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ABSTRACT

The choice on which type of cantilever to use for Atomic Force Microscopy (AFM) depends on the type of the
experiment being done. Typically, the cantilever has to be exchanged when a different stiffness is required
and the entire alignment has to be repeated. In the present work, a method to in situ adjust the stiffness of an
AFM cantilever is developed.

To identify potential solutions, an extensive literature review was performed on the state-of the art in stiffness
adjustment methods in MEMS. The categorization of the found devices was based on the following principles:
Electrostatic, Mechanical, Stressing effects and changing Young’s modulus. A comprehensive table is made
listing variety of properties of the devices. A figure mapping all these devices for their respective operating
range of stiffness is also given. It was concluded that electrostatic tuning is the most applied and versatile
method, but large and complex devices were designed. Mechanical tuning is often discrete, but provides a
large tuning range for a simple device. Over all, the review can be used as a guide for designers of MEMS that
require stiffness tuning.

After evaluating the literature and considering the boundary conditions, three concepts were compared. The
concept based on changing the effective length of the cantilever was chosen to be implemented. By applying
a voltage between the AFM cantilever and an electrode (with an insulating layer at the point of contact), the
cantilever snaps to the electrode, reducing the cantilever’s effective length.

The static pull-in behavior of the system was initially characterized. An analytical and a COMSOL model were
developed. With these models, the pull-in voltage and cantilever deflection behavior were estimated. An ex-
periment setup was build for validation of the models. The cantilever deflection for a varying electrostatic
load was visualized and measured from side view. The experiments were done with commercial AFM probes
and an electrode that is controlled with a robotic nanomanipulator. The results obtained for the pull-in volt-
age and deflection at pull-in from the models and experiments were within 13% and 19% error respectively.
Subsequently, an analysis on the post-pull in behavior of the system with a time dependent study in COMSOL
is presented.

To proof the claims on stiffness adjustment, experiments were performed to study the cantilever in the dy-
namic mode. The fundamental resonance frequency of the cantilever was measured for a varying effective
length using a laser Doppler vibrometer. The results obtained matched with the theoretical estimated num-
bers. The stiffness was adjusted in situ in the range of 0.2Nm−1 to 27Nm−1, covering two orders of magnitude
using one single cantilever.
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1
INTRODUCTION

The Atomic Force Microscope (AFM) was invented by Binnig and Quate in 1986 [1]. AFM is a technology
that can image samples with extreme high resolution. In good conditions sub-nanometer resolution can be
achieved and it is possible to visualize individual atoms [2]. An AFM uses a silicon based chip with a can-
tilever beam and a very sharp tip to probe a surface. The forces that act on the tip cause the cantilever beam
to deflect, which is measured with a sensor as shown in figure 1.1. With this information, the topography of
the surface can be reconstructed. The AFM has some advantages over competitive microscopy technologies:
It does not require the samples to be conductive, like it is the case for Scanning Tunneling Microscopy (STM),
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). So special preparation
of the sample is not required. Samples can be imaged in a liquid environment, which makes it possible to
measure biological samples in vivo in high resolution. The AFM can also measure the out-of-plane height
profile of the sample, while for other technologies this can only be estimated. In addition, it is also possible
to calculate the force between tip and sample by using the (known) stiffness of the cantilever, using Hooke’s
law. This information can for instance be used to measure material properties like Young’s modulus [3] and
molecular interaction force [4, 5]. More details about the basic working principles of AFM are found in ap-
pendix A.

Laser

Photosensitive sensor

Samplez

y x

Cantilever

Figure 1.1: The main principle of the AFM: A sample is probed with a sharp tip, suspended by a cantilever.
The deflection of the cantilever is measured with a sensor, such that the topography of the surface can be
measured with extremely high accuracy.

1.1. PROBLEM STATEMENT

The stiffness of the cantilever is important to the type of measurement mode that needs to be performed;
for a different type of measurement a different stiffness is needed, as shown figure 1.2 [6]. In practice, users
have to exchange the cantilever if they want to switch to a different stiffness. The probe holder needs to be
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2 1. INTRODUCTION

dismounted and the probe needs to be replaced with tweezers. Next, the probe holder needs to be remounted
and the alignment process of the sensor has to be repeated. A probe with an in situ adjustable stiffness would
provide a faster solution for this time consuming process and opens the door to new applications:

1. Peak Force tapping mode is used for simultaneous imaging and Young’s modulus mapping [7]. Can-
tilevers with a stiffness in the order of 40 Nm−1 are commonly used [8]. The stiffness of the cantilever
should match the Young’s modulus for high accuracy measurements. Samples with high Young’s mod-
ulus variability (∼ 1 order of magnitude [9]) cannot be accurately measured with a single cantilever. A
tunable stiffness probe would provide the solution to successfully measure these samples.

2. Living biological cells can be imaged with AFM. The outer membrane is very soft, while the underlying
cytoskeleton is approximately 10× stiffer. A stiffness adjustable probe could image the outer membrane
with a low stiffness (∼ 0.01Nm−1) and the underlying structure with a higher stiffness (∼ 0.1Nm−1) [10].

3. Combination of imaging and spectroscopy in a single measurement. For high resolution imaging, non
contact mode is often preferred, which requires a stiff cantilever (∼ 40Nm−1). For force spectroscopy
a soft cantilever is required (∼ 0.1Nm−1) such that a high resolution measurement can be performed,
without damaging the sample.

Contact mode imaging

Biological imaging

0.01 0.1 1 10 100

Force spectroscopy

Non-contactForce modulation

Stiffness (Nm−1)

M
o

d
es

o
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o
p
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Figure 1.2: The range of stiffness for the AFM cantilever for different imaging modes. More details are
found in appendix A.3.

1.2. REQUIREMENTS

There are a two main requirements. The first is about the range of stiffness that should be covered. The other
requirement is to satisfy the compatibility with conventional AFM systems:

• Range of stiffness: In section 1.1 several applications for a stiffness tunable probes were discussed.
The demands for tuning range differ per application. But the required change in stiffness is at least one
order of magnitude, which should be covered by the probe.

• Compatibility: The design should be compatible with commercially available AFM systems, such that
it can be widely applied to current systems and commercial success could be possible. Therefore, the
system should be compatible with the widely applied laser deflection sensor, and the extra electronic
equipment should be minimized as much as possible.

“The goal of this thesis is to adjust the stiffness of an AFM cantilever in situ, such that it covers at
least one order of magnitude while it remains compatible with conventional AFM systems.”

1.3. ORGANIZATION OF THE THESIS

To identify potential solutions an extensive literature review was performed on the state-of the art in stiff-
ness adjustment methods in MEMS, which is found in chapter 2. In chapter 3 three concepts are compared
and the chosen solution is presented, which is elaborated in the remaining chapters. In chapter 4 the re-
sults of the thesis are presented, which are written in a journal-style format. These results are supported
with supplementary material that are found in chapters 5 and 6. The thesis ends with the conclusions and
recommendations in chapter 7.
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2
MANUSCRIPT: A REVIEW ON in situ

STIFFNESS ADJUSTMENT METHODS IN

MEMS

To identify potential solutions an extensive literature review was performed on the state-of the art in stiffness
adjustment methods in MEMS. Devices that were found in literature were categorized based on the follow-
ing principles: Electrostatic, Mechanical, Stressing effects and changing Young’s modulus. A comprehensive
table is made, listing a variety of properties of these devices. A figure mapping all these devices for their
respective operating range of stiffness is also given. It was concluded that electrostatic tuning is the most
applied and versatile method, but large and complex devices were designed. Mechanical tuning is often dis-
crete, but provides a large tuning range for a simple device. The literature review is written in a journal article
format and is aimed at designers of MEMS to enable them with an overview on existing stiffness adjustment
methods. The manuscript is submitted to a journal and is under review.
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Topical Review:

A review on in situ stiffness adjustment
methods in MEMS

M L C de Laat1, H H Pérez Garza1,2, J L Herder1, M K Ghatkesar1?

1 Micro and Nano Engineering Group, Faculty of Mechanical, Maritime and Materials (3mE) Engineering, Delft Uni-
versity of Technology, Mekelweg 2, 2628 CD, Delft, The Netherlands
2 DENSsolutions, Informaticalaan 12, 2628ZD, Delft, The Netherlands
? E-mail: m.k.ghatkesar@tudelft.nl

Abstract:
In situ stiffness adjustment in microelectromechanical systems (MEMS) is used in a variety of appli-
cations such as radio-frequency (RF) mechanical filters, energy harvesters, atomic force microscopy
and vibration detection sensors. In this review we enable designers with an overview of existing
stiffness adjustment methods, their working principle, and possible tuning range. The concepts are
categorized according to their physical working principle. It is concluded that the electrostatic ad-
justment principle is the most applied method, and both a small and large range in stiffness can
be achieved. But in order to obtain wide range in stiffness change, large and complex devices were
designed. Mechanical stiffness adjustment is found to be a space-effective way of obtaining large
changes in stiffness, but these methods are often discrete and require large tuning voltages. Stiffness
tuning through stressing effects and change in Young’s modulus was only used for small changes.
Tuning by change in second moment of inertia was used for an intermediate tuning range.

2.1. INTRODUCTION

Micro-electromechanical systems (MEMS) are
small microchips that integrate mechanical and
electrical functionality onto a single device. Many
of these MEMS have deformable structures where
the stiffness is a key factor in the performance
of the device. An example is the stiffness of the
cantilever of an Atomic Force Microscope (AFM)
probe, where the stiffness should match the mode
of operation and the mechanical properties of the
sample. Design for stiffness is also very important
for device where the resonance frequency is the
determining factor in the performance, because

this is depending on the stiffness ( f0 = 1
2π

√
keff
meff

,
where keff and meff are the effective stiffness and
effective mass respectively). Eminent examples
are RF-filters, mass sensors, gyroscopes and en-

ergy harvesters.

