x1 as fast as possible, with

initial velocity v0 and �nal velocity v1. �e calculations below assume that the

seek operation can be performed by �rst accelerating the sled and subsequently

decelerating it, see §5.4.
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Comb drives with ‘optim’ �ngers

Seeking from x0 to x1 using comb drives can be subdivided in �ve steps: (1) C− is
discharged and C+ is charged to Vmax, (2) the sled is accelerated while the voltages
are kept constant, (3) at xhw, C+ is discharged and C− is charged to Vmax, (4) the
sled is decelerated while the voltages are kept constant, and �nally (5) at x1, C+ or
C− is charged up to Veq(x1), for positive or negative x1, respectively. Because the
mechanical resonance ismuch slower than the electrical resonance (

√
mk−1 ≫ RC),

the charging and discharging of C− and C+ is much faster than the movement of
the sled. �erefore, the capacitance is considered constant during steps 1 and 3.

�e energy cost of a seek operation is the sum of �ve terms corresponding to

the �ve steps:

E1 Charge C+.
E1 = 1

2
V 2maxC+(x0).

E2 Keep voltage constant on C+ while it is moving. �e required supply current
i is equal to the current required to maintain Vmax across the comb drive

plus the leakage current through Rp,

i = Vmax
dC+
dt

+ Vmax

Rp
.

Using the values from Table 5.1 and Table 5.3, the maximum current is on

the order of tens of microamperes; the maximum voltage drop over Rs is on

the order of millivolts and therefore negligible (note that this is also valid

for the electromagnetic comb drive, because, in that case, Rs ≈ 0). Because
charging is relatively slow, the current is so small that dissipation in Rs can

be neglected. �e required energy equals

E2 =
thw

∫
0

Vmax i dt = V 2max [C+(xhw) − C+(x0) +
thw

Rp
] .

�is energy E2 minus the dissipative term is equal to the sum of the extra

stored energies of the electric �eld in the comb drive, the springs and the

kinetic energy of the moving mass, as can easily be con�rmed using (5.2).

E3 Discard energy in C+, charge C−.

E3 = 1

2
V 2maxC−(xhw).

E4 Keep voltage constant on C− while it is moving.

E4 = max(V 2max [C−(x1) − C−(xhw) +
tseek − thw

Rp
] , 0) .

Note that because the di�erence C−(x1) − C−(xhw) is negative, the total
required energy including dissipation through Rp can be negative. �erefore,

E4 has an explicit lower limit of zero, because it is assumed that the excess

energy is not regained.
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E5 Charge C+ or C− to the equilibrium voltage Veq(x1). If x1 < 0, C− should
be charged to Veq(x1), but because C− is already charged at Vmax, C− has to
be discharged which does not consume energy. For positive x1, C+ must be
charged from zero.

E5 =
⎧⎪⎪⎨⎪⎪⎩

0 if x1 ≤ 0,
1

2
V 2eq(x1)C+(x1) if x1 > 0.

�e total seek energy equals

Eseek(x0 , x1 , v0 , v1) = E1 + E2 + E3 + E4 + E5 .

Electrodynamic actuator

Seeking from x0 to x1 using an electrodynamic scanner can be subdivided in �ve

steps similar to the steps for a comb-drive scanner. �e charging steps are slightly

di�erent, because an electrodynamic scanner has one transducer (the coil) and a

comb-drive scanner has two transducers (one comb drive for positive, and ano-

ther for negative forces). First, (1) the coil is charged to +imax, then (2) the sled
is accelerated while the current is kept constant, (3) at xhw, the coil is discharged

and subsequently charged to −imax, (4) the sled is decelerated while the current
is kept constant, and �nally (5) at x1, the coil is charged to ieq(x1). Because the
mechanical resonance is much slower than the electrical resonance (

√
mk−1 ≫ L

R
),

the charging and discharging of the coil is much faster than the movement of the

sled. �erefore, the displacement x is considered constant during steps 1 and 3.

�e energy cost of a seek operation is the sum of �ve terms corresponding to

the �ve steps:

E1 Charge L.

E1 = 1

2
Li2max .

E2 Keep current constant through the coil while it is moving. �e required

supply voltage V is equal to the electromotive voltage generated by the coil

plus the voltage across the series resistance Rcoil,

V = dλ

dt
+ imaxRcoil .

�e required energy equals

E2 =
thw

∫
0

imaxV dt = imaxn(xhw − x0) + i2maxRcoil thw .

�is energy E2 minus the dissipative term is equal to the sum of the extra

stored energies of the springs and the kinetic energy of the moving mass, as

can easily be con�rmed from integration of the net force on the mass,

∆Ekin =
xhw

∫
x0

imaxn − kx dx = imaxn(xhw − x0) − 1

2
k(x2hw − x20).
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E3 Charge coil with opposite current −imax.

E3 = 1

2
Li2max .

E4 Keep current constant through the coil while it is moving. �e energy gene-

rated by the coil may be more than the dissipated energy in Rcoil. �erefore,

E4 has an explicit lower limit of zero, because it is assumed that the excess

energy cannot be regained.

E4 = max (−imaxn(x1 − xhw) + i2maxRcoil(tseek − thw), 0) .

E5 Charge the coil to the equilibrium current ieq(x1). If x1 < 0, the coil is already
charged at−imax and only needs discharging to reach ieq(x1), which does not
consume energy. For positive x1, the coil must be charged from zero current.

E5 =
⎧⎪⎪⎨⎪⎪⎩

0 if x1 ≤ 0,
1

2
Li2eq(x1) if x1 > 0.

�e total seek energy equals

Eseek(x0 , x1 , v0 , v1) = E1 + E2 + E3 + E4 + E5 .

5.6 Results for hypothetical designs

In order to compare the actuator types quantitatively, designs, which are not actually

implemented, are made that meet the requirements speci�ed in Table 5.1. �e

speci�cation of the available force at x = 0 is used together with the maximum
current or maximum voltage to determine the inductance or capacitance of the

actuator. �e characteristics of the hypothetical devices are listed in Table 5.3.

�e initial capacitance C(0) of the electrostatic comb-drive includes a typical
bond pad capacitance on the order of 1 pF (Ker et al., 2001). �e initial inductance

L(0) of the electromagnetic comb-drive is a best-case estimate for which L+(x)
in (5.2) equals zero at −50 µm such that L+(x) and L− are positive over the whole
scan range. �is estimate is too optimistic, because the inductance of the actuator

at maximum negative displacement is a signi�cant proportion of the total induct-

ance (Schonhardt et al., 2009). �e inductance L of the electrodynamic actuator is

estimated from the coil dimensions in the design by Lantz et al. (2007).

�e resistance values are estimates based on measurements on fabricated de-

vices, private communication with Mark Lantz, IBM Zürich, and the article by

Schonhardt et al. (2009). As a �rst estimate, equal values for the maximum current

and coil resistance are taken for the electromagnetic comb-drive and the electrody-

namic actuator.
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Table 5.3 – Actuator design speci�cations that meet the requirements of

Table 5.1 (based on private communication with Mark A. Lantz, IBM Zürich, and

Schonhardt et al., 2009).

Electrostatic Initial capacitance C(0) 15 pF

comb-drive Maximum voltage Vmax 150V

Series resistance Rs 100Ω

Parallel resistance Rp 100MΩ

Electromagnetic Initial inductance L(0) 2.75mH

comb-drive Maximum current imax 10mA

Series resistance Rcoil 30Ω

Parallel resistance Rpar ∞
Electrodynamic Inductance L 25 µH

Maximum current imax 10mA

Force constant n 0.5NA
−1

Series resistance Rcoil 30Ω

Parallel resistance Rpar ∞
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Figure 5.4 –�e seek time for seeking from x0 = 0 to x1, with an initial velocity

v0 = 0 and a �nal velocity v1 = vwrite = 15mms−1. �e curves for the electrostatic

and electromagnetic comb drives overlap.
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Figure 5.5 –�e dissipated power versus displacement in equilibrium, pstay.

5.6.1 Seek time

�e time for a seek from x0 = 0 to x1, with an initial velocity v0 = 0 and a �nal
velocity v1 = vwrite is plotted in Figure 5.4, for the three actuator types. Because the

available force characteristics of the comb drives are equal, the seek performance is

equal too. Although the electrodynamic available force is quite di�erent from the

comb-drive available force, the electrodynamic seek performance is roughly the

same but slightly faster. �e higher deceleration force compensates for the lower

acceleration force compared to the comb drives.

A seek time well within 2ms is obtained for most seeks. Note that, in this case

starting at rest from zero, negative seeks take 0.8ms longer, because of the desired

positive writing velocity at the end of the seek, requiring a turn around.

5.6.2 Stay energy

Figure 5.5 shows the dissipated power for equilibrium displacements. Although

the precise equilibrium currents are di�erent for the electrodynamic actuator and

the electromagnetic comb-drive, the average dissipated power �gures are on the

same order of magnitude. �e electrodynamic actuator is more energy e�cient

around zero, but the electromagnetic comb-drive is more energy e�cient at large

displacements. �e electrostatic comb-drive dissipation is 13 times smaller than

the electromagnetic comb-drive for our set of parameters, because

i2eqRcoil ≈ 13
V 2eq

Rp
.
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Figure 5.6 –�e energy cost of moving the scan table at read velocity, vread, starting

from x0 = −50 µm, versus the end displacement x1. �e energy cost of reads from

di�erent x0 can be obtained by subtracting the value at x0 from the value at x1.

�e electrodynamic actuator requires about the same power as the electrostatic

comb-drive when ∣x∣ < 5 µm, but it consumes an order of magnitude more energy
when ∣x∣ > 30 µm.

5.6.3 Read/write energy

Figure 5.6 shows the energy cost of read operations starting at x0 = −50 µm with
velocity vread, as a function of end displacement x1. Because

Eread(xb , xc , v) = Eread(xa , xc , v) − Eread(xa , xb , v),

the energy cost for a general read operation from x0 to x1 at velocity v can be

obtained from Figure 5.6 by subtracting the value at x0 from the value at x1. Eread
scales approximately inversely proportional with the velocity,

Eread(x0 , x1 , va) ≈
vb

va
Eread(x0 , x1 , vb),

therefore, write operations (v = vwrite) consume approximately 15 times less energy.