The ability to adjust the stiffness after fabrication
can provide great benefits to the performance of
MEMS: it can compensate for unwanted manu-
facturing inaccuracies and influences of the oper-
ational environment (like temperature, humidity
etc.) or it can increase the operational range.

Several methods to achieve this change in stiff-
ness are described in literature. However, an or-
ganized review of all these techniques is not avail-
able, which is addressed in this paper. Earlier, a
review has been made on variable stiffness de-
vices [1], however it does not cover MEMS. Fur-
thermore, there are several reviews that cover fre-
quency tuning in MEMS [2, 3], which is closely re-
lated to stiffness tuning (one of the approaches of
tuning the resonance frequency is by tuning the

mailto:m.k.ghatkesar@tudelft.nl
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stiffness). This review only covers stiffness ad-
justment methods in MEMS and compares these
devices on their stiffness adjusting capabilities.
The stiffness change should be reversible, con-
trollable and in situ (while the device is in oper-
ation). Some devices show stiffness tuning effects
only in dynamic behavior [4, 5]. These devices
are not be addressed in this review. Stiffness ad-
justment covers both continuous tuning- and dis-
crete switching of stiffness. Both are be addressed
in this review. The contribution of this paper is
an organized overview on the state of the art of in
situ stiffness adjustment in MEMS and the advan-
tages and disadvantages of the found methods. A
categorization is defined, which is used through-
out the paper to sort the literature. The results
are summarized in a table and a graph. Those are
intended to be a selection tool for designers that
need stiffness adjustment capabilities in MEMS.

In the following sections, the method that was
used are explained, covering the search method,
definition of the classification and the key prop-
erties of the found literature. Next, the results are
presented and they are summarized in a table and
graph. Lastly, the results are discussed and the
conclusions are presented.

2.2. METHODS

In this part the methods are presented that were
used for this review. First the search method is
discussed, followed by the categorization that is
used and the key properties that are addressed.

2.2.1. SEARCH METHOD

Many devices that have stiffness adjustment ca-
pabilities are applied in resonance tuning appli-
cations. To get a complete overview, the search
was not only aimed at stiffness tuning, but also on
frequency tuning. Only the devices that achieved
frequency tuning through stiffness tuning are in-
cluded in the results though. As an initial search
the key words stiffness, compliance, spring con-
stant, frequency were combined with tuning, ad-
justing, switching, changing, change, varying,
softening, hardening. The references were also
checked.

2.2.2. CATEGORIZATION

The categorization was established to sort the
found literature. This is done according to the
physical working principle. Some of these cat-
egories also have sub-categories to differentiate
distinctive methods that were used. The cate-
gorization can be found in table 2.1. The first
group uses electrostatic effects to add a stiffness
to the system. There are four different tuning
methods that can be distinguished: Parallel plate,
Varying gap, Varying electrode shape and Non-
interdigitated comb fingers. These are further ex-
plained in section 2.3.1. The second group uses
mechanical tuning, that can either be achieved
by changing the effective length of the suspension
or by engaging extra mechanical springs. These
are addressed in section 2.3.2. The third cate-
gory uses a change in the second moment of in-
ertia to change the stiffness (section 2.3.3). The
fourth group uses compressive and axial stress-
ing effects for stiffness adjustments, that can be
induced by piezoelectric elements, thermal expan-
sion or by electrostatic forces. This is discussed in
section 2.3.4. The Young’s modulus (elasticity of a
material) has got a temperature dependency. So
the stiffness, which is dependent on the Young’s
Modulus, can be tuned by changing the tempera-
ture. This effect is used by the devices in the final
category (section 2.3.5).

Table 2.1: Categorization of stiffness adjustment
methods used in this review.

Physical Principle Sub-category

Electrostatic Parallel plate
Varying gap
Varying electrode shape
Non-interdigitated

Mechanical Change effective length
Engaging mechanical springs

Second moment of inertia -
Stressing effects Piezoelectrically induced

Thermally induced
Electrostatically induces

Young’s modulus -

2.2.3. KEY PROPERTIES

The performance of the devices is addressed ac-
cording to several key properties. These key prop-
erties are used in table 2.2 to describe the devices.
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They are defined as:

• Unadjusted stiffness (k0): The stiffness of
the system in the direction of motion, when
no tuning voltage is applied (all of the
mechanisms are voltage controlled).

• Change in stiffness (∆k = ktun − k0): The
difference between the unadjusted stiffness
k0 and the tuned stiffness ktun. This can ei-
ther be a positive or negative number, de-
pending on whether the method increases
or decreases the stiffness.

• Normalized change in stiffness(
knorm =

khigh

klow

)
: The ratio between the

highest and lowest achievable stiffness in
the device. When the stiffness has de-
creased: khigh = k0 and klow = ktun, when
the stiffness is increased khigh = ktun and
klow = k0. A similar parameter was used in
an earlier review [1].

• Tuning voltage (V ): The voltage that is ap-
plied to the system in order to achieve the
maximum stiffness adjustment effect.

• Size: The size of the system. In some of
the found literature the size of the device is
explicitly mentioned. When this is not the
case, micro graphs or schematics are used
to make an estimate, if a reference scale is
present.

• Relative Size: The relative size of the tun-
ing mechanism with respect to the entire
system, expressed as a percentage in steps
of 20% (0-20, 21-40, 41-60, 61-80, 81-100).
This is estimated from micro graphs or
schematics of the devices. The size of the
tuning mechanism is defined as the amount
of space it adds to the system; it is the differ-
ence between the size of the current system
and the size it would have without stiffness
tuning capabilities.

• Motion: MEMS are usually made out of sil-
icon wafers. The motion of the device can
either be in the plane of the wafer, or out of
plane.

2.2.4. DERIVE STIFFNESS CHANGE FROM

RESONANCE FREQUENCY

A lot of the concepts that are discussed in this
section are rather designed to change the reso-
nant frequency than to change the stiffness, It is
not always possible to find the stiffness of the de-
vices in these papers. In the case where both the
unadjusted- and the adjusted resonant frequency
are known and the (effective) mass remains con-
stant, it is possible to determine the ratio be-
tween unadjusted and adjusted stiffness. The ef-
fective mass of the system is expressed as a func-
tion of the effective stiffness and resonance fre-
quency and set equal for the high- and low stiff-
ness state of the system. When the untuned stiff-
ness is known, the tuned stiffness can be derived.

f = 1

2π

√
keff

meff
(2.1)

meff-high = meff-low (2.2)

keff-high

keff-low
=

(
fhigh

flow

)2

(2.3)

With f the resonance frequency, keff the effective
stiffness and meff the effective mass. The sub-
scripts ‘high’ and ‘low’ are used to indicate the
high and low stiffness state of the system.

2.3. RESULTS

The results are sorted according to the categoriza-
tion that was defined in section 2.2.2. For each
category the theory behind the working princi-
ple is explained in the introduction and examples
found in literature are given. The examples are
briefly explained; for more details the original pa-
pers can be consulted. In table 2.2 the found lit-
erature and its performance indicators are sum-
marized. In figure 2.1 the devices are presented,
where the relation between the change in stiffness
and normalized change in stiffness are indicated.
The devices of which the unadjusted stiffness and
change in stiffness could not be found or calcu-
lated are not included in this graph and table. The
color and symbols, that are used in the table cor-
respond to the ones used in the graph. This pro-
vides a tool to select a concept for a specific appli-
cation.
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Figure 2.1: Change in stiffness versus normalized change in stiffness. The normalized stiffness is the largest
achievable stiffness khigh divided by the lowest achievable stiffness klow. The vertical axis is the change in
stiffness, which can be positive or negative depending on whether the stiffness is higher or lower than the initial
stiffness respectively. Devices that combine a large change in stiffness with a low normalized change in stiffness
have a large untuned stiffness. Devices that combine a low change in stiffness with a large normalized change
in stiffness have a low untuned stiffness. This figure provides insight in the stiffness tuning capabilities of the
described devices. It provides a tool for designers of MEMS that require stiffness tuning to select a concept
or suitable method that matches with the intended stiffness tuning range. Other important properties like size,
relative size of the tuning mechanisms, tuning voltage and the direction of motion are shown in table 2.2. The
numbers used in the graph correspond to the ones used in that table, and the references of this article. The
colors and symbols represent devices that use the same physical principle. Devices [14](a) and [21](c) approach
zero stiffness, so the normalized stiffness goes to infinity.
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2.3.1. ELECTROSTATIC

Electrostatic stiffness adjustment relies on the
fact that electrostatic forces are strong on micro
scale, compared to other forces like gravity and
inertial forces. In general, these concepts com-
prise a moving mass that is suspended by flexures.
Electrodes are attached to the moving mass and
are in close proximity to stationary electrodes.
By applying a voltage between the stationary and
moving electrodes, it is possible to exert a force
on the mass. The electrodes will move, such that
the electrostatic forces are in equilibrium with the
mechanical restoring forces. In this new equilib-
rium, the stiffness has changed compared to its
original state. There are four configurations of
adding an electrostatic stiffness to a system: par-
allel plate (section 2.3.1.1), varying gap method
(section 2.3.1.2), varying surface method (sec-
tion 2.3.1.3) and non-interdigitated comb fingers
(section 2.3.1.4). Furthermore nano-resonators
with electrostatic stiffness tuning are discussed
under parallel plate mechanisms (section 2.3.1.1).
The theory behind the four configurations is ex-
plained in the corresponding sections.

2.3.1.1. ELECTROSTATIC: PARALLEL PLATE.

Two capacitive plates, separated by gap g0, a po-
tential difference V and an overlapping surface
A = (a0 + x)b0, are shown in figure 2.2. The bot-
tom plate is fixed, and the top plate can move in
both x and y direction. The capacitance between
two electrodes is defined as:

C = ε(a0 +x)b0

g0 − y
(2.4)

The amount of energy U , stored between capaci-
tive plates can be calculated with:

U = 1

2
CV 2 (2.5)

The force on the top plate can be found by taking
the derivative of the energy with respect to the di-
rection of interest. The stiffness is found by taking
the derivative of this force.

Fx =
∂U (x)

∂x

∣∣∣
y

= 1

2

εb0

g0
V 2 (2.6)

Kx =
∂Fx (x)

∂x
= 0 (2.7)

Fy(y) = ∂U (y)

∂y

∣∣∣
x

= 1

2

εa0b0

(g0 − y)2 V 2 (2.8)

Ky(y) = ∂Fy (y)

∂y

= εa0b0

(g0 − y)3 V 2 (2.9)

When a voltage is applied to the system, the par-
allel plates will move such that there is an equilib-
rium between the electrostatic attraction and me-
chanical restoring force. Around this new equi-
librium position the stiffness is determined by
sum of the mechanical- and electrostatic stiffness.
The two capacitive plates have a (non-linear) stiff-
ness in the y-direction, but have zero stiffness
in x-direction. This electrostatic stiffness in y-
direction is used in the parallel plate devices. Be-
cause the electrostatic stiffness is in the opposite
direction of the mechanical restoring force it is
commonly called a ‘negative’-stiffness. (For a pos-
itive displacement in y , the electrostatic force in-
creases positively, while the mechanical restoring
force increases negatively).

+Q

-Q

~E

x

yV g0

kmech-ykmech-x

b0a0

Figure 2.2: Two conductive plates, that have overlap-
ping surface A = (a0 +∆a)b, gap g0, with a potential
difference V . The charges (+Q and −Q) accumulate
on the plates and forms the electric field ~E . The bot-
tom plate is fixed, and the top plate can move in x
and y direction. Mechanical springs are attached to
the top plate.

The amount of electrostatic force and stiffness de-
pend on the surface area, as shown in equations
(2.6-2.9). So in order to have a significant effect
without the need to further increase the voltage,
the surface of the electrodes is often increased
by applying as comb-like design as shown in fig-
ure 2.3.
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V

Kmech-y

Kmech-x
y

x

Figure 2.3: Two capacitive plates with combs to in-
crease the surface area.

Parallel plate electrostatic tuning was by Adams et
al. [6]. The device is shown in figure 2.4. A tun-
ing voltage is applied between the stationary and
moving plates of the capacitor. With this design, a
device with a resonance frequency of 21 kHz was
reduced to 7.7 % of its nominal value. The es-
timated mass of the system is 1.0×10−9 kg. So
the mechanical stiffness of system can be calcu-
lated by using equation (2.1). This gives a stiffness
of 17.41 Nm−1. The measured electrostatic stiff-
ness coefficient k0

e is −7.9×10−3 Nm−1 V−2, so for
a tuning voltage of approximately 46 V (estimated
from figure 2.5), this gives an electrostatic stiff-
ness of:

kel ec = k0
e ·V 2 (2.10)

=−16.59Nm−1

More devices were presented in this paper and are
discussed later in this section, in section 2.3.1.2
and 2.3.1.3. Each device is separately mentioned
in table 2.2. The parallel plate design is marked
with (a). The measurement results of these four
devices can be found in figure 2.5.

A similar device was presented by Horsley et al.
[7]. A parallel plate comb drive adds an electro-
static stiffness of −9.4 Nm−1 to the mechanical
suspension of 29 Nm−1. Parallel plate tuning was
also applied by Torun et al. [8], to tune the stiff-
ness of a membrane that is used for force spec-
troscopy applications. The stiffness was reduced
from 24.4 Nm−1 to 11 Nm−1.

Figure 2.4: SEM image of the mechanical oscilla-
tor with a symmetric, parallel-plate actuator. A comb
drive and a displacement indicator are attached to the
outer sides of the left and right restoring springs, re-
spectively. Reprinted from [6]. © IOP Publishing.
Reproduced with permission. All rights reserved.

Figure 2.5: Experimental data for all four tuning ac-
tuators. The solid lines are least-squares fits to the
first 10% of each data set. Normalizations are based
on each oscillator’s individual resonance frequency.
Reprinted from [6]. © IOP Publishing. Reproduced
with permission. All rights reserved.

The parallel plate tuning mechanism of figure 2.4
has a limited range of motion. When the gap
between the stationary and moving electrodes
becomes too small, the electrostatic attraction
forces will become larger than the mechanical
restoring force. The plates will collide and de-
stroy the device. In order to increase the range
of motion, Adams et al.[6] applied parallel plate
tuning with a branched finger design instead of
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having straight fingers, as shown in figure 2.6.
When the position of the mass changes, the sus-
pended combs move into the entrance region of
the stationary combs. In order to achieve a lin-
ear behavior in positive and negative moving di-
rections, a symmetric setup is used, such that the
comb fingers will penetrate an entrance region in
both directions of motion. The range of motion
is increased from 0.8µm to 1.3µm compared to
the previous design, while the efficiency remained
approximately equal. The untuned resonance fre-
quency is 7.5 kHz and the mass is 2.3×10−9 kg. So
the mechanical stiffness of the system is 5.1 Nm−1

according to equation (2.1). The experimental
electrostatic stiffness is −6.3×10−3 Nm−1 V−2, re-
sulting in a change in stiffness of −3.2 Nm−1 for
500 V2 which is estimated from figure 2.5. A
similar design was presented by Park et al. [9].
The untuned- and tuned resonance frequency are
5.12 kHz and 0.950 kHz respectively. The theoreti-
cal proof mass weight is 1µg, so this yields an un-
tuned stiffness of 1.03 Nm−1 and a tuned stiffness
of 0.04 Nm−1 for a tuning voltage of 10 V.

Figure 2.6: Schematic diagram of the parallel-
reduction tunable oscillator. Reprinted from [6]. ©
IOP Publishing. Reproduced with permission. All
rights reserved.

Parallel plate tuning has been applied in a MEMS
gyroscope by Sonmezglu et al. [26]. The gy-
roscope has two vibrating modes (in x- and y-
direction, in plane) and the resonance frequen-
cies of these modes should be as close as possible.
But due to manufacturing errors or temperature

influences, there is usually a mismatch between
these resonance frequencies. So by tuning the
stiffness in one of these modes, the frequency can
be tuned, such that it matches the other mode. A
normalized change in stiffness of 1.30 is achieved,
according to equation (2.3).

Parallel plate stiffness tuning is also applied with-
out the commonly used comb structures. Yao et
al. [27] and Evoy et al. [28] used flat electrodes
under a suspended out of plane resonator to ap-
ply electrostatic softening. Zhao et al. [29] devel-
oped a micromirror, that has two torsional modes,
and one translational mode of which the stiffness
can be reduced with electrostatic softening. The
device is shown in figure 2.7. The stiffness in z-
direction is 0.1338 Nm−1 and has a correspond-
ing resonance frequency of 1150 Hz. This can be
reduced to approximately 1000 Hz, which corre-
sponds to 0.10 Nm−1, according to equation (2.3).
The torsional stiffness of the device can be tuned
using the same tuning electrodes.

Figure 2.7: 3D model of dual-axis micromirror. The
micromirror is suspended with the torsional beams.
The electrodes E1 −E4 are used to tune the stiffness
of the system. Reprinted from [10], with permission
from Elsevier.

Nano-resonators Nano resonators are very
small MEMS devices that often operate in the or-
der of megahertz (MHz), or even gigahertz (GHz).
These devices are for example being applied in
the field of ultra-sensitive mass sensing [30–32]
and radio frequency signal processing [33]. The
resonators are usually doubly clamped structures,
as shown in figure 2.8. The resonating structure
can either be a micro fabricated beam or an even
smaller structure such as a carbon nanotube or
graphene flake. Some of these nano resonators
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also have stiffness tuning capabilities. The com-
mon tuning method for this class of devices is
parallel plate tuning. But instead of having ded-
icated structures that cover the stiffness tuning
like discussed in the previous paragraph, the res-
onator itself serves as tuning electrode. The sub-
strate of the device is commonly used as the tun-
ing electrode. Just like the devices discussed in
section 2.3.1.1, an electrostatic (negative) stiff-
ness can be added to the system. One device is
discussed as an example for these type of devices.
Other devices that use the same tuning method
were reported by Schwab et al. [11], Kwon et al.
[34], Lopez et al. [35], Yan et al. [36], Stiller et al.
[37] and Wu et al. [38].

Piazza et al. [39] reported on quality factor en-
hancement and capacitive fine tuning of res-
onators. The device is intended as a high quality
factor MEMS resonator for on-chip filtering and
frequency reference. The resonance frequency of
the device can be tuned by applying a voltage be-
tween the substrate and the device layer. The ZnO
layer is a piezoelectric layer. By applying a volt-
age between the drive electrode and the device
layer, a vibration can be induced. The vibration of
the device can be sensed by measuring the volt-
age on the sense electrode. The configuration of
the device is shown in figure 2.8. The untuned fre-
quency of the device is 719 kHz and for a tuning
voltage of 20 V the resonance frequency decreases
with 6 kHz. There is insufficient data available to
determine the stiffness of the system.

Figure 2.8: Voltage-tunable, piezoelectrically-
transduced single crystal silicon resonators. Reprinted
from [39], with permission from Elsevier.

Some of these nano resonators have the capabil-
ity to tune the stiffness both positively as nega-
tively in the same device. However, the positive

stiffness tuning is for the resonance mode which
is perpendicular to the mode of the negative stiff-
ness tuning. An electrode is placed along the side
of the resonator, in the same plane. When a volt-
age is applied between this electrode and the res-
onator, a negative stiffness is added to the in plane
motion. This voltage also has the effect that the
resonator is pulled into the direction of the elec-
trode, due to the electrostatic forces. This force
induces a tensile stress in the resonator. When
the beam vibrates in the out of plane mode, this
tensile stress causes a stiffening effect. This ef-
fect is explained in section 2.3.4. This method
of both positive and negative stiffness tuning has
been applied by Fung et al. [40], Pandey et al. [41],
Rieger et al. [42], Solanki et al. [43], Fardindoost et
al. [44] and Kozinsky et al. [45]. The last one is
discussed in more detail as an example.