�e electromagnetic comb-drive and the electrodynamic actuator consume

roughly equal amounts of energy for read/write operations (maximally 20% di�e-

rence). �e electrostatic comb-drive consumes one order of magnitude less energy

than the other actuator types during read/write operations.
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Figure 5.7 –�e energy cost of seeking from x0 = 0 to x1, with an initial velocity

v0 = 0 and a �nal velocity v1 = vwrite. Seeking in the negative direction costs more

energy, because of the desired positive �nal velocity requiring a turn around.

5.6.4 Seek energy

�e energy cost of a seek operation starting at rest and ending at write speed at

displacement x1 is shown in Figure 5.7 for the three investigated actuator types.

Note that seeking in the negative direction costs more energy, because of the desi-

red positive �nal velocity, requiring a turn around. �e electrostatic comb-drive

consumes the least amount of energy.

Because many di�erent kinds of seeks are possible, with di�erent end and start

locations and di�erent start and end velocities, a ‘Monte Carlo’ analysis is done,

randomly choosing values for x0, x1, v0, and v1. �e result is shown in Figure 5.8,

by plotting for each seek i the energy cost for the electrodynamic actuator and

the electromagnetic comb-drive relative to the energy cost for the electrostatic

comb-drive. On average, the electrodynamic actuator and the electromagnetic

comb-drive use 5.8 and 3.4 times more energy, respectively, than the electrostatic

comb-drive. For very short seeks, the energy cost is almost equal for all three

actuators.

5.7 Discussion

�e seek performance of the electrostatic and electromagnetic comb-drives, and

the electrodynamic actuator are approximately equal, because their design is such

that their force at x = 0 is equal. Because the performance is similar, the energy cost
comparison provides a measure about the relative energy e�cacy of each actuator

type.
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Figure 5.8 – A ‘Monte Carlo’ analysis of the seek energy of the electromagnetic

comb-drive and electrodynamic actuator relative to the seek energy of the

electrostatic comb-drive. Start and end displacements, x0 and x1 respectively, were

randomly picked in the range [−50 µm, 50µm]; the initial and �nal velocities, v0
and v1 respectively, were randomly picked in the range [0, vwrite].

�e electrostatic comb-drive is the most energy e�cient for all three operation

modes. Staying at a certain displacement or moving at read speed costs roughly the

same amount of energy for the electromagnetic comb-drive and electrodynamic

actuator. �is is explained by the fact that the dissipation by Rp or Rcoil dominates

the energy cost of staying put and moving at read speed. �erefore, a good �gure-

of-merit is the dissipated power at maximum current or voltage, i2maxRcoil for the

magnetic scanners, and V 2maxR
−1
p for the electrostatic comb-drive. �is �gure-of-

merit is 13 times less for the electrostatic comb-drive than for themagnetic scanners,

corresponding to the di�erence in pstay and Eread seen in Figure 5.5 and Figure 5.6.

�e energy cost di�erence for seek operations is less than the di�erence for the

other operations. Still the dissipation by Rp or Rcoil is an important factor, but there

is also a signi�cant contribution from the energy cost of charging the capacitance

or coils.

During normal operation of the scanner, the y actuator will most o�en be

standing still at a certain displacement, while the x actuator is moving at read or

write speed. Moreover, the energy cost of standing still for just 1ms is comparable
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to the energy cost for a seek, and Eseek is an order of magnitude smaller than Eread.

�erefore, the total energy cost is determined chie�y by Estay and Eread. �erefore,

the best way of reducing the energy cost would be to reduce i2maxRcoil or V
2
maxR

−1
p .

5.8 Conclusion

�e energy cost and seek time equations for comb-drive scanners and electrody-

namic scanners are summarized in Table 5.4. �e hypothetical electrostatic and

electromagnetic comb-drive scanners, and electrodynamic scanner that are desig-

ned to have the same force at x = 0, have approximately equal seek performances.
�e electrostatic comb-drive requires an order of magnitude less energy for stan-

ding still at a certain displacement and for moving at constant read or write speed,

compared with the electromagnetic comb-drive and the electrodynamic actuator,

whose energy cost is roughly equal. On average, seek operations with the electro-

static comb-drive cost 3.4 or 5.8 times less energy than with the electromagnetic

comb-drive or the electrodynamic actuator, respectively. �e seek energy cost Eseek
is comparable to standing still for 1ms, and Eseek is an order of magnitude smal-

ler than Eread. �e energy cost of operating the scanner, is determined chie�y by

Estay and Eread, which are dominated by the dissipation by the leakage resistor, Rp,

parallel to the comb drive, or by the series resistance, Rcoil, of the coils. �erefore,

a good �gure-of-merit is i2maxRcoil for the magnetic scanners, and V
2
maxR

−1
p for the

electrostatic comb-drive; this �gure-of-merit is 13 times less for the electrostatic

comb-drive than for the magnetic scanners. From an energy point of view, the

electrostatic scanner is signi�cantly (4-13 times) more e�cient than the magnetic

designs, whereas its seek time is approximately equal.



72 Chapter 5 – Energy consumption comparison

T
a
b
l
e
5.4
–
Su
m
m
a
ry

of
en
ergy

co
st
a
n
d
seek

tim
e
for

a
n
electro

sta
tic

com
b
-d
rive

sca
n
n
er
a
n
d
electro

d
yn
a
m
ic
sca

n
n
er.

�
e
eq
u
a
tion

s
a
n

electrom
a
gn
etic

com
b
-d
rive

sca
n
n
er
a
re
ob
ta
in
ed

u
sin

g
T
a
b
le
5.2.

A
ll
eq
u
a
tion

s
a
re
va
lid

for
x
0 ≤

x
1 .
W
h
en

x
0 >

x
1 ,
m
irror

tra
n
sform

M
m
u
st
b
e
a
p
p
lied

�
rst

(see
(5.1)).‘O

p
tim
’
c
o
m
b
-d
riv
e

E
le
c
tro
d
y
n
a
m
ic
a
c
tu
a
to
r

E
sta
y (
x
,t)

=
R
p
+
R
s

R
2p

V
2eq (

x)⋅t
=
R
c
o
il i
2eq (

x)⋅t

f(
x)=

R
p
+
R
s

R
2p

V
2m
a
x

v
[∣x∣−

F
a
v
a
il,0

k
ln(

k
∣x
∣+
F
a
v
a
il,0

F
a
v
a
il,0

)]
E
re
a
d (
x
0 ,x

1 ,v)
,
x
0 <

x
1 ≤
0

=
f(
x
0 )−

f(
x
1 )

=
R
c
o
il k
2
(
x
31
−
x
30
)

3
v
n
2

E
re
a
d (
x
0 ,x

1 ,v)
,
x
0 ≤
0<

x
1

=
k
x
21
+
C
+
(
x
1
)
V
2eq
(
x
1
)

2
+
f(
x
0 )+

f(
x
1 )

=
k
x
21
+
L
i
2eq
(
x
1
)

2
+

R
c
o
il k
2
(
x
31
−
x
30
)

3
v
n
2

E
re
a
d (
x
0 ,x

1 ,v)
,
0<

x
0 <

x
1

=
k
x
21
+
C
+
(
x
1
)
V
2eq
(
x
1
)

2
−

k
x
20
+
C
+
(
x
0
)
V
2eq
(
x
0
)

2
=

k
x
21
+
L
i
2eq
(
x
1
)

2
−

k
x
20
+
L
i
2eq
(
x
0
)

2

+
f(
x
1 )−

f(
x
0 )

+
R
c
o
il k
2
(
x
31
−
x
30
)

3
v
n
2

x
h
w =

x
0
+
x
1

2
+

v
21
−
v
20

4
a

x
h
w =

x
0
+
x
1

2
+

v
21
−
v
20

4
a

+
k

4
F
a
v
a
il,0 (

x
21 −

x
20 )

t
se
e
k (
x
0 ,x

1 ,v
0 ,v

1 )
=
2 √

v
20
+
v
21

2
a
2
+

x
1
−
x
0

a
−

v
0
+
v
1

a
= √

mk ⎡⎢⎢⎢⎢⎣
a
rc
sin ⎛⎝

x
h
w
−
x
∗

√

(
x
0
−
x
∗
)
2
+
(
v
0

√
mk
)
2 ⎞⎠ −

a
rc
ta
n(

x
0
−
x
∗

v
0

√
mk )+

π
0

+
a
rc
sin ⎛⎝

−
x
h
w
−
x
∗

√

(
x
1
+
x
∗
)
2
+
(
v
1

√
mk
)
2 ⎞⎠

+
a
rc
ta
n(

x
1
+
x
∗

v
1

√
mk )+

π
1 ]

π
i ={

π
if
v
i
<
0

0
if
v
i
≥
0

E
se
e
k (
x
0 ,x

1 ,v
0 ,v

1 )
=
V
2m
a
x [C

+ (
x
h
w )−

12
C
+ (
x
0 )+

12
C
− (
x
h
w )]

=
L
i
2m
a
x

+
V
2m
a
x
th
w

R
p

+
i
m
a
x n(

x
h
w −

x
0 )+

i
2m
a
x R
c
o
il t
h
w

+
m
a
x(
0
,V

2m
a
x [C

− (
x
1 )−

C
− (
x
h
w )+

tse
e
k
−
th
w

R
p

])
+
m
a
x(
0
,−

i
m
a
x n(

x
1 −

x
h
w )+

i
2m
a
x R
c
o
il (
t
se
e
k −

t
h
w ))

+{
0

if
x
1
≤
0

12
V
2eq
(
x
1
)
C
+
(
x
1
)
if
x
1
>
0

+{
0

if
x
1
≤
0

12
L
i
2eq
(
x
1
)
if
x
1
>
0



Chapter 6

�eMicronium— amusical MEMS
instrument

In 1997, researchers at Cornell University fabricated the world’s smallest guitar,

about the size of a human blood cell (Cornell University Science News, 1997). Two

years later, a micro harp was reported by Carr et al. (1999). In 2003, laser light

was used to strum the ‘strings’ of a nanoguitar (Steele, 2003). However, no human

has heard the sound of these instruments; the strings vibrate at frequencies on the

order of tenths of megahertz.

�is chapter describes the ‘micronium’, amusicalMEMS instrument, consisting

of micromechanical mass-spring resonators that vibrate at audible frequencies. �e

resonators are ‘plucked’ using electrostatic comb-drive actuators (see Figure 6.1).