Kozinsky et al. [45] presented a device with an
electrostatic mechanism to tune the nonlinearity
of a resonator, increase the dynamical range and
that can tune the resonance frequency. A the-
oretical model was developed that can serve as
a design guideline, and a device was fabricated.
This section only goes into the details of the fre-
quency tuning capabilities. The device consists
of a clamped-clamped beam with dimensions of
150nm×100nm×15µm. A gate electrode is placed
400 nm from this beam and covers almost the en-
tire length as shown in figure 2.9. This electrode
can apply a DC bias voltage and an AC actua-
tion voltage. The resonance frequency of both
in-plane and out-of-plane were measured. When
the gate electrode exerts a DC voltage to the res-
onator, both the in-plane and the out-of-plane
frequencies change. Two different mechanisms
are responsible for the change in stiffness. For
the in-plane resonating mode the resonance fre-
quency will decrease, because the electrostatic
force will add a negative stiffness. The untuned
resonance frequency of the in-plane motion is
8.78 MHz and can decrease with 6% for a tuning
voltage of approximately 28 V (estimated from fig-
ure 2.9). This corresponds to an increase of 12% in
stiffness according to equation (2.3). For the out
of plane mode the resonance frequency will in-
crease as a result of induced stress in the beam.
The gate electrode can exert a force on the res-
onator, resulting in tensile stress in the beam. The
untuned resonance frequency is 7.60 MHz and for
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a tuning voltage of approximately 30 V the reso-
nance frequency increases with 4%. This corre-
sponds to an increase of 8% in stiffness according
to equation (2.3).

Figure 2.9: Elastic tuning of frequency upward (b)
for the beam’s vibration out of plane with the gate
(a). Capacitive tuning of frequency downward (d) for
vibration in-plane of the gate (c). The blue curve in
(d) is the prediction of the theoretical model for the
capacitive frequency tuning. Reprinted with permis-
sion from [45]. Copyright 2002, AIP Publishing LLC.

2.3.1.2. ELECTROSTATIC: VARYING GAP

The concepts in this section are similar to the par-
allel plate devices of section 2.3.1.1. The comb
structure is commonly applied and the stiffness
is added by applying a voltage between a moving
and a stationary electrode. But the direction of
motion is perpendicular compared to the paral-
lel plate devices (x-direction instead of y , for fig-
ure 2.2). If we look at equation (2.7), it was shown
that no electrode stiffness can be added in this di-
rection for two flat, parallel electrodes. However,
by having a gap g (x) that is a function of the dis-
placement in x, a stiffness can be added to the sys-
tem. This is illustrated in figure 2.10. The equa-
tion governing the stiffness can be derived as:

dC = εdA

g (x)
= εb0 dx

g (x)
(2.11)

C = εb0

∫ a0+x

0

dx

g (x)
(2.12)

Fx(x) = ∂U (x)

∂x

∣∣∣
y

(2.13)

= εb0V 2

2

∂

∂x

∫ a0+x

0

dx

g (x)

= εb0V 2

2g (a0 +x)

Kx(x) = ∂Fx(x)

∂x
(2.14)

= εb0V 2

2

∂g (a0 +x)

∂x

Because the capacitance now is a function of the
motion in x-direction, the derivative of the force
term does not become zero and yield a non-zero
stiffness. By tailoring the gap shape, the force-
deflection relation (stiffness) can be chosen by de-
sign.

+Q

-QV

a0 x

y g (x)

kmech-y

kmech-x

b0

E

Figure 2.10: Two conductive plates, that have over-
lapping surface A = (a0+x)b0, gap g (x), with a poten-
tial difference V . The charges (+Q and −Q) accumu-
late on the plates and forms the electric field ~E . The
bottom plate is fixed, and the top plate can move in
x and y direction.

This method was applied to a number of devices.
The first notion on variable gap comb drive was
in the context of actuators [46–48]. Later this was
applied to stiffness tuning mechanisms. Jensen
et al. [14] applied the method to a comb-finger
structure. Seven shapes of comb fingers were de-
signed of which two were fabricated and tested.
The shape of the fingers was different, but were
applied in the same device. One of the fabricated
designs has a shape such that the system becomes
stiffer ((a) in table 2.2) under an applied voltage,
the other fabricated one becomes more compli-
ant ((b)) in table 2.2). The schematic drawings of
the stiffening (a) and weakening (b) comb shapes
can be seen in figure 2.11. When the gap becomes

smaller for a displacement x, ∂g (x)
∂x is negative, re-

sulting in a negative stiffness. The opposite ap-
plies to gaps that become larger for a displace-
ment x. The stiffness was tuned from 0.47 Nm−1
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to 0 Nm−1 with the weakening fingers for 80 V and
to 0.75 Nm−1 with the stiffening fingers for 90 V.

x

g (x)

V

(a)

x

g (x)
V

(b)

Figure 2.11: Schematic drawings of the weakening
(a) and stiffening (b) comb shapes. The gap size
changes with displacement x so the electrostatic force
is a function of the displacement. [14].

The same concept was applied by Engelen et al.
[12], that developed a musical instrument using
MEMS technology with stiffness tuning capabil-
ities. The device consists out of several similar
resonators, that differ in mass and spring con-
stant and thus (untuned) resonance frequency.
Because the softest device has the largest normal-
ized change is stiffness, this device is included in
table 2.2 and figure 2.1. The theoretical stiffness
is 0.6 Nm−1. The resonance frequency of this de-
vice decreases approximately 5% for a tuning volt-
age of 29 V, so the normalized change in stiffness
is 1.11 according to equation (2.3).

The device of Lee et al. [15] applies the same
method. The nominal stiffness of the device is
2.64 Nm−1. By applying a tuning voltage up to
150 V, this stiffness can be decreased by 80% to
0.53 Nm−1.

Varying shape electrodes were similarly applied
by Guo et al. [13]. The untuned stiffness is
17.3 Nm−1 and the linear electrostatic stiffness is
−2.8×10−4 Nm−1 V−2. For a tuning voltage of 60 V
this results in a change of −1 Nm−1.

2.3.1.3. ELECTROSTATIC: VARYING OVERLAPPING

SURFACE.

In equation (2.7) it was shown that it was not pos-
sible to generate a stiffness in x-direction for flat
parallel plates. In that case, the second derivative
of the energy U (x) with respect to x will be equal

to zero (so there is no electrostatic stiffness). But
when a comb drive is designed such that the over-
lapping surface A has a higher order dependency
on the displacement (xn with n ≥ 2), the second
derivative of the energy with respect to x will not
be equal to zero. There will be an electrostatic
stiffness in x-direction. The equations for the ca-
pacitance, electrostatic force and stiffness yield:

C (x) = εA(x)

g0
(2.15)

Fx(x) = ∂U (x)

∂x

∣∣∣
y

(2.16)

= εV 2

2g0

∂

∂x
A(x)

kx(x) = ∂Fx(x)

∂x
(2.17)

= εV 2

2g0

∂2

∂x2 A(x) (2.18)

So if ∂2 A(x)/∂x2 6= 0, there is an electrostatic
stiffness in x-direction. This non-linearly vary-
ing overlapping electrode surface can be achieved
by using a comb drive with fingers of varying
length. This concept was first applied by Lee et al.
[18]. Later, Dai et al.[16], Scheibner et al.[20, 49],
Shmulevich et al.[50] and Kao et al.[17] used the
same method. This type of tuning comb is shown
in figures 2.12 and 2.13. The electrostatic stiffness
kel as presented by Kao et al. can be calculated as:

kel =
NεH th(b +x)

2B pd x
V 2 (2.19)

with N the number of combs, ε the permittivity, th

is the thickness of the device, and H , b, B , p and
d geometric properties that can be found in fig-
ure 2.12. A device with a theoretical untuned stiff-
ness of 17 Nm−1 was fabricated. Under a tuning
voltage of 30 V the stiffness increased with 21% to
20.6 Nm−1.
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Figure 2.12: Tuning-comb of the tunable resonator.
Reprinted from [17], used under the terms of the Cre-
ative Commons Attribution 4.0 license.

Figure 2.13: Schematic structure of the tunable res-
onator. Reprinted from [17], used under the terms of
the Creative Commons Attribution 4.0 license.

Scheibner et al. [20, 49] used varying length comb
fingers in a ‘wide range tunable resonator’. The
purpose of the device is to recognize the wear
state in machinery, by checking the mechanical
vibrations. It consist of an array of eight cells, such
that a total range of 1 kHz to 10 kHz is covered.
Each cell in the array has a fixed base frequency,
which can be decreased by applying a tuning volt-

age. The tuning ranges of each subsequent cell are
overlapping, so that no gap will occur in the to-
tal bandwidth. In table 2.2 cell one (a) and eight
(b) are included as separate devices. Cell one has
a theoretical untuned stiffness of 2.09 Nm−1, the
theoretical stiffness of cell eight is 17.59 Nm−1. To
approximate the tuned stiffness of the two cells
the ratio between the measured tuned- and the-
oretical untuned resonance frequencies are used
(as described in equation (2.3)). This results in a
tuned stiffness of 0.2 Nm−1 and 14.7 Nm−1 for cell
one and eight respectively. These two extremes
are included in table 2.2 and figure 2.1 as (a) and
(b) respectively.

Dai et al. [16] presented a similar device with a
(theoretical) untuned stiffness of 0.76 Nm−1. For
a tuning voltage of 40 V, the stiffness drops to
0.4 Nm−1. Shmulevich et al. [50] achieved a linear
broad range of stiffness tuning with a similar de-
vice. The stiffness of the device was not presented,
but the resonance frequency was changed from
957 Hz to 173 Hz for a tuning voltage of 81 V, re-
sulting in a normalized change in stiffness of 30.6
according to equation (2.3). Lee et al. [18], that
were the first to developed this tuning method
achieved tuning from 0.3 Nm−1 to 0.28 Nm−1.

A different approach was chosen by Morgan et
al. [19]. Instead of having varying comb finger
lengths, the vertical dimension of the comb fin-
gers was varied. This is illustrated in figure 2.14.
These structures could be manufactured due to
‘gray-scale’ technology, that allows the fabrication
of varying height structures with a single lithogra-
phy and dry etch step. Both positive and negative
tuning can be achieved, by designing the combs
such that the overlapping surface decreases or in-
creases respectively. Several designs were pre-
sented and those with the largest positive (a) and
negative (b) tuning range were added to table 2.2.
The largest positive change in stiffness is from
6.1 Nm−1 to 7.55 Nm−1 for 120 V and the largest
negative stiffness tuning was from 4.3 Nm−1 to
3.3 Nm−1 for 90 V.
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Figure 2.14: Comb fingers with varying height that
result in a electrostatic stiffness. [19]

A varying overlapping electrode surface was ap-
plied to a MEMS gyroscope by Hu et al. [51].
A proof-mass is brought into resonance in x-
direction. The resonance frequency in y-direction
should be the same as in x-direction, such that
a rotation of the device results in a transfer of
energy from the actuated resonance mode (x-
direction) into the sensing direction (y-direction)
due to the Coriolis effect. But due to manu-
facturing errors the resonance frequencies of the
in-plane modes do not match. Stiffness tuning
is used to change the resonance frequency in y-
direction such that it matches the frequency of the
mode in x-direction. The tuning electrodes are
placed below the electrodes that are connected to
the proof mass. The tuning electrodes are triangu-
larly shaped, as shown in figure 2.15, such that the
overlapping surface changes non-linearly when
the top electrode moves in y-direction. The stiff-
ness is determined by the shape of the electrodes.
The resonance frequency is tuned from 1.984 kHz
to 2.005 kHz for a tuning voltage of 17.5 V.

x

y

Top View

kmech

V

z

Figure 2.15: Topview of the triangular tuning elec-
trodes as applied by Hu et al. [51]. The triangu-
lar electrodes are situated below the electrode that is
connected to the proof mass. By applying a voltage
between the electrodes, an electrostatic stiffness can
be added to the system. The shape of the triangluar
electrodes influences the stiffness.

Figure 2.16: The microscanner consists of a rotor,
two torsional springs, and two fixed electrodes. The
single-crystal silicon torsional springs are plastically
deformed such that the rotor including the micromir-
ror and movable comb finger electrode has an initial
tilt angle with respect to the stator electrodes. Two
electrically isolated fixed electrodes including a driving
electrode for actuation and a tuning electrode for tun-
ing of the resonant frequency are symmetrically placed
on both sides of the rotor with respect to the torsional
springs. Reprinted from [52], used under the terms of
the Creative Commons Attribution 4.0 license.

A varying overlapping electrode surface was ap-
plied in a angular vertical comb drive by Eun et
al. [52]. A torsional micro mirror is suspended
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by two torsional springs. Perpendicular to the
springs a comb structure is applied that overlaps
with stationary electrodes. When the micro mir-
ror rotates, the overlapping surface between the
moving and stationary electrodes changes non-
linearly. This adds a torsional stiffness to the sys-
tem. The architecture of the device can be found
in figure 2.16. The unmodified resonance fre-
quency of 3176 Hz was tuned to 3066 Hz for a tun-
ing voltage of 30 V.

2.3.1.4. ELECTROSTATIC: NON-INTERDIGITATED

COMB FINGERS

The previous electrostatic tuning mechanisms of
sections 2.3.1.1 to 2.3.1.3 were based on overlap-
ping comb fingers. It is possible though to use
non-interdigitated comb fingers for stiffness tun-
ing. These comb fingers do not overlap and use
fringe fields to exert a displacement-depending
force on each other. Due to the complexity of
these fringe fields, it is not possible to derive an
analytical equation for the electrostatic stiffness.
Finite element modeling is needed to find this
electrostatic stiffness. Both positive and negative
stiffness tuning can be achieved, depending on
the initial alignment of the fingers.

This method of stiffness tuning was applied by
Adams et al. [6, 21]. The device is shown in fig-
ure 2.17. For these transverse non-overlapping
comb drive it’s possible to have either a positive
or a negative electrostatic stiffness, depending on
the initial alignment of the comb fingers. When
the initial alignment of the fingers is such that a
moving finger is in between two stationary fin-
gers, the restoring force will decrease with a dis-
placement. This adds a negative stiffness to the
system (denoted as (b) in table and graph). When
the fingers of the stationary- and moving part are
aligned, a relative motion will cause a restoring
force. This is a positive electrostatic stiffness (c).
Both these configurations are applied in a sim-
ilar device; only the initial alignment is differ-
ent. These initial configurations are illustrated in
figure 2.18. This device has also been used by
Zhang et al. [53] to research nonlinearity effects
on an auto-parametric amplification. The theo-
retical untuned stiffness of the mechanical mech-
anism is 2.6 Nm−1. The experimental electro-
static stiffnesses are −0.84×10−3 Nm−1 V−2 and

1.0×10−3 Nm−1 V−2 for the reduction and aug-
mentation system respectively. The tuning volt-
age squared is estimated from figure 2.5 to be
3200 V2 and 5200 V2 respectively, resulting in a
change of stiffness of −2.69 Nm−1 and 5.2 Nm−1.
DeMartini et al. [54] applied the same tuning
method, for both positive as negative stiffness
tuning, but insufficient data was presented to de-
termine the change in stiffness. The device was
based on earlier work of Rhoads et al. [55].

Figure 2.17: SEM image of a tunable resonator with
a transverse(-reduction) actuator. Reprinted from [6].
© IOP Publishing. Reproduced with permission. All
rights reserved.

Figure 2.18: Diagram of the transverse non overlap-
ping comb drive designs: (a) transverse reduction, (b)
transverse augmentation. The lower halves are fixed
in place and the upper halves are constrained to move
horizontally. Reprinted from [6]. © IOP Publishing.
Reproduced with permission. All rights reserved.
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2.3.2. MECHANICALLY

The stiffness of a system can be adjusted by me-
chanically changing the suspension. In MEMS
this suspension usually consists out of several
flexural beams, that suspend parts of the chip.
The stiffness of these beams is determined by the
geometry, material properties and boundary con-
ditions. The influence of the boundary condi-
tions is shown in figures 2.19a and 2.19b. A can-
tilever, that is clamped at one side and free at the
other is shown in figure 2.19a. When the beam is
clamped at both ends, the situation is as shown
in figure 2.19b. The stiffness is increased four
times. The stiffness of a suspended system can be
increased by engaging more of these flexures, or
changing the effective length.

d

L

t
(a) Cantilever beam (see: equation (2.20)).

d

L

t

(b) Doubly clamped beam (see: equation (2.21)).

Figure 2.19: Beam in two configurations: cantilever
and doubly clamped. The stiffness is a function of
Young’s modulus E , second moment of inertia I and
length L.

kcant =
3E I

L3 (2.20)

kdcb = 12E I

L3 (2.21)

2.3.2.1. MECHANICALLY: CHANGE EFFECTIVE

LENGTH.

Kafumbe et al. [56] used the pull-in of a can-
tilever beam to change the effective length and
tune the stiffness of the system. The configura-
tion of the design is shown in figure 2.20. An elec-
trode is placed closely to a cantilever. By applying
a voltage between the cantilever and electrode,

the cantilever will start bending towards the elec-
trode. This corresponds to state 1 in figure 2.20.
At a critical point, the cantilever will snap in to-
wards the electrode and a dielectric layer on top
of the electrode prevents a short circuit. The snap
in occurs when the electrostatic forces exceed the
mechanical restoring forces of the cantilever. The
cantilever is now in a stable clamped-pinned state
(state 2). In this state the stiffness decreases for
an increasing voltage. This results in a second un-
stable state after which the cantilever will move
into the clamped-clamped configuration, which
corresponds with state 3 in figure 2.20. If the
voltage is further increased, the contact area be-
tween the cantilever and insulative layer will start
to increase. This results in a change in effective
length, so that the stiffness is changed. When the
tuning voltage is decreased once the cantilever is
snapped-in, there will be a hysteresis in the sys-
tem, due to stiction between the cantilever and
dielectric layer. Several mechanisms are respon-
sible for the change in stiffness: adding electro-
static stiffness (state 1 and 2), change of bound-
ary conditions (from state 1 to state 2 and state
2 to state 3) and change in effective length (state
3). The device has a long, linear operational range
in state 3. The device is intended to work in this
state. The change in normalized resonance fre-
quency for the applied normalized voltage for the
different stages is shown in figure 2.21.

Figure 2.20: System configuration and states. State
1 is represented by (· · ··), state 2 by (- - - -) and state
3 by (— ·—). Reprinted from [56]. © IOP Publishing.
Reproduced with permission. All rights reserved.
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Figure 2.21: Normalized frequency variation with
both increasing (A → B → C → D → G → Z), and de-
creasing normalized actuation voltage (Z → I → J →
E → F → A) for the states 1 (- - - -), 2 ((······) and —)
and 3 (—). Reprinted from [56]. © IOP Publishing.
Reproduced with permission. All rights reserved.

Another device that uses the principle of length
change for stiffness adjustment is presented by
Zalalutdinov et al. [57]. A Scanning Tunneling
Microscope (STM) is used to locally actuate and
constrain a silicon nitride cantilever. The vertical
motion of the STM is actuated by an AC voltage
signal on the piezo drive, which is used to drive
the cantilever. The force between the STM tip and
cantilever provides an actuation and motion con-
straint. By changing the position where the STM
tip engages the cantilever, the effective length is
changed. This results in a stiffness and resonance
frequency change. A change in resonance fre-
quency of 300% is reported. The engagement of
the STM tip with the cantilever can be seen for
two different spots on the cantilever in figure 2.22.
The first image (a) is actuated at the base of the
cantilever, the second (b) at 45µm from the base.
The resulting change in resonance frequency can
be seen in part (c) of the image. There is insuf-
ficient data provided to calculate the stiffness of
this system.