�e resonators generate real sound, however human ears are not sensitive enough.

�eMEMS �ow sensor, or ‘microphone’ for MEMS structures (Yntema et al., 2010),

developed in our group has not yet successfully been applied to listen to the gene-

rated sound. �e signal-to-noise ratio of this �ow sensor is expected to be low, due

to the instrument residing in vacuum. Instead, the instrument’s vibrations are sen-

sed by capacitive displacement sensors using comb structures as sensing elements.

�e measured capacitance change is ampli�ed to drive a loudspeaker, e�ectively

amplifying the resonator motion 10000 times to the motion of the loudspeaker.

In the following, the design, fabrication and characterisation of the instrument

will be discussed. �e chapter will end with a discussion of the ‘micronium project’,

that started with a second-year bachelor student project.

�is chapter is an extensive elaboration of J. B. C. Engelen, H. de Boer, J. G. Beekman, A. J. Been,

G. A. Folkertsma, L. C. Fortgens, D. B. de Graaf, S. Vocke, L. A. Woldering, L. Abelmann, and M. C.

Elwenspoek, “A musical instrument in MEMS”, presented at the 21st Micromechanics and Micro systems

Europe Workshop (MME 2010), Enschede, the Netherlands, 26-29 Sept. 2010, and has been submitted

for publication.
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�exures (k)
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body (m)

sensing
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Figure 6.1 – Scanning electron micrograph of a resonator at audible frequency. �e

perforated structure is the moving body (mass m), suspended by folded �exures on

both sides. �e mass is ‘plucked’ by a comb drive on one side, and the mass’s

displacement is measured by a comb drive on the other side.

6.1 �eory and design

Our instrument consists of individual resonators for each note, similar to a xylop-

hone. A resonator, shown in Figure 6.1, is a mass that is suspended by folded �exure

springs, such that the mass is restricted to move in one direction. �e resonance

frequency depends on the mass m and the spring sti�ness k of the folded �exure

suspension; by adjusting the length of the springs and the width of the mass, each

resonator is designed to resonate at a speci�c note frequency within a C-major scale

(all the white keys on a piano). Each resonator is actuated by a comb drive on one

side of the mass, slowly pulling the mass to one side and then releasing it so it starts

oscillating. �e comb drive on the other side of the mass is then used to measure

the displacement by measuring the comb-drive capacitance. �e measured change

in capacitance is ampli�ed and is used to drive a loudspeaker to make the resonator

vibration audible to humans.

6.1.1 Resonator theory

A resonator behaves according to the well known di�erential equation

m
d
2
x

dt2
+ γ
dx

dt
+ kx = Fcomb , (6.1)

wherem is themass of the resonator, x the displacement, γ the coe�cient of viscous

damping by air, k the suspension spring constant, and Fcomb the comb-drive force.
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�e solution of (6.1) is the expected comb-drive displacement x a�er excitation,

x(t) = Ae−αt
cos(2π f1 t), (6.2)

with amplitude A, and damping α = γ/2m. �e free resonance frequency f1 for an
underdamped system is

f1 =
1

2π

√
k

m
− α2 ≈ f0 (1 −

1

8Q2
) ,

with 2π f0 =
√
k/m, and Q = π f0/α. �e approximation is correct for low dam-

ping. Tailoring the mass and spring constant, resonators with di�erent resonance

frequencies are made. In order to obtain resonance frequencies in a range from

440Hz to 1400Hz, large structures are needed compared with common MEMS

structure sizes: the spring lengths range from 0.5mm to 0.9mm and the mass

areas range from 0.6mm2 to 1mm2.

�e duration of a note a�er being excited/struck, is proportional to the quality

factor Q and inversely proportional to the resonance frequency. A piano string has

a quality factor much larger than 1000. It is hard to obtain high quality factors for

MEMS structures because of unfavorable scaling laws. For a mass-spring-damper-

system resonator, the quality factor equals

Q =
√
mk

γ
.

When the dimensions of the mass are scaled with an arbitrary factor l , the mass

scales cubically, m ∝ l 3. �e spring constant should scale proportionally to the

mass in order to maintain the same resonance frequency, hence k ∝ m. �e vis-

cous damping is proportional to the area of the mass, γ ∝ l 2. Consequently, the

quality factor scales with l ; reducing the dimensions of the system results in a pro-

portionally reduced Q-factor. In general, at equal resonance frequencies, a smaller

mass-spring oscillator will experience more damping and will sound a shorter note

than a larger oscillator. To solve this issue of small MEMS instruments, we decrease

the air damping γ, by placing the instrument in a vacuum chamber. Ambient pres-

sures below 2mbar signi�cantly increase the Q-factor, because the mean free path

of the air molecules becomes larger than the gap sizes of our resonators (Okada

et al., 2009).

6.1.2 Instrument design

�e instrument design consists of 24 resonators at 12 di�erent frequencies, two reso-

nators for each frequency, spread across four 7mm × 7mm chips. �e instrument
is designed such that the notes form part of a C-major diatonic scale (the white

keys on a piano: C, D, E, F, G, A and B). Note A of the fourth octave on a modern

88-key piano, called A4, is tuned to 440Hz (Young, 1939). �e note frequencies

follow from

f (n) = 2
n
12 × 440Hz, (6.3)
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with

n ∈ {0, 2, 3, 5, 7, 8, 10, 12, 14, 15, 17, 19}

indicating the number of semitones* above A4 (Young, 1939).

�e general layout of an instrument chip is shown in Figure 6.2. Both the

suspension spring sti�ness k and the moving body mass m of the resonators are

adjusted to obtain the desired resonance frequencies. �e spring sti�ness of the

folded �exure suspension equals (Legtenberg et al., 1996)

k = 2Ehb
3

L3
,

where E is the e�ective Young’s modulus of silicon, h the spring height, b the spring

width, and L the spring length. �e e�ective mass of the resonator meff is equal to

the moving body mass, including comb-drive �ngers, plus the folded �exure truss

mass, neglecting the mass of the spring beams. Because the folded �exure trusses

move only half the distance of the moving body, only half their mass contributes

to the e�ective mass. �e moving body and trusses need to be perforated because

of the used fabrication process. �e perforation consists of 5 µm × 5 µm squares
with 3 µm silicon beams in between. �is results in an area reduction Rperf of

approximately 0.6,

Rperf ≈
82 − 52

82
≈ 0.6.

�e moving body has height h, width W , and length B. Referring to Figure 6.2,

B = 1.2mm is �xed for all resonators, andW is adjusted. �e area of the perfora-

ted trusses Atruss is the product of the width and length, 32 µm andW + 333 µm,
respectively. �e total area Afingers of the comb-drive �ngers on both sides of the

resonator equals 3.84 × 10−8m2. We �nd for the e�ective mass,

meff = ρSi h ⋅ [Afingers + Rperf (WB + Atruss)] .

�e layout of the instruments chips is shown in Figure 6.2. �e 50µm thick

device layer of the silicon-on-insulator wafer used in the fabrication process, deter-

mines height h of the comb drives, springs andmasses. �e smallest trench that can

be etched is 3 µm wide, de�ning the gap g between comb-drive �ngers. Each comb

drive contains 60 �nger pairs, and the initial overlap x0 equals 30 µm. �e spring

width b is 3 µm, which is the smallest beam width that can be fabricated reliably.

�e mass widthW and spring length L of the resonators are listed in Table 6.1.

6.1.3 Capacitive read-out

By measuring the capacitance of a comb drive connected to the mass, the displa-

cement of the mass is determined. �e measured capacitance is used as the audio

*A semitone is the musical interval between two adjacent notes on a piano, for example between C

and C♯.
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Figure 6.2 – Layout of the 7mm × 7mm instrument chips (not drawn to scale). Six

resonators �t on one chip. Four chip types are designed to �t twelve di�erent note

frequencies: chips c1, c2, c3 and c4 contain notes (A4,B4,C5), (D5,E5,F5), (G5,A5,B5)

and (C6,D6,E6), respectively. �e comb drives and length B are equal for all

resonators, only the spring length L and mass width W are varied to tune the

resonance frequencies.

signal. Besides ease of fabrication, the use of a comb drive allows us to adjust

the timbre of the note, by modifying the comb-drive �nger shape. For straight

comb-drive �ngers, the capacitance is proportional to the displacement. However,

the capacitance of a comb drive with tapered �ngers depends non-linearly on the

displacement x,

Ctapered = 2Nε0h
x + x0

g − (x + x0) tan θ
, (6.4)

where N is the number of �ngers, h is the comb-drive height, x0 and g are the

initial overlap and gap between �ngers respectively, and θ the angle of the tapering

(Mohr et al., 1992). �is non-linearity gives rise to higher harmonics in the audio

signal, resulting in a more interesting tone. �e upper bound on the angle θ is set

by fabrication limits; θ = 0.72° for our designs, such that the reduced gap between
�ngers can still be reliably fabricated. �e angle is small because of the relatively

large overlap x0 between combs. Figure 6.3 shows the Fourier transform of the
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Table 6.1 – Design target frequencies f0 of the instrument notes and the resulting

design parameters for the spring length L and moving body size W. �e parameters

are rounded to integer micrometers, therefore the target frequencies deviate (±0.05%
or less) from the ideal frequencies f (n) given by (6.3).

Note f0 (Hz) W (µm) L (µm)

A4 440.1 846 910

B4 493.9 845 843

C5 523.3 702 859

D5 587.4 700 796

E5 659.3 700 737

F5 698.7 700 709

G5 784.0 551 706

A5 879.7 551 654

B5 987.9 552 605

C6 1047.0 552 582

D6 1174.7 552 539

E6 1318.8 552 499

simulated capacitance for straight and tapered �ngers using (6.2) for displacement x.

Besides the fundamental, higher harmonics are present in the capacitance of the

tapered �ngers. �e relative amplitude of the higher harmonics depends on the

displacement amplitude A.

6.1.4 Tuning

Two methods of tuning the resonance frequency are so�ening the suspension stif-

fness by lowering its Young’s modulus by heat, and reducing the e�ective spring

constant by applying a DC o�set voltage on the comb drives that induces a negative

‘electrostatic sti�ness’.

�ermally tuning the resonance frequency of resonators takes advantage of the

temperature dependence of the Young’s modulus and the thermal expansion of

silicon (Remtema and Lin, 2001; Syms, 1998). Heating the springs by running an

electrical current through them, the Young’s modulus is decreased (Cho, 2009),

resulting in a lower resonance frequency. Silicon expands when heated, which

can induce compressive or tensile strain, depending on the geometry, leading to

a change in resonance frequency (Syms, 1998). Initial experiments on the micro-

nium’s resonators indicate that the resonance frequency can be decreased by 5% in

air. Cooling by convection of the surrounding air, and therefore the tuning result,

depends on the ambient pressure (Syms, 1998). Currently, the total measurement

setup is unsuited for electrothermal tuning experiments, and no experiments have

been done at 1mbar yet.

An electrostatic spring sti�ness can be created by applying a constant o�set vol-

tage on the comb drives. �e e�ective spring constant keff is equal to the derivative

of the total force on the mass with respect to x. When a constant voltage is applied
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Figure 6.3 –�e Fourier transform of the simulated capacitance of comb drives

with straight and tapered �ngers for an exponentially decaying sinusoid

displacement. �e non-linear capacitance versus displacement of tapered �ngers

gives rise to higher harmonics proportional to the sinusoid displacement amplitude.

on one of the comb drives, the e�ective spring constant is equal to

keff =
∂F

∂x
= k − 1

2

∂2C

∂x2
V 2 .

For straight comb-drive �ngers, ∂
2C
∂x2
vanishes. But the tapered �nger shape used in

our instrument results in an electrostatic force that is a function of position, and

the e�ective spring constant becomes a function of applied voltage V and x,

keff = k − ε0NhV 2 ( 2 tan(θ)
(g − tan(θ) (x + x0))2

+ 2 tan2(θ) (x + x0)
(g − tan(θ) (x + x0))3

) .

At a constant voltage, the electrostatic force increases for increasing x, correspon-

ding to a negative non-linear spring constant, decreasing the resonance frequency

of the resonator. Note that, because the e�ective spring sti�ness depends on x, the

exact frequency decrease depends on the amplitude of motion. More importantly,

because k is larger for resonators at higher frequencies than for resonators at lower

frequencies, and because the electrostatic spring sti�ness change is additive, the

relative frequency decrease at equal o�set voltage will be lower for resonators at

high frequencies.

6.2 Experimental details and results

�e instrument chips are fabricated from one (1 0 0) single-crystal highly boron-

doped silicon-on-insulator wafer, with a 50µm thick device layer and an oxide
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Figure 6.4 – Simpli�ed drawing of the used measurement setup. �e displacement

of a resonator is measured from the comb-drive capacitance, using a charge

ampli�er circuit and lock-in ampli�er. In total, 12 resonators are connected in

parallel to one charge ampli�er circuit (only two resonators are drawn). �e

resonators are actuated by high-voltage ampli�ers that are controlled through a

MIDI interface.

thickness of 3 µm. �e structures are made by deep reactive-ion etching (Jansen

et al., 2009; Laermer and Schilp, 1994), a�er which the (movable) structures are

released by HF vapour phase (VHF) etching (Holmes and Snell, 1966) of the oxide

layer. �e VHF etching is isotropic, and also etches oxide under the structures.

�e VHF etch-time is tuned such that thin beams and perforated structures are

released, and large structures are not. More details about the fabrication process

can be found in Appendix C.

�e measurement setup, partly shown in Figure 6.4, consists of two charge

ampli�ers (Wiegerink et al., 2007), each sensing 12 resonators in parallel, two lock-

in ampli�ers, and an additional ampli�er with band-pass �lter. �e output of the

band-pass �lter is used as audio signal and is connected to an ampli�er with a

loudspeaker, or to a microphone input of a PC soundcard for measurements. �e

sinewaves used for sensing the capacitance changes with the lock-in ampli�ers have

a frequency around 90kHz with an amplitude around 400mV; the precise values

are chosen depending on the situation to reduce the noise and external disturbances.

�e resonators are actuated by a programmable microcontroller that controls D/A-

converters followed by high-voltage ampli�ers. At rest, the applied voltage is zero.
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Figure 6.5 – A recorded lock-in output signal of an ‘A4 resonator’ at an ambient

pressure of 37mbar upon pressing the keyboard key. �e negative ramp at the start

shows the ‘plucking’ of the note, pulling the resonator back before it is released

(remember that the lock-in output is approximately equal to the resonator

displacement). �e actuation voltage ramp stops just before 10ms, and the

resonator starts oscillating according to (6.2).

A note is ‘plucked’ by ramping the applied voltage in several milliseconds up to

the actuation voltage Vact, and subsequently rapidly reducing the applied voltage

back to zero. �e ramp prevents sounding a note upon the increase of the applied

voltage. �is ‘plucking ramp’ simulates manually pulling back the resonator and

releasing it, similar to plucking a string, as can be seen at the start of the audio

signal in Figure 6.5. �e height of the actuation voltage Vact is determined by the

velocity parameter received in the MIDI messages from the MIDI keyboard; the

harder a key is pressed on the keyboard, the larger Vact and the louder the note will

sound. �e value for Vact is maximally 29V.

Figure 6.5 shows a recorded lock-in ampli�er output signal of an ‘A4 resonator’.

As expected from (6.2) and (6.4), the signal is a decaying sinewave. �e tone sounds

very pure, and is similar to the sound of a xylophone. �e Fourier transform of the

audio signal from an ‘A4 resonator’ is shown in Figure 6.6. �ere is only one sharp

peak visible, at 506Hz. �ere signal contains no higher harmonics.

�e measured resonance frequencies of 83 resonators from 14 chips are shown

in Figure 6.8. For each design frequency, there is a large spread in measured fre-

quencies. Almost all resonators resonate at a higher frequency than their design

predicts (up to 5 semitones higher).

�e damping α and quality factor Q are determined by �tting an exponentially
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Figure 6.6 –�e Fourier transform of the audio signal of an ‘A4 resonator’,

showing one resonance peak (506Hz). �ere is no visible e�ect of the non-linear

capacitance versus displacement of the tapered comb-drive �ngers.
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Figure 6.7 – Quality factor measurements of an ‘A4 resonator’ (506Hz) at di�erent

pressures. �e quality factors are obtained from �tting an exponentially decaying

sinusoid to the measured audio signal. �e dashed line �ts the data with

Q(p) = ap−1 + b, where a = 0.40bar ± 0.01 bar and b = 26 ± 5. �e right y-axis

indicates the apparent note duration (4α−1).
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Figure 6.8 –�e measured resonance frequencies of 83 resonators versus their

designed resonance frequencies, all from the same silicon wafer. Note that the x and

y axes are logarithmic. �e dashed line shows when the measured frequency equals

the design. Within a group ci , equal symbols are used for resonators from the same

chip. �e open squares represent the 24 resonators used in the micronium. �e

grayscale value indicates the distance to the centre of the wafer for each resonator;

resonators with darker points lie closer to the centre, see Figure 6.9.
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Figure 6.9 –�e ratio of measured and designed resonance frequencies from

Figure 6.8, as a function of distance from the centre of the wafer. If the frequency

increase is only due to an increased spring sti�ness, the y axis indicates the spring

width corresponding to the frequency ratio.
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Figure 6.10 –�e ratio between the resonance frequency with an applied o�set

voltage on the plucking comb-drive and the resonance frequency without o�set

voltage, for four resonators. �e resonance frequency without o�set voltage is

indicated on the right next to each graph. �e lines connecting the measurement

points are guides to the eye.

decaying sinusoid to the audio signal; Figure 6.7 shows the quality factor of an

‘A4 resonator’ for di�erent ambient pressures. �e apparent note duration can

be approximated by 4α−1, and is proportional to the quality factor. Without the
vacuum chamber (p = 1 bar), only a very brief oscillation of less than 20ms was
measured. �e duration of the note is greatly increased at a reduced pressure. �e

quality factor and note duration are proportional to the reciprocal of the ambient

pressure, on the investigated range from 1000mbar to 1mbar. A close linear �t to

themeasurements can bemadewithQ(p) = ap−1+b, where a = 0.40bar ± 0.01 bar
and b = 26 ± 5.
Figure 6.9 shows the data from Figure 6.8, plotting the ratio between the mea-

sured and designed frequency as a function of distance from the centre of the wafer.

On average the resonance frequency is 18% higher than expected. Resonators that

are closer to the centre of the wafer deviate less from the design than resonators

that lie farther from the centre. �e increase in frequency may be explained by

a larger than designed spring width. �e right y-axis in Figure 6.9 indicates the

spring width corresponding to the frequency ratio on the le� x-axis, if all other

parameters are kept constant.

Tuning of the resonance frequency is measured by applying a constant o�set

voltage Voffset on the plucking comb drive. �e actuation signal on the plucking

comb drive is modi�ed to incorporate the o�set voltage. �e modi�ed plucking

signal starts atVoffset, is ramped up to 29V in several milliseconds, is rapidly decrea-

sed to zero, and �nally a�er 11ms it is set back to Voffset. No o�set is applied to the
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sensing comb-drive. Figure 6.10 shows measurements of the resonance frequencies

of four resonators as a function of the applied o�set voltage on the plucking comb-

drive, relative to the resonance frequency without o�set voltage. Applying an o�set

decreases the resonance frequency; a decrease of more than 5% is obtained for the

506Hz resonator at 29V. �e relative decrease depends on the original resonance

frequency: the higher the resonance frequency, the smaller the relative decrease.

6.3 Discussion

�emicroniumhas a very clean and pure sound, and sounds similar to a xylophone.

Because the resonator frequencies deviate from their design, more notes can be

played than the designed 12 notes (24 resonators, indicated by open squares in

Figure 6.8). By carefully selecting the closest note for each resonator frequency,

the instrument can play 16 notes spanning almost two octaves (C to A) that are

reasonably in-tune without tuning. �e 8 unused resonators are either close to

notes that are already represented by the 16 chosen resonators, or are too much

out-of-tune. On the instrument’s range from C to A, six notes are missing (low

octave: F, F♯; high octave: C♯, D♯, F, G♯). �e available notes allow many tunes to
be played on the micronium.