Figure 2.22: Scanning electron micrographs (scale
bar corresponds to 10 µm) of the silicon nitride can-
tilever with the STM tip engaged at the base (a) and
45 µm away from the base of the cantilever (b). Plot
(c) shows the corresponding resonant peaks acquired
from the intensity of the secondary electrons (video
signal). Reprinted with permission from [57]. Copy-
right 2000, AIP Publishing LLC.

Zine-El-Abidine et al. [22] developed an electro-
static comb resonator with adjustable stiffness by
using the change in effective length. The device is
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shown in figure 2.23. This device moves in-plane,
and its position can be determined by measur-
ing the capacitance between the moving and sta-
tionary fingers. By changing the effective length
of the suspension beams the stiffness of the sys-
tem changes. This change in effective length is
achieved by electrostatic attraction of the suspen-
sion beams along a curved electrode as shown in
figure 2.24. By applying a sufficiently large voltage
between the electrode and the beam, the beam
will be pulled in. In order to prevent a short circuit
between the suspension beams and electrodes,
silicon dioxide stoppers are used. These stop-
pers are insulated from the electrodes and will be
the only contact points with the beam. There are
three states in which the system can operate: zero
sets activated, one set activated and two sets ac-
tivated (In order to keep the system symmetrical
it is only possible to actuate an entire set of ac-
tuators and not just one beam). The bias voltage
that was used is 240 V. When an actuator is ac-
tivated the effective length changes from 300µm
to 160µm. The thickness of the structure is 25µm
and the width of the beams is 2µm. Simple beams
on the same die have been used to test the Young’s
modulus (107 GPa). The stiffness has been calcu-
lated using equation (2.21). The stiffness of the
system in the three different configurations can
be found in table 2.3. The maximum change in
stiffness is used in table 2.2 and figure 2.1.

Figure 2.23: The fabricated electrostatic comb res-
onator with the MEMS actuators with curved elec-
trodes. Reprinted from [22]. © IOP Publishing. Re-
produced with permission. All rights reserved.

Figure 2.24: (a) The spring state at zero voltage. (b)
The spring state when the actuator is under bias. (c)
The equivalent spring. Reprinted from [22]. © IOP
Publishing. Reproduced with permission. All rights
reserved.

Table 2.3: Theoretical stiffness for the different con-
figurations. (Not provided in original paper)

Configuration Theoretical Stiffness (N/m)

Zero bias 3.2
Two actuators 12.0
Four actuators 20.9

2.3.2.2. MECHANICALLY: ENGAGING EXTRA

SPRINGS

Mueller-Falcke et al.[23, 58] proposed a mechani-
cal way to add stiffness to a system. The applica-
tion of this device is scanning probe microscopy.
Usually, a cantilever is used in scanning probe ap-
plications, but instead of using a cantilever that
moves out of plane, an in plane motion was used.
The device has two operating modes; a soft- and
a stiff mode. In the soft mode, the probe is sus-
pended by two pairs of flexure beams (flexure 1
and 3). By applying a voltage of 130 V a third pair
of flexure beams (flexure 2) can be engaged, see
figures 2.25 and 2.26. When these flexures are en-
gaged, the probe is in stiff mode. The device cov-
ers an area of 500µm×650µm. The proposed de-
sign has an unadjusted stiffness of 0.01 Nm−1 and
an adjusted stiffness of 0.1 Nm−1.
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Figure 2.25: In-plane probe design (A, electrostatic
clutch; B, high aspect ratio carbon nanotube tip; C,
capacitive sensor; D, comb-drive actuator). Reprinted
from [58]. © IOP Publishing. Reproduced with per-
mission. All rights reserved.

Figure 2.26: Plain structure of the AFM probe with-
out sensors, actuators, tip. Reprinted with permission
from [23].

2.3.3. CHANGE SECOND MOMENT OF IN-
ERTIA

The stiffness of a beam depends on its mate-
rial properties, length, boundary conditions and
cross section as shown in figures 2.19a and 2.19b.
The influence of the cross section is described
with the second moment of inertia I . The general
expression of the second moment of inertia for an

arbitrary shape, with respect to the x-axis:

Ix =
Ï

A
y2 dx dy (2.22)

For a simple rectangular beam this is defined as:

I = w t 3

12
(2.23)

Where w and t are the width and thickness re-
spectively. From these equations it can be con-
cluded that a small part of surface area of dx dy
contributes more to the second moment of iner-
tia and stiffness when it is further away from the
center. Deforming the cross-section results in a
change of the second moment of inertia. This re-
sults in a change in stiffness. By deforming the
cross section such that the surface area moves fur-
ther away from the center a stiffer system is ob-
tained. This method is applied by Kawai et al.
[59]. It is applied to an Atomic Force Microscope
(AFM) cantilever that can be used to analyze the
mass of atoms and molecules. First, a surface is
scanned with the cantilever in AFM mode in order
to find a certain molecule or atom. This requires
a stiff cantilever. When the atom or molecule is
found, it is picked up with the tip of the can-
tilever and it is ejected in a TOF mass analyzer.
But in order to reach for the TOF mass analyzer,
the probe must undergo a large deflection. The
high stiffness of the cantilever is disadvantageous
in this case, since it requires a lot of force. In or-
der for the cantilever to switch from a soft state to
a stiff state, a piezoelectric layer is used to deform
the cross sectional shape, as shown in figure 2.27.
The longitudinal piezoelectric layers are used to
bend the cantilever upwards, while the transverse
piezoelectric part is used to modify the cross sec-
tion of the probe. By applying a voltage to the
piezoelectric layer it contracts, while the under-
lying layer resists this contracting motion. Due to
this difference in contraction, bending will occur.
A schematic figure of the device and the proce-
dure of operation can be seen in figure 2.27. The
stiff mode is 14% more stiff than the neutral mode.
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Figure 2.27: Schematic figure of the probe. In state
a) the probe is in its undeformed shape. In b) the
piezoelement in the center is activated and the probe
deforms into a U-shape. This is the stiff mode. In
c) the probe is in soft mode and uses the two longi-
tudinal piezo actuators on the side to bend upwards
[59].

2.3.4. STRESSING EFFECTS

The stiffness of an element is influenced by stress-
ing effects. Both a positive and a negative change
in stiffness can be achieved by applying either a
tensile or compressive load respectively. The ef-
fects of induced stress can be seen in the result of
micro fabrication process [60–62], due to differ-
ences in thermal expansion coefficients between
subsequent layers and stresses that are inherent
to the deposition processes. This is usually an

unwanted effect and often the cause of failure in
MEMS. Stressing effects can also be caused by ad-
sorption of (bio-)molecules [63–69] and is used
in sensing applications. These devices will not
be included in this review, because the change is
stiffness is not controlled, but the effect is used
for sensing. Stressing effects can also be used to
change the stiffness in a controlled way. The stress
can for instance be applied by thermal expansion,
piezoelectric effects or electrostatic loads. These
methods is discussed in sections 2.3.4.1 to 2.3.4.3.
As was already mentioned in the introduction of
the review, systems that show stiffness changes
due to dynamic effects will not be discussed, but
might be of interest to the reader. There is a large
group of devices that use non-linear dynamics for
resonance frequency tuning [4, 5]. By increas-
ing the resonance amplitude of a resonator, there
will be a stiffening effect due to the increased
stress. These devices will not be discussed, be-
cause this effect only occurs in a dynamic state.
Nano-resonators that use both electrostatic soft-
ening and stressing effects were already discussed
in section 2.3.1.1.

The effect of a uniform axial load on the stiffness
can be understood by taking the dimensionless
linear equation of motion for a beam element and
dropping the damping terms and external forc-
ing, as derived by Younis [70]. The shape of the
beam is expressed by w(x, t ), where x is the posi-
tion along the beam and t is time:

∂4w

∂x4 + ∂2w

∂t 2 −Nnon
∂2w

∂x2 = 0 (2.24)

with Nnon = l 2N /(E I ) (positive N means tensile
force, negative means compressive), where l , N ,
E and I are the length, load, Young’s modulus and
second moment of inertia respectively. The axial
load only contributes to the spatial term, which
shows its influence on the stiffness. For a uniform
load, a tensile force is limited by the strength of
the material, while compressive load is limited by
the buckling limit of the beam. When the buckling
load is reached, the stiffness approaches zero.

2.3.4.1. STRESSING EFFECTS: PIEZOELECTRIC

STRESSING.

Piezoelectric materials show mechanical defor-
mation when an electric field is applied [71]. This
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deformation can be used to apply a stress to
change the stiffness of a system.

Karabalin et al. [72] developed a new model to
predict stiffness changes in micro- and nanocan-
tilever beams due to surface stress. The valid-
ity of this model has been confirmed with mea-
surements. The device is a single chip with se-
ries of both cantilevers with a free end and dou-
bly clamped beams as shown in figure 2.28. All
have the same width of 900 nm and have the
same stack of materials: 20 nm aluminum nitride,
100 nm molybdenum, 100 nm aluminum nitride,
and 100 nm molybdenum. The lengths are 6,
8 and 10µm. A voltage is applied between the
molybdenum layers, such that the aluminum ni-
tride layer will apply a stress to the stack due to its
piezoelectric properties. Both a compressive and
a tensile stress can be applied. This stress causes
the beam to bend, because it is applied above the
neutral axis of the stack. An AC voltage to the
same piezo stack is used for actuation. Interfero-
metric measurements are used to detect the reso-
nance frequency. In table 2.2 only the 10µm dou-
bly clamped beam is included, as two separate de-
vices; one for positive tuning voltage (a) and one
for negative tuning voltage (b). Similar experi-
ments, with an off-center piezoelectric stack on a
silicon nitride doubly clamped beam were done
by Olivares et al. [73].

2.3.4.2. STRESSING EFFECT: THERMAL EXPAN-
SION.

Most materials expand when the temperature is
increased. It is a result of the increase in kinetic
energy in the molecules. When a doubly clamped
beam is subjected to an increase in temperature,
the expansion of the material will lead to an in-
creased internal stress, which can be used for stiff-
ness tuning.