�e Fourier spectrum of the audio signal of one resonator shows one large

and sharp peak. Although the capacitive read-out of the resonator displacement is

non-linear, the displacement amplitude is not large enough for higher harmonics

to appear in the audio signal. �e resulting sound of the instrument is therefore

very clean and pure.

�e note duration is proportional to the reciprocal of the ambient pressure on

the investigated range, in qualitative agreement with Okada et al. (2009, eq. (7)).

A piano-like sustain pedal could be simulated by controlling the pressure from

10mbar to 1mbar or lower.

Because of intrinsic uncertainties in fabrication, there is a large uncertainty

in the resonance frequencies a�er fabrication. Resonators of exactly equal design

and positioned next to each other on the wafer, have resonance frequencies that

di�er by as much as 18%. To obtain a playable instrument, either measuring or

choosing a speci�c resonator for each note, or tuning of the resonators is necessary.

�e increase in resonance frequency from the designed frequency is larger for

resonators that are farther from the centre of the wafer. It is likely this is caused

by a larger than designed spring width, because the springs are thin and therefore

the resonance frequency is most sensitive to changes in spring width (as compared

to a change in mass area). �e etch rate at the centre of the wafer is larger than

on the periphery, providing a potential explanation for the larger spring width for

resonators farther from the centre (see Figure 6.9).

Note in Figure 6.2 that the A4 resonators have the same orientation, in contrast

to the B4 resonators and the C5 resonators. Resonators from the same chip with the

same orientation (the �rst column in each group ci in Figure 6.8) generally show

less spread than resonators from the same chip but with di�erent orientation (the
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second and third columns in each chip type ci in Figure 6.8). Also, the spread in

obtained resonance frequencies seems independent of the designed frequency or

distance from the centre of the wafer. However, more statistical data is required to

draw conclusions regarding these observations of the frequency spread.

�ere are several methods of tuning the resonance frequencies, but the setup

only allowed tuning by applying an o�set voltage on the plucking comb-drive. �e

tapered �nger shape leads to a non-linear electrostatic spring sti�ness; the e�ec-

tive spring sti�ness with an o�set voltage decreases for increasing displacement.

�is means that for a sustained note, the frequency should increase as the volume

decreases. �is e�ect, however, is small and has not been heard during themeasure-

ments. �e larger relative decrease in frequency for low notes than for high notes,

seen in Figure 6.10, is explained by the additive character of the electrostatic spring

sti�ness change. For the lowest note (506Hz) a 5% lower frequency was obtained.

But for a high note at 1512Hz, less than 1% change was obtained at an equal o�set

voltage. Because a 6% decrease in frequency corresponds to one semitone, a tuning

range of 6% is desired in order to tune the resonator’s frequency precisely to the

nearest piano note frequency. Increasing the o�set voltage for a larger frequency

decrease should be done with care and is limited by sideways pull-in.

Large permanent frequency adjustments can be realised through mass �ne-

tuning performed by depositing additional material on the moving body. Another

possible tuning method is to electrostatically pull on the folded-�exure trusses in

the direction perpendicular to motion, similar to the ‘axial tuning’ proposed by

Yao and MacDonald (1995). Because the trusses move inward (in the direction of

the mass) when the mass is displaced, pulling the trusses outward will increase the

resonance frequency. Because there is no snap-in possibility, very high voltages can

be used in this method.

6.4 Conclusion

We successfully designed and realised a musical instrument using MEMS techno-

logy, that resonates at audible frequencies. �e generated tones are decaying sine

waves without higher harmonics, and sound similar to a xylophone. Viscous dam-

ping by air is relatively large for micro resonators at audible frequencies, resulting

in a short tone. A vacuum around 1mbar is required for a note duration around

1 s. �e frequencies of the fabricated notes are higher than expected (18% on aver-

age, but up to 46%), and there is a spread of up to 5 semitones (∼34%) in obtained
frequencies between resonators with identical designs. �e increase is larger for

resonators farther from the centre of the wafer, and is likely caused by thicker than

designed springs. Tuning of the instrument notes is possible by applying a constant

o�set voltage on the plucking comb-drive, however more research is needed to

increase the tuning range, especially for higher frequencies.
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6.5 �eMicronium project

�e creation of the micronium started with a second-year bachelor student pro-

ject in 2009, called the ‘b2 project’, in which four second-year bachelor students

spend eight weeks full-time on a project within one of the Electrical Engineering

research groups of the University of Twente. With the desire to provide ‘hands-on’

experience with MEMS, we devised a project to create a musical instrument in

MEMS.�e students would create the mask designs and do the measurements, but

cleanroom fabrication would be done by supporting sta� and Ph.D. students. �e

used fabrication process should be simple enough to be completed within a short

time to leave enough time for measurements, and was borrowed from a similar

project one year before.

�e students made many di�erent instrument designs, conservative as well as

exotic, and experimented with di�erent methods to measure and amplify the gene-

rated sound. A vacuum chamber with many electrical feedthroughs was quickly

cra�ed when it became apparent that the air damping was too large for audible

notes. However, due to a low fabrication yield and underestimated problems with

sticking of the resonators to the bulk, only a single, almost inaudible, measurement

of a note was obtained with a duration of several milliseconds. Although the pro-

ject was very successful, it le� the students a few, seemingly small, steps shy of

fabricating the �rst musical MEMS instrument.

�ese seemingly small steps — fabricating more reliable resonators, �nishing

the control circuitry, and improving the signal-to-noise ratio of the audio signal —

proved to be quite big steps. A very rudimentary instrument was demonstrated at

the opening of the ‘SmartXP lab’ at the University of Twente. Other students helped

to �nalize the micronium, which was �rst demonstrated at the Micromechanics

and Micro systems Europe Workshop (MME 2010) in Enschede, the Netherlands,

one-and-a-half year a�er the start of the b2 project. �emicronium was played live

during the opening ceremony of our university’s NanoLab.

Creating a MEMS instrument from scratch is too much work for an eight-week

second-year bachelor student project. However, it is a very interesting and fun way

to learn about MEMS, and with the acquired knowledge about MEMS instruments,

it is possible to devise a smaller project in which emphasis is put on generating

sound instead of a creating a complete instrument.

�e micronium has been quite successful in exposing MEMS technology. It

was featured on radio, in the Dutch newspaper NRC, the London metro and other

printed media, and on the internet where many websites had a news item about the

‘world’s smallest violin’ †. As a measure of its popularity on the internet, the videos

of the presentation atMME 2010 have been viewed over 40 thousand times on the

internet (Vimeo and YouTube, search for ‘micronium’). However, judging from

the type of reporting websites and the categorization in other media, the interested

audience is probably still mostly technically oriented.

†Should our curriculum include media training?

http://vimeo.com/15359134
http://www.youtube.com/watch?v=ETzOJVOBgQo
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Marcel Kolster, Remco Sanders, Martin Siekman, and Henk van Wolferen, have

proven themselves invaluable. Meint de Boer, Joël Geerlings, Kechun ‘Kees’ Ma,

and Léon Woldering helped with the cleanroom fabrication.

Gerald Hoekstra created a movie of the ‘b2 project’, with which the presenta-

tion at MME 2010 started. Arvid Jense, from ArtEZ in Enschede, made the �rst

composition for the demonstration of the micronium atMME 2010, played live by

a computer using a MIDI interface. �e demonstration at the opening of the Nano-

lab featured pianist Daria Fedorchenko, also from ArtEZ, playing the instrument

live. Hans Groenland �lmed the performance at MME 2010, the result of which

was posted at Youtube and Vimeo and has travelled the internet.



Chapter 7

Conclusion and future outlook

�emost advanced scanner for probe-based data storage used today was developed

by IBM, and is based on electrodynamic actuation. Next to its high speed, it has

several disadvantages. Its energy consumption is relatively large and fabrication

is complicated by the need for permanent magnets. A good alternative might be

found in electrostatic comb-drive actuation, which targets these disadvantages. Alt-

hough electrostatic stepper motors, notably the dipole surface drive and the shu�e

drive, o�er potentially very high forces at low voltages, their use is complicated,

among others, by a relatively complex fabrication process and control circuit. Elec-

trostatic comb-drive scanners are relative straightforward to fabricate, but the areal

e�ciency is generally low. A reported design using piezoelectric actuation with

mechanical ampli�cation is relatively young, and more research is required for a

good judgement.

It is relatively straightforward to replace the electrodynamic actuator by an

electrostatic comb-drive actuator in the mass-balanced x/y-scanner used in the

‘Millipede’ project by IBM, because the scanner is already fabricated from single-

crystal silicon using deep reactive-ion etching. Compared to the assembly of the

electrodynamic scanner, the assembly of the scanner with an electrostatic comb-

drive is less complicated, because no coils or permanent magnets need be glued

to the silicon device. However, electrical insulation between translator and stator

of the electrostatic comb-drive requires break-out pieces that are hard to remove

without damaging the scanner. To obtain an equal actuator force at x = 0 at a
maximum voltage of 150V, the electrostatic comb-drive must be designed larger

than the electrodynamic actuator, leading to a decreased areal e�ciency. However,

the thickness of the electrostatic comb drive is less than the electrodynamic actuator.

Combined, the electrostatic comb-drive scanner is more volume e�cient than the

electrodynamic scanner.

By using gap-narrowing comb-drive �nger shapes instead of straight �ngers, it

is possible to obtain larger forces at equal maximum voltage and equal fabrication

design limits. Tapering the �ngers for the mass-balanced x/y-scanner doubles the

obtainable equilibrium displacement. A twice as large shock-resistance compared
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to tapered �ngers was obtained using the more aggressive gap-narrowing ‘stepped’

�nger shape. However, the stepped shape results in a local maximum in the availa-

ble force curve, which, if the maximum is too high, indicates unstable equilibrium

displacement regions within the total displacement range. �e optimal �nger shape

for maximum shock-resistance is a knife-like �nger shape, that we named the ‘op-

tim’ �nger shape. �e ‘optim’ shape results in a constant available force over the

operating range. �e asymmetric ‘optim’ shape has one straight edge, while the

other edge is described by an analytical equation, and depends, among others, on

the required available force, the spring sti�ness, and the maximum voltage.

To study the energy consumption of di�erent actuator types, three hypotheti-

cal scanner designs are discussed, one with an electrostatic comb-drive, another

with an electromagnetic comb-drive, and the third with an electrodynamic actu-

ator. �e designs are such that the available force at x = 0 is equal. Although the
available-force curves of the comb-drive actuators are di�erent from the electro-

dynamic actuator available force curve, the seek performance is roughly the same.

�ere is however a large di�erence in the energy cost. �e electrostatic comb-drive

scanner is the most energy e�cient; its energy cost for standing still or moving at

read/write speed is 13 times less than the energy cost of the electrodynamic actuator

and the electromagnetic comb-drive. Seek operations cost 3.4 and 5.8 times more

energy on average for the electromagnetic comb-drive scanner and the electrody-

namic scanner, respectively, than for the electrostatic comb-drive scanner. �e

energy cost is dominated by the dissipated energy in the leakage resistance of the

electrostatic comb-drive and the series resistance of the coils in the magnetic scan-

ners. �erefore, a good �gure-of-merit for energy consumption is the dissipated

energy at maximum voltage or current, V 2maxR
−1
p for the electrostatic comb-drive,

and i2maxRcoil for the magnetic scanners (note that a lower �gure-of-merit is better).

�e comparison does not take the e�ciency of the driver circuitry into account. For

equal energy consumption, the high-voltage driver circuitry for the electrostatic

comb-drive can be 13 times less e�cient than the current drivers for the electromag-

netic comb-drive and the electrodynamic actuator. It is unlikely that the di�erence

will be this large.

Electrostatic comb-drive actuators are a good alternative to electrodynamic

actuation for probe-based data storage, o�ering better energy and volume e�ciency

combined with a higher shock resistance over the complete operating range. We

therefore advise that future small form factor probe storage systems should be

equipped with electrostatic comb-drive actuators with tailored �nger shapes.

It is possible to fabricate a musical instrument using MEMS technology, consis-

ting of resonators at audible frequencies, one for each note similar to a xylophone.

�e instrument has been named the ‘micronium’. �e micronium is placed in an

ambient pressure of 1mbar for a note duration around 1 s. �e micronium is out-

of-tune; fabrication variations result in audibly di�erent resonance frequencies for

resonators with identical dimensions. By carefully selecting resonators closest to

the piano note frequencies, the micronium contains 16 notes that are agreeably

in-tune on a range of almost 2 octaves. Because of the use of tapered comb-drive
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�ngers, it is possible to tune the instrument by applying a constant o�set voltage

a�er the resonator has been excited. However, the maximum tuning ratio decrea-

ses with increasing resonator frequency and is smaller than one semitone. Further

research is needed to asses the viability of other tuning methods. Creating aMEMS

instrument is a very interesting and fun way to learn about MEMS. Future smal-

ler musical MEMS projects are possible with an emphasis on generating original

sounds instead of creating a whole instrument, using the acquired knowledge about

MEMS instruments. �e micronium project has received much media attention

and has been quite successful in exposing MEMS technology to a broad, although

probably mostly technically oriented, audience.

�e presented work on comb-drive �nger shapes is applicable to, besides probe

data storage, nanopositioning in general, for example precision actuation in elec-

tron microscopes. A tailored �nger shape can also improve the capacitive read-out

signal in sensors like accelerometers. Whenever a comb drive is used, it is gener-

ally very rewarding to study tailored �nger shapes instead of the standard straight

shape.

�ere will not be a commercial probe data storage system in the near future.

But, when further scaling of existing storage technologies is no longer possible or

becomes too expensive, there may well be a revived interest in probe data storage

systems at atomic resolution. Future work on actuators could focus on what the re-

solution limits are. Considering noise, what positioning accuracy can be obtained

and maintained? What are the requirements for probe-based data storage at the

atomic scale? For such requirements, it might be impossible to use a single positi-

oning system for an array of many probes, due to thermal expansion of the probe

array or medium platform. �e possibility of multiple positioning systems for a

small number of probes should be investigated. Electrostatic comb-drive actuators

are an attractive option for a ‘multi-scanner’ system. In contrast to electromagnetic

or piezoelectric actuators, electrostatic actuators scale favourably to smaller dimen-

sions. Moreover, fabricating many comb-drives is as complex as fabricating one

comb-drive, because the straightforward fabrication process does not require as-

sembly of parts a�erwards (no gluing of permanent magnets, coils, or piezoelectric

material).
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Appendix A

Optimal charging of a capacitor

In this appendix we will derive the energy optimal method of charging a capacitor

without and with series and parallel resistors within a certain time T .

A.1 Without leakage resistor

To charge an ideal capacitance without parallel leakage resistor Rp through a series

resistor Rs, intuitively the optimal method is charging with a constant current. �is

can be proven as follows.

A�er transferring the required charge Q = ∫
T

0
i dt to the capacitor, the total

dissipated energy equals E = Rs ∫
T

0
i2 dt. �e optimal charge method minimizes

the integral of the square of the current (the dissipated energy), for a �xed integral

of the current (the charge).

�e solution to this minimization problem can be found at home. Consider

a basin �lled with water. If we ignore the depth of the basin, and only consider

the height and width w, we can de�ne the water height h(x), which can have a
di�erent value at each position x. �e total amount of water in the basin equals

A = ∫
w

0
h dx. �e gravitational potential energy of a column of water of width

∆x equals h∆xρg h
2
. �e total potential energy equals P = ρg

2 ∫
w

0
h2 dx. Note that

minimizing P with constraint A is equivalent to the optimal charging problem of a

capacitor. �e solutions are therefore the same: the water level h(x) is constant in
the basin; the optimal charge current i(t) is a constant current.

A.2 With leakage resistor

�e following calculation focusses on obtaining the optimal curve for the voltage

across the capacitance V , from which the charge current can be inferred.
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�edissipation power equals the sum of the dissipation in Rs from the capacitor

current C dV
dt
, and the dissipation in Rp and Rs by the current through Rp,

pdiss = RsC
2 (dV
dt

)
2

+ V 2

R2p
(Rs + Rp).

De�ning

a =
¿
ÁÁÀ 1

RsC2
Rs + Rp

R2p
≈
√

1

RpRsC2
,

we obtain the minimization problem

min
V(t)

Ediss[V(t)] ; Ediss = RsC
2

T

∫
0

(dV
dt

)
2

+ a2V 2 dt, (A.1)

with boundary conditions

V(t = 0) = V1 , (A.2)

V(t = T) = V2 , (A.3)

where the capacitor is pre-charged at V1 and T is the time at which we want the

capacitor to be charged at V2.

Using the Euler-Lagrange equation (vanKan et al., 2005, chap. 5), minimization

problem (A.1) with boundary conditions (A.2) and (A.3) is equivalent with the

di�erential equation

d
2
V

dt2
− a2V = 0.

Note that for in�nite Rp, a = 0 and the solution for V becomes a linear curve,
consistent with §A.1. �e solution for V is

V = Deat + Fe−at .

Together with the boundary conditions, we obtain the values of D and F,

D + F = V1 ,

D = V2 − V1e
−at

eat − e−at
.

�e optimal charge current equals

i = C
dV

dt
+ V

Rp
=
√

1

RpRs
(Deat − Fe−at) + V

Rp
.
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Figure A.1 – Optimal charge voltage waveform, minimizing the energy cost.

Charge from V1 = 20V to V2 = 50V in a certain time T = {0.2, 0.05, 0.015}ms.
C = 45 pF and Rs = 100Ω.

Because Rs ≪ Rp, the optimal supply voltage is approximately equal to voltage V

across the capacitor.

Figure A.1 shows the optimal voltage curves for di�erent charge times T , and

for two values of Rp. It can be seen that, except for charge times below 50µs, it is

energy e�cient to �rst discharge the capacitor, before charging it up to the desired

voltage. �is also means that an empty capacitor can be charged quite fast and

energy e�cient at the same time. When V1 is zero, the solution for V simpli�es to

V = V2
eat − e−at

eaT − e−aT
,

and the dissipated energy as a function of charge time T equals

Ediss = V 22 C

¿
ÁÁÀ Rs

Rp

e2aT + 1
e2aT − 1

.

�e dissipated energy as a function of charge time T is shown in Figure A.2.

Charging from 0V for a relatively long charge time T , the dissipated energy equals

approximately CV 22

√
Rs
Rp
, which in general is very small compared to 12CV

2
2 . We

conclude that the energy cost of charging a discharged capacitor to V2 requires just

the stored energy 12CV
2
2 , because the dissipated energy is very small even when

charging within 0.1ms.

Note that the square of the derivative of V is added to the dissipated energy

in (A.1). �e minimization problem tries to minimize the energy cost also during
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Figure A.2 – Optimal charge energy dissipated as function of charge time T.

Charge to 150V, C = 45 pF and Rs = 100Ω. Compare with the stored energy
12CV

2 = 506nJ.

discharging, meaning that discharging adds to the total energy cost. When the

solution for V has a negative derivative, the solution is incorrect, because a better

option may be to discharge the capacitor even more before starting to charge it

again. Nevertheless, the shown solution is correct for charging from zero volt and

indicates that for pre-charged capacitors, already for charge times less than 10ns it

is energy e�cient to discharge the capacitor �rst. So, regardless of the initial voltage

of the capacitor, when the capacitor should be charged up to V2 in 0.5ms, say, the

required energy equals 12CV
2
2 to a very good approximation.



Appendix B

Seek time for electrodynamic
actuator

�e given solution byHong and Brandt (2002) for the seek time for the electrodyna-

mic actuator requires calculation of a turnaround time tturnaround when either v0 or

v1 is negative. A table is provided with information on when, and how many times

tturnaround must be added to the seek time. However, only an approximate equation

for tturnaround is given. Moreover, the equation by Hong and Brandt (2002) for the

half-way point, ym, is not valid when ∣v0∣ ≠ ∣v1∣. Below, a more general solution is
given for tseek,Ltz = taccel + tdecel, which is valid for all v0 and v1 when x0 ≤ x1.

To obtain our solution for the seek time we require use of the trigonometric

identity

p sinωt + q cosωt =
√
p2 + q2 sin(ωt + ϕ),

where

ϕ =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

arcsin( q√
p2+q2 ) if p ≥ 0,

−π − arcsin( q√
p2+q2 ) if p < 0,

(A.1)

or equivalently

ϕ = arctan( q
p
) +

⎧⎪⎪⎨⎪⎪⎩

0 if p ≥ 0,
π if p < 0.