Two devices that made use of stressing effects by
thermal expansion were presented by Syms et al.
[24]. A one degree- (figure 2.29) and two degree
of freedom device were made. The first device is
explained in more detail. A mass is suspended by
folded flexures and is tunable in the y-direction.
This is done by applying a DC-voltage between
the anchors of the flexures such that a current
will start to flow. Due to Joule heating, these flex-
ures will heat up. Whether compressive or tensile

stress will arise depends on the ambient pressure.
This is a result of the dominant cooling mech-
anism; under high pressure this is convection,
while thermal conduction dominates at low pres-
sures. When the cooling is dominated by convec-
tion, the temperature will be higher in the flexures
than in the suspended part, because the surface of
the latter is much greater, which results in a faster
cooling. The thermal expansion will be larger in
the flexures than in the suspended part, so com-
pressive stress will arise. When the pressure is low,
the convective cooling will be negligible and con-
duction to the bulk of the chip will be the dom-
inant cooling mechanism. The flexures and the
suspended parts will have the same uniform tem-
perature in steady state. Now the thermal expan-
sion of the suspended part will be larger, since it is
longer than the flexures; the flexures will be under
tensile stress. For a compressive stress, the stiff-
ness will decrease, while a tensile stress will result
in an increased stiffness. The unadjusted stiffness
of the device is not mentioned in the paper, but
can be derived from the geometry. The stiffness
for such a set of doubly clamped beams is shown
in equation (2.21). Assuming that the silicon has a
Young’s modulus of 169 GPa [74], this results in a
stiffness of ksys = 0.2Nm−1. For the lowest pres-
sure of 10 mTorr, the increase in resonance fre-
quency is almost 50%, resulting in 0.45 Nm−1. For
the highest pressure of 500 mTorr, the decrease in
resonance frequency is almost 10%, resulting in
0.16 Nm−1. In table 2.2 the device is shown as
two separate devices; one for the increase in stiff-
ness(a), the other for the decrease in stiffness (b).
The two degree of freedom device has a different
flexure geometry. The mass is suspended by two
sets of beams instead of one and the length of the
beams is smaller compared to the other device.
By using the equation of equation (2.21) we get
k = 0.69Nm−1. The resonance frequency in the
y-direction changes from 1.56 kHz to 2.29 kHz for
3 mW of tuning power. By applying equation (2.3),
a tuned stiffness of 1.49 Nm−1 is found. This de-
vice can be found in table 2.2 as device (c).
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Figure 2.28: Resonant response of piezoelectric beams. a, SEM micrograph of the doubly clamped beams used
for the experiments. On top of the micrograph, we show resonant responses of each of the beams, yielding
resonant frequencies of 38.3 MHz (length 6 µm, purple), 22.9 MHz (8 µm, green) and 14.8 MHz (10 µm, blue).
Experimental details are provided in the supplementary material of [72]. b, SEM micrograph of the cantilever
beams used for the experiments. Respective resonant responses are also shown for each cantilever, yielding
natural frequencies of 8.85 MHz (length 6 µm), 4.82 MHz (8 µm), 3.16 MHz (10 µm). Both types of beams have
the same composition (320 nm of total thickness) and width (900 nm). Lengths are 6, 8, or 10 µm for both
types of devices, causing the boundary conditions to be the only difference, thus allowing proper comparison
of the experimental results for the two configurations. Scale bars: 2 µm. Reprinted with permission from [72].
Copyright by the American Physical Society.
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Figure 2.29: Schematic drawing of device with one
degree of freedom. The mass is suspended by the
folded flexures. A DC voltage can be applied to the
flexures, and due to Joule heating the beams will
heat up and expand. Depending on the surrounding
air pressure, convective or conductive cooling will be
dominant. For conductive cooling, the flexures will
be subjected to tensile stress, because the mass ex-
pands more than the flexures. For convective cooling
the flexures will expand more than the mass, resulting
in a compressive stress. Compressive stress decreases
the stiffness, tensile stress increases the stiffness. The
AC voltage is used to actuate the device.[24]

The stiffness of the device designed by Remtema

et al. [75] is tuned by thermally induced stress-
ing effects. The configuration of the device can
be seen in figure 2.30. A mass is suspended by
‘beam 1’ and by a folded flexure mechanism that
consists of ‘beam 2’ and ‘beam 3’. The folded
flexure mechanism results in a high stiffness in
x direction and a low (linear) stiffness in w di-
rection. By applying a current to the suspension
beams, the temperature will increase due to Joule
heating and the beams will expand. The expan-
sion of ‘beam 2’ and ‘beam 3’ is in opposite di-
rection, so no compressive stress is developed.
‘Beam 1’ however, will be stressed due to the ther-
mal expansion. This stress results in the change
in stiffness. On top of the stressing effect there
is a second mechanism that decreases the stiff-
ness of the structure. The Young’s modulus of sili-
con has a negative temperature dependency as is
described in section 2.3.5; by increasing the tem-
perature in the suspension beams both the com-
pressive stress as the decrease in Young’s modulus
will decrease the stiffness. (Because the compres-
sive stress has the dominant effect, the device is
placed in this category). The results of the change
in resonance frequency of the device can be seen
in figure 2.31. The maximum change in frequency
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is 14%, so according to equation (2.3), this is an
increase of 30% in stiffness.

Figure 2.30: Schematic diagram of a comb-
shape micro resonator with a straight-beam for ac-
tive frequency tuning via localized stressing effects.
Reprinted from [75], with permission from Elsevier.

Figure 2.31: Measured frequency change versus tun-
ing power for five different devices compared to the
theoretical model. Reprinted from [75], with permis-
sion from Elsevier.

Previously discussed devices use uniform heat-
ing and uniformly thermal expansion by using the
suspension beam itself as the heater. This re-
quires an electrical conductive suspension beam.
Sviličić et al. [76, 77] and Mastropaolo et al. [78]
used non-uniform thermal expansion, by using a

separate electro-thermal electrode on top of the
structural element that supplies the thermal en-
ergy. So thermally induced stress can also be ap-
plied to non-conductive material. This method
has been applied to a doubly clamped beam [76],
a cantilever beam [77–81] and a disk [78]. In the
case of a cantilever beam, the expansion not fully
restricted. The thermal stress is induced due to
the difference in thermal expansion coefficient
between the electrode and the support material.
This results in a stress gradient and out of plane
bending of the structure.

Thermally induced stressing effects have also
been applied on nano resonators. Jun et al.
[82] used 12µm long doubly clamped composite
beams consisting of 30 nm 3C-SiC and 30-195 nm
aluminum. A current was applied to the resonator
itself, resulting in Joule heating and thermally in-
duced stress. Mei et al. [83] used carbon nan-
otubes in similar experiments.

2.3.4.3. STRESSING EFFECT: ELECTROSTATIC

FORCE.

Cabuz et al. [84] presented a MEMS resonator of
which the stiffness can be tuned by using stress-
ing effects. This stress is applied by using electro-
static attraction. A silicon structure with a thin,
doubly clamped cantilever resonator is installed
in a glass package, as shown in figure 2.32. One
of the sides of the structure is clamped in, the
other side is suspended by a torsion bar. Elec-
trodes are situated close to the top and bottom
of the free hanging part of the silicon structure.
These electrodes can exert a force on the struc-
ture, such that the structure can rotate around the
torsion bar. An axial force will be induced to the
resonator. A third electrode is placed close to the
resonator to detect the deflection of the resonator
by capacitive measurement. The applied voltage
attracts the bottom of the free end. This induces
a tensile stress in the resonator, resulting in an in-
crease of resonance frequency. For 15 V the fre-
quency increased with 14.5 Hz. Tuning with the
upper electrode is not demonstrated, but a simi-
lar change in frequency, in opposite direction may
be expected. The untuned resonance frequency is
not mentioned in the paper. Yao et al. [27] men-
tioned the use of electrostatic actuators for apply-
ing an axial force for stiffness tuning. No experi-
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mental data was provided though.
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Figure 2.32: Schematic of device [84].

2.3.5. CHANGE YOUNG’S MODULUS

The stiffness of a mechanical structure is depend-
ing on the geometry, configuration and Young’s
modulus (elasticity of a material). Zhang et al.
[85, 86] designed a device of which the stiffness
can be changed by tuning the Young’s modulus. A
mass is suspended by four flexural beams that are
connected to a crossbars as shown in figure 2.33.
By applying a voltage to the electrodes of the de-
vice, a current will run through the crossbars and
flexural beams. The flexural beams will heat up,
due to Joule heating. The beams will expand, but
this will not result in an axial stress, because the
motion is not restricted due to the compliance of
the crossbars. The flexural beams are made out
of silicon, which has a negative temperature co-
efficient of modulus. The increase in tempera-
ture will therefore lead to a decrease in Young’s
modulus, and thus stiffness as shown in equa-
tions (2.20) and (2.21). Two sets of comb drives are
attached to the mass. One of these comb drives
is used to actuate the mass, the other is used to
measure the motion. The untuned mechanical
stiffness can be calculated using equation (2.21).
For flexural beams with a size of (l ×w × t ) 410×
25×7µm and a Young’s modulus at room temper-
ature of 169 GPa, which gives k0 = 84.1Nm−1. For
an input of 54 mW the resonance frequency drops
1.1%. According to equation (2.3) this means that
the tuned stiffness is 97.8% of the untuned stiff-
ness. The tuned stiffness is 82.25 Nm−1. De-
vices that use thermally induced axial stress (sec-
tion 2.3.4.2) usually have this effect of change in
Young’ modulus as well. But the effect on the

change in stiffness is stronger for stressing effects
than for the change in Young’ modulus.

Figure 2.33: Schematic of MEMS resonator with in-
tegral crossbar heaters including biasing configuration
used. Reprinted from [85], with permission from El-
sevier.