(A.2)

�is identity is used to rewrite equations of the form

p sinωt + q cosωt = r, (A.3)

as
r√

p2 + q2
= sin(ωt + ϕ),

which is solved for t by taking the arcsine of both sides.
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Note that equation 18 fromHong and Brandt (2002) is of the same form as (A.3)

above. Because v0 can be negative, the solution for acceleration time taccel has to

be split, resulting in

taccel =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

√
m
k
[arcsin( xhw−x∗√

(x0−x∗)2+(v0
√

m
k
)2
)

− arcsin( x0−x∗√
(x0−x∗)2+(v0

√
m
k
)2
)] if v0 ≥ 0,

√
m
k
[π + arcsin( xhw−x∗√

(x0−x∗)2+(v0
√

m
k
)2
)

+ arcsin( x0−x∗√
(x0−x∗)2+(v0

√
m
k
)2
)] if v0 < 0.

Note that the maximum equilibrium displacement

x∗ = ma0

k
,

see (5.5). �e solution for the deceleration time tdecel is found by multiplying equa-

tion 22 from Hong and Brandt (2002) by −1, leading to

tdecel =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

√
m
k
[arcsin( x1+x∗√

(x1+x∗)2+(v1
√

m
k
)2
)

− arcsin( xhw+x∗√
(x1+x∗)2+(v1

√
m
k
)2
)] if v1 ≥ 0,

√
m
k
[π − arcsin( x1+x∗√

(x1+x∗)2+(v1
√

m
k
)2
)

− arcsin( xhw+x∗√
(x1+x∗)2+(v1

√
m
k
)2
)] if v1 < 0.

Note that the result is identical to the result of Hong and Brandt (2002) when v0 ≥ 0
and v1 ≥ 0, when (5.9) is used for xhw.
A more compact notation is obtained when (A.2) is used instead of (A.1):

taccel =
√

m

k

⎡⎢⎢⎢⎢⎢⎣
arcsin

⎛
⎜
⎝

xhw − x∗
√

(x0 − x∗)2 + (v0
√

m
k
)2

⎞
⎟
⎠
− arctan

⎛
⎝
x0 − x∗

v0
√

m
k

⎞
⎠
+ π0

⎤⎥⎥⎥⎥⎥⎦
,

tdecel =
√

m

k

⎡⎢⎢⎢⎢⎢⎣
arcsin

⎛
⎜
⎝

−xhw − x∗
√

(x1 + x∗)2 + (v1
√

m
k
)2

⎞
⎟
⎠
+ arctan

⎛
⎝
x1 + x∗

v1
√

m
k

⎞
⎠
+ π1

⎤⎥⎥⎥⎥⎥⎦
,

where

π i =
⎧⎪⎪⎨⎪⎪⎩

0 if v i ≥ 0,
π if v i < 0.
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�e implementation of these calculations should be validated with care. Espe-

cially when mirror transformationM (de�ned in (5.1)) is applied, v0 or v1 may be

assigned the value ‘−0’. For correct calculation of taccel and tdecel,

π i + arctan(
1

v i
) = π

2
if v i ∈ {−0, 0,+0} . (A.4)

For example, Matlab and common C math libraries distinguish between 0 and −0:
arctan ( 1

0
) = 1

2
π and arctan ( 1

−0) = −
1

2
π. However, the comparison ‘−0 = 0’ is true

and ‘−0 < 0’ is false in Matlab, and therefore, if not carefully implemented, π i = 0
for v i = −0, violating (A.4). �e calculation result for taccel will then be negative
and incorrect for (x0 , x1 , v0 , v1) = (0, x1 ,−0, v1). A simple �x for this problem is to
make a special implementation for when v ∈ {−0, 0,+0}.





Appendix C

Process Flow

�e ‘optim’ comb drives (Chapter 4) and the micronium (Chapter 6) are fabricated

using the same cleanroom fabrication process. �e fabrication process consists

of �ve steps. Starting with a silicon-on-insulator (SOI) wafer, �rst (1) a photore-

sist layer is patterned by lithography, then (2) the pattern is transferred into the

SOI wafer’s device layer by vertically etching down to the silicon oxide using deep

reactive-ion etching (DRIE), subsequently (3) the wafer is diced, but not comple-

tely through, then (4) the exposed silicon oxide is etched using HF vapour-phase

etching (VHF etching) to release the moving structures, and �nally (5) the wafer

is broken along the dice lines to obtain 7mm × 7mm individual chips. �e only
di�erence between the ‘optim’ comb drives and the micronium is the oxide layer

thickness of 1 µm and 3 µm, respectively. �e oxide thickness is increased for the

micronium to reduce sticking problems caused by the large moving masses.

�e design rules of the used fabrication process are listed in Table C.1. Moving

structures should be perforated with holes, such that the HF vapour can reach and

etch the silicon oxide under the moving structure.

Table C.1 –�e design rules of the used fabrication process.

Quantity Value

Minimum beam width 3 µm

Minimum gap width 3 µm

Minimum �xed anchor size 50 µm × 50 µm
Moving structure perforation hole 5 µm × 5 µm

,, perforation grid width 3 µm

Expected silicon oxide underetch 20 µm
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Table C.2 –�e fabrication process details.

Process Note

1 Substrate selection

SOI

Supplier: Okmetic

Bonded SOI wafer 380-1.0-50

Growth method: CZ

Crystal orientation: (1 0 0) ±0.2°
Diameter: 100.0mm ± 0.2mm
Device layer

�ickness: 50.0 µm ± 0.5 µm
Resistivity: 0.01–0.02Ωcm

Type / Dopant: P+ / Boron

Oxide layer

�ickness: 3.0 µm ± 0.1 µm
Handle wafer

�ickness: 380 µm ± 5 µm
Resistivity: 0.01–0.02Ωcm

Type / Dopant: P+ / Boron

2 Standard Cleaning HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

○ Beaker 1: fumic HNO3 (100%),
5min

○ Beaker 2: fumic HNO3 (100%),
5min

○ Quick Dump Rinse < 0.1 µS
○ Beaker 3: boiling (95 ○C) HNO3
(69%), 10min

○ Quick Dump Rinse < 0.1 µS
○ Spin drying

3 Lithography

Priming (liquid)

SUSS MicroTec Spinner (Delta 20)

Hotplate 120
○
C

HexaMethylDiSilazane (HMDS)

○ Dehydration bake: 120 ○C, 5min
○ Spin program: 4 (4000 rpm, 20min)

4 Lithography

Coating

SUSS MicroTec Spinner (Delta 20)

Hotplate 95
○
C

Photoresist: Olin 907-17

○ Spin Program: 4 (4000 rpm, 20min)
○ Prebake: 95 ○C, 90 s

5 Lithography

Exposure

Electronic Vision Group 620 Mask

Aligner

○ Hg-lamp: 12mWcm−2
○ Exposure Time: 3.5 s
○ Vacuum contact mode
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Table C.2 – Continued. . .

Process Note

6 Lithography

Development

Hotplate 120
○
C

Developer: opd4262

○ A�er Exposure Bake: 120 ○C, 60 s
○ Time: 30 s in beaker 1
○ Time: 15-30 s in beaker 2
○ Quick Dump Rinse < 0.1 µS
○ Spin drying

7 Plasma etching of

Si

B-ARCE-TWIN

Adixen SE

Aspect Ratio Controled Etching

(reducing-RIE lag)

Depth: 50 µm

Time: ∼24min
Parameters Etch Deposition

Gas SF6 C4F8

Flow 400 sccm 280 sccm

Time 5 s 2 s

Priority 2 1

APC 100% 100%

ICP 1500W 1500W

CCP (LF) 100W 100W

Pulsed (LF) ms 10ms on 10ms on

90ms o� 90ms o�

He 10mbar 10mbar

SH 200mm 200mm

Electrode temp. 0
○
C 0

○
C

Etch time can di�er

depending on loading

di�erences between

mask designs.

8 Stripping of PR

by oxygen plasma

Tepla 300E

Barrel Etcher (2.45GHz)

Multipurpose sytem

○ O2 �ow: 200 sccm (50%)
○ Power: 500W
○ Pressure: 1.2mbar
○ Time: 10min for 1-3 wafers,
20min for 4-10 wafers

9 Stripping in HNO3

multipurpose

HNO3 (100%) Selectipur: MERCK

100453

○ HNO3 (100%), 20min
○ Quick Dump Rinse < 0.1 µS
○ Spin drying
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Table C.2 – Continued. . .

Process Note

10 Dry Oxidation Furnace B3

○ Program: DOX-800
○ Temperature: 800 ○C
○ Gas: O2
○ Flow: 4 lmin−1
○ Time: 30min

11 Protect structures

for dicing

SUSS MicroTec Spinner (Delta 20)

Hotplate 95
○
C

Photoresist: Olin 908-35

○ Spin Program: 4 (4000 rpm, 20min)
○ Bake: 95 ○C, 60 s

Apply multiple times

until structures are

covered with a thick

resist layer.

12 Dicing Disco DAD dicing saw

Nitto STW T10 dicing foil

Parameters dicing

Wafer work size: 110mm

Max. feed speed: 10mms
−1

Blade details

Saw type: NBC-Z 2050

Exposure: 1.3mm

Width: 50 µm

Spindle revolutions: 30 000 rpm

Depth settings

Maximum cut depth: 1.1mm

Foil thickness: 80 µm

Min. blade height: 50 µm

Remaining height: 175 µm measured

from dice table

Dice pitch: 7.2mm

Note the dice guides

etched around the edge

of the wafer. Dice 9

lines in X and 9 lines in

Y direction. Dice from

frontside of wafer.

13 Stripping in HNO3

multipurpose

HNO3 (100%) Selectipur: MERCK

100453

○ HNO3 (100%), > 30min until clean
○ Quick Dump Rinse < 0.1 µS
○ Spin drying

It is paramount that

there is no photoresist

le� in the perforation

holes.

14 HF vapour-phase

etching of SiO2

Idonius Vapor HF Tool

○ Basin start temperature: 20 ○C
○ Chuck temperature: 35 ○C
○ Time: 30min

�ere are test squares

on the mask to deter-

mine the underetch,

which should be more

than 7 µm.
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Summary

�e era of in�nite storage seems near. To reach it, data storage capabilities need

to grow, and new storage technologies must be developed. �is thesis studies one

aspect of one of the emergent storage technologies: optimizing electrostatic comb-

drive actuation for a parallel probe-based data storage system.

Chapter 1 introduces the data storage problem: it is no longer possible to store

all created information. To combat data loss, there is a demand for increased data

storage capabilities. New storage technologies must be developed as current com-

mercial technologies reach their fundamental limits. One promising technology

is parallel probe-based data storage, using a nanometre-scale probe to write data

on a moving platform (Chapter 1). �e working principle is very similar to that

of a record player applied in parallel on the nano scale. In order to access all bits

on the storage medium, a nano-positioner, or scanner, is used to move the storage

medium relative to the read-out probes.

Scanning the literature (Chapter 2) several nano-positioner designs for probe

data storage are found. It is not clear which actuator type (electromagnetic, electro-

static, or piezoelectric) is most suited for probe data storage. Concessions must be

made in the design of a scanner to satisfy all requirements. We replaced the elec-

trodynamic actuators by comb-drives in the scanner prototype by IBM, and the

result still seems to strike a good balance (Chapter 3). However, the areal e�ciency

is low, due to a relatively low electrostatic force. To increase the force, the comb-

drive �nger pro�le is optimized for increased shock resistance, putting electrostatic

comb-drives in better shape for probe data storage (Chapter 4).

�e suitability of electromagnetic and electrostatic actuation is, among others,

determined by their hunger for power (Chapter 5). �ree (partly) hypothetical scan-

ner designs using electrodynamic, electromagnetic and electrostatic comb-drive

actuators are described. �eir performance is approximately equal, however electro-

static comb-drive actuation requires an order of magnitude less energy. Equations

are presented for further investigations into the performance and energy consump-

tion of the di�erent actuation types for di�erent �le-system use cases.

Chapter 6 muses on the possibility of making music with MEMS structures.

We were successful and named our micro-instrument ‘the micronium’. Due to

fabrication inaccuracies, the instrument is out-of-tune and requires tuning. Besides

teaching students about MEMS technology in a fun way, the micronium succeeded

in presenting MEMS technology to a broad audience.
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Samenvatting

Het tijdperk van oneindige opslagcapaciteit nadert. Om dit te bereiken zullen data

opslag mogelijkheden moeten doorgroeien, maar ook nieuwe opslag technieken

moeten ontwikkeld worden. Dit proefschri� bestudeert een detail van één van de

opkomende opslag technieken: het optimaliseren van elektrostatische comb drive

actuatie in parallelle sonde-gebaseerde data opslag.

Niet alle gegenereerde informatie kan meer opgeslagen worden (hfst. 1). Er is

daarom behoe�e aan grotere data opslag mogelijkheden. Nieuwe opslag technie-

ken moeten ontwikkeld worden, omdat huidige technieken hun natuurkundige

limieten bereiken. Een veelbelovende technologie is parallelle sonde-gebaseerde

data opslag: het gebruik van nanometer sondes voor het schrijven van gegevens op

een bewegend platform (hfst. 1). Het werkingsprincipe is vergelijkbaar met dat van

een platenspeler toegepast op de nanoschaal. Een ‘scanner’ wordt gebruikt om het

opslagmedium ten opzichte van de uitlees sondes te bewegen.

In de literatuur (hfst. 2) staan enkele ontwerpen van scanners, speci�ek voor

sonde data-opslag. Verschillende soorten actuatoren worden gebruikt, en het is

niet duidelijk welk type (elektromagnetisch, elektrostatisch of piëzo-elektrisch)

het meest geschikt is voor sonde data-opslag. We hebben de elektrodynamische

actuatoren in het scanner prototype van IBM vervangen met comb drives, om een

directe vergelijking mogelijk te maken (hfst. 3). De comb drives zijn relatief erg

groot, te wijten aan een relatief lage elektrostatische kracht. Om de gegenereerde

kracht te verhogen, hebben we de vorm van de comb drive vingers geoptimaliseerd

voor schokbestendige actuatie in een sonde data-opslag systeem (hfst. 4).

De geschiktheid van elektromagnetische en elektrostatische actuatie wordt on-

der andere bepaald door hun energieverbruik (hfst. 5). Er zijn drie (gedeeltelijk)

hypothetische scanner ontwerpen gemaakt, met elektrodynamische, elektromag-

netische en elektrostatische comb drive actuatie. De prestaties zijn ongeveer gelijk,

maar elektrostatische comb drives verbruiken een orde grootte minder energie. Er

zijn formules opgesteld voor verder onderzoek naar de prestaties en het energiever-

bruik voor verschillende bestandssystemen.

Hoofdstuk 6 beschrij� ons micro-instrument het ‘micronium’: een instrument

dat geluid maakt m.b.v. MEMS structuren. Omdat het fabricage proces onvol-

doende nauwkeurig is, is het instrument vals en moet het gestemd worden. Naast

de leuke kennismaking voor studenten met MEMS-technologie, hee� het micro-

niumMEMS-technologie voor een breder publiek toegankelijk gemaakt.
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Ngò’i Sáng (Lars, Ewout, Marco, Wesley, Harm, Tom, . . . ), bedankt voor fantasti-

sche herinneringen en het herleven van mijn eigen hoogtij dagen, al heb ik niet

meer bijgedragen dan het maken van de winnende foto en wat gitaar spelen. . .

Bedankt allen! Pas bij het schrijven van deze tekst dringt het tot me door dat ik

binnenkort vertrek, op lange afstand ga wonen, en jullie gezelschap moet missen. . .

Heu!

— Johan, 15 dec 2010



Biography
Johan Engelen was born in Nijmegen, the Netherlands on 8 June, 1983. He attended

primary school in Gendt, the Netherlands, and went to het Stedelijk Gymnasium

in Nijmegen, the Netherlands, to obtain the VWO diploma. He did his �rst re-

search project together with Leonard Raymakers, investigating tilted roller-coaster

loops, for which they received special honours at the presentation of the Van Mel-

sen awards in 2000. �at year, Johan started the Electrical Engineering course at

the University of Twente. He obtained his �rst-year diploma cum laude. Together

with 6 other students, he organised the Shouraizou studytour project (2003-2005),

carrying the responsibility of organising travel, accommodations and cultural ex-

cursions in Japan, and arranging visits to Japanese companies, institutions and

universities. From November 2005 to March 2006, Johan stayed in Lincoln, Ne-

braska, USA, investigating electron transport in large magnetic �elds in David

Sellmyer’s group in the Department of Physics and Astronomy at the University of

Nebraska-Lincoln. Back at the University of Twente, in the Systems and Materials

for Information storage (SMI) group led by Cock Lodder, he investigated the mag-

netisation reversal of ‘nanodots’ in arrays using the Anomalous Hall E�ect, with

which he graduated cum laude in 2006. He then started as a Ph.D. student on the

research described in this thesis.

Biogra�e
Johan Engelen werd geboren op 8 juni 1983, te Nijmegen. Hij doorliep de lagere

school in Gendt, waarna hij in 1994 naar het Stedelijk Gymnasium in Nijmegen

ging. Zijn eindexamen onderzoek naar gekantelde achtbaan loopings samen met

Leonard Raymakers werd beloond met een eervolle vermelding bij de uitreiking

van de Van Melsen prijs in 2000. In hetzelfde jaar begon Johan zijn studie tot elec-

trotechnisch ingenieur aan de Universiteit Twente. Hij behaalde de propedeuse

in het eerste jaar cum laude. In een groep van 7 studenten organiseerde hij het

Shouraizou studiereisproject naar Japan (2003-2005), waarin hij verantwoordelijk

was voor vervoer, accomodatie en culturele uistapjes in Japan, en voor het contact

met de bezochte Japanse bedrijven, instituten en universiteiten. In de groep van

David Sellmyer in the Department of Physics and Astronomy aan the University

of Nebraska-Lincoln deed Johan een stageonderzoek naar electrische stromen in

magnetisch velden, van november 2005 tot maart 2006, in Lincoln, Nebraska, Ver-

enigde Staten. In Cock Lodder’s Systems and Materials for Information storage

(SMI) groep aan de Universiteit Twente deed hij onderzoek naar het omschake-

len van de magnetisatie van ‘nanodots’ in arrays met behulp van Anomale Hall

E�ect metingen, waarmee hij cum laude afstudeerde in 2006. Daarna begon hij als

beoogd promovendus aan het onderzoek beschreven in dit proefschri�.

E-mail: j.b.c.engelen@alumnus.utwente.nl

mailto:j.b.c.engelen@alumnus.utwente.nl


doi:10.3990/1.9789036531207

http://dx.doi.org/10.3990/1.9789036531207

	Title page
	The era of infinite storage
	Contents
	Introduction
	Parallel probe-based data storage

	Scanners for probe data storage
	Requirements
	Actuators
	Electromagnetic
	Electrostatic comb drives
	Electrostatic stepper motors
	Piezoelectric

	Sensors and control
	Conclusion

	A mass-balanced electrostatic x/y-scanner
	Design
	Fabrication
	Results
	Conclusion
	Acknowledgements

	Optimized comb-drive finger shape for shock-resistant actuation
	Theory
	Analytical model
	Graphical determination of equilibrium stability
	Design of optimal shape
	Asymmetric shape

	Finite-element analysis
	Experiment
	Fabrication
	Measurement results

	Discussion
	Conclusion
	Acknowledgements

	Energy consumption comparison
	General aspects
	Comb-drive actuation
	Electrodynamic actuation
	Seek time calculations
	Comb drives with `optim' fingers
	Electrodynamic actuator

	Energy cost calculations
	Stay energy
	Read/write energy
	Seek energy

	Results for hypothetical designs
	Seek time
	Stay energy
	Read/write energy
	Seek energy

	Discussion
	Conclusion

	The Micronium — a musical MEMS instrument
	Theory and design
	Resonator theory
	Instrument design
	Capacitive read-out
	Tuning

	Experimental details and results
	Discussion
	Conclusion
	The Micronium project
	Acknowledgements

	Conclusion and future outlook
	Appendices
	Optimal charging of a capacitor
	Without leakage resistor
	With leakage resistor

	Seek time for electrodynamic actuator
	Process Flow
	Bibliography
	Summary
	Samenvatting
	Publications
	Dankwoord
	Biography / Biografie