2.4. DISCUSSION

The results will be discussed for each physical
principle. They are compared in table 2.4.

2.4.1. ELECTROSTATIC

Electrostatic tuning is the most used method for
stiffness tuning. It is very versatile; almost all
ranges of stiffness can be achieved. But this all
comes at a cost of size. The change in stiffness
is directly related to the surface area of the elec-
trodes. So in order to achieve large changes in
stiffness, a large device is needed. The most sim-
ple way of electrostatic stiffness tuning is by us-
ing the ‘parallel plate’ type (section 2.3.1.1). The
range of motion of this device is limited by the risk
of pull-in. This range can be extended by using
branched fingers instead of straight ones. The risk
of pull-in remains though, and precautions like
safety pins or other mechanical stoppers are re-
quired to ensure a long lifetime [9].
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Table 2.4: Comparison of the categories

Stiffness adjustment

Category Sub-category Po
si

ti
ve
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eg

at
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e
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u

o
u

s

D
is

cr
et

e

Advantages Disadvantages

Electrostatic

Parallel plate × X X × Simple, effective Risk of pull-in, relative large
tuning mechanism

Varying gap X X X × Freedom of design Risk of pull-in, relative large
tuning mechanism

Varying surface X X X × Freedom of design Risk of pull-in, relative large
tuning mechanism

Non-interdigitated X X X × Low risk of colliding elec-
trodes

Complex design, less effi-
cient, relative large tuning
mechanism

Mechanical
Effective length × × X X Large tuning range Mechanical contact and high

voltage required
Mechanical springs × × × X Large tuning range Mechanical contact and high

voltage required

Second moment of inertia X × X × Size efficient solution, appli-
cable to cantilever

Stressing effects
Piezoelectric X X X × Positive and negative tuning

in same device, applicable to
cantilever, size efficient

Thermal X X X × Easily applicable, size effi-
cient

Only small changes in stiff-
ness

Electrostatic X X X × Relatively large

Young’s modulus × X X × Relatively easily applicable Only small changes in stiff-
ness

The ‘varying gap’ and ‘varying overlapping elec-
trode surface’ have more freedom of design than
the ‘parallel plate’ devices. The voltage-stiffness
relation can be designed by choosing the rate of
change in gap or overlapping electrode surface.
This might enhance the performance.

Non-interdigitated comb fingers are less efficient
than the other electrostatic tuning methods. The
advantage is that the risk of colliding comb fingers
is low, because they are not overlapping.

2.4.2. MECHANICAL

Mechanical tuning is an effective way of achieving
large changes in stiffness for a limited device size.
These devices are often discrete. This might be a
limiting factor for certain applications. But when
continuous stiffness tuning is not needed and a
large change in stiffness is required, mechanical
stiffness adjustment is a suitable method. Me-
chanical contact is inevitable for these methods,
which could lead to stiction- and wear problems.
Most of the devices that use mechanical tuning
use electrostatic pull-in to establish the mechani-

cal contact, which requires a high voltage.

2.4.3. SECOND MOMENT OF INERTIA

The second moment of inertia describes the in-
fluence of the cross section on the stiffness of an
element. By deforming the cross section, the stiff-
ness can be changed. There is only one device
in this category in this review. It uses piezoelec-
tric elements to control the cross-sectional cur-
vature of a cantilever. not many tuning methods
are applicable to cantilevers. The piezo actuator
is very small because it is integrated in the struc-
ture. Therefor it is a size efficient solution.

2.4.4. STRESSING EFFECTS

Stressing effects can be applied by either piezo-
electric elements, thermal expansion or by elec-
trostatic forces. The piezoelectric devices can
tune the stiffness both positively and negatively
in a single device, because both tensile and com-
pressive stresses can be developed, depending on
the direction of the electric field. For this reason it
is a versatile method. Thermal stressing can also
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be used to tune both in the positive and negative
direction, but this can not be done in the same
device under constant conditions. When the ther-
mal expansion of the suspension element is larger
than the surrounding structure, the stress will be
compressive. When the expansion of the suspen-
sion is lower than the surrounding structure, ten-
sile stress will be present. Inducing stress through
electrostatic forces can also be used for positive
and negative stiffness tuning, depending on the
actuation direction of the actuator. The tuning
range of devices in this category is relatively small.

2.4.5. YOUNG’S MODULUS

The Young’s modulus is the elasticity of a mate-
rial, which influences the stiffness. The Young’s
modulus is depending on the temperature, so
it can be tuned by controlling the temperature.
The Young’s modulus of silicon, which is widely
used for MEMS, has a negative temperature de-
pendency. However, the effect is weak and only
small changes in stiffness can be achieved be-
cause the tuning is limited by the melting tem-
perature. This tuning method is easily applicable,
because a heater is the only additional part that
is needed. Devices using thermal expansion for
stressing effects also show stiffness change due to
a change in the Young’s modulus, but this effect is
much stronger.

2.5. CONCLUSION

Stiffness adjustment is broadly applied in MEMS
and the applications and physical principles are
numerous. The results in this paper can be used
as a selection tool for the reader to find a suit-
able concept for a new application. The catego-
rization as it stands now can successfully map the
current state of art, but might need extra cate-
gories or sub-categories if the field develops. The
field of stiffness tuning is dominated by electro-
static methods and most of the applications can
be found in resonating structures like accelerom-
eters, energy harvesters and mechanical filters.

If a large tuning range is required (more than
one order of magnitude), electrostatic tuning or
mechanical tuning are the most suitable meth-
ods. Electrostatic tuning requires a large device

though, and mechanical tuning is often in dis-
crete steps and requires a large tuning voltage. If a
small tuning range (up to one order of magnitude)
is required electrostatic tuning, stressing effects,
change in second moment of inertia or tuning of
the Young’s modulus could be a suitable method.
Table 2.2 provides an overview of the different de-
vices and their key properties. Figure 2.1 provides
a graphical overview of the devices and their abso-
lute and normalized change in stiffness. The dif-
ferent categories are compared in table 2.4. These
graph and tables serve as a selection tool for stiff-
ness tuning.
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3
CONCEPTUAL SOLUTIONS FOR STIFFNESS

ADJUSTMENT IN AFM PROBES

The literature review shows that there are several approaches possible to achieve stiffness adjustment. In
this chapter the results and conclusions of the literature review are discussed. The most promising methods
which can be applied to an AFM probe are discussed in section 3.1. Three potential concepts are presented
in sections 3.1.1 to 3.1.3. The are compared and the final solution is chosen in section 3.2.

3.1. CONCLUSION FROM THE LITERATURE REVIEW

A categorization for stiffness adjustment methods in MEMS was presented in the literature review in sec-
tion 2.2.2. In this section the most promising categories are selected, based on the obtained results. The
selection is made according to three criteria. The first criterion is the change in stiffness ∆k and the second
is the normalized change in stiffness knorm, which were defined in section 2.2.3. Third is the applicability of a
method to a cantilever probe, to ensure compatibility with conventional AFM systems.

In the introduction of the thesis it was stated that at least one order of magnitude in stiffness change is re-
quired (knorm > 10). A category qualifies if it already has been proven in literature and will be marked with a
check mark (X) in table 3.1. If it potentially could be applied it will be marked with (∼). Categories that do not
qualify for a certain criterion will be marked with a cross (×). If the criteria for a certain category are marked
with a ‘X’ or ‘∼’, it can potentially be applied for the current application. These categories are indicated with
an arrow and are further elaborated in sections 3.1.1 to 3.1.3.

Table 3.1: Comparison of the methods that were presented in the literature review on the applicability for
stiffness adjustment of AFM probes. Potentially suitable categories are marked with an arrow.

Physical Principle Sub-category
khigh
klow Appl. to cantilever

Electrostatic

Parallel plate X ×
Varying gap X ×
Varying electrode shape ∼ ×
Non-interdigitated ∼ ×

Mechanical
Change effective length X X ←
Engaging mechanical springs X ∼ ←

Second moment of inertia - ∼ X ←

Stressing effects
Piezoelectrically induced × X
Thermally induced × ×
Electrostatically induces X ×

Young’s modulus - × X
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3.1.1. ENGAGING MECHANICAL SPRINGS

Mechanical tuning, by engaging extra mechanical springs was applied by Mueller-Falcke et al. [1, 2], as shown
in section 2.3.2.2. The device is capable of switching the stiffness from 0.01 Nm−1 to 0.1 Nm−1. So one order
of magnitude change is possible. The tuning in this device is not out of plane, but this is achievable.

Concept:
Two pairs of opposing ‘rams’ clamp the
cantilever. These rams can for instance
be actuated by thermal expansion or by
piezoelectric actuators. These rams add
extra mechanical stiffness. This concept
does not yet exist in literature.
Advantages:

• Multiple steps of adjusting.
• Large change in stiffness

Disadvantages:
• Difficult to manufacture (ram

and cantilever must be very good
aligned)

• High clamping force required

Top view

Cantilever

A A’

Side view A-A

3.1.2. CHANGE EFFECTIVE LENGTH

Change in effective length is a very effective way to achieve a large change in stiffness, as shown in sec-
tion 2.3.2.1. Out of plane tuning has been proven in literature.

Concept:
Change in effective length by electrostatic
clamping. A closely positioned electrode
exerts an electrostatic force on the can-
tilever. The cantilever will pull-in, an in-
sulative layer prevents an electrical con-
nection between the cantilever and elec-
trode.
Advantages:

• Robust
• Large change in stiffness

Disadvantages:
• Only two values of stiffness

3.1.3. SECOND MOMENT OF INERTIA

Tuning the second moment of inertia was shown in the literature, as discussed in section 2.3.3. A large
changes in stiffness and normalized stiffness has not been achieved, but can possibly be implemented in
a different configuration.
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Concept:
Change in second moment of inertia to
change the stiffness. This concept has
been proven in literature by Kawai et al.
[3]. The second moment of inertia can
changed by curing the cantilever along its
width. This can be achieved with piezo-
electric elements.
Advantages:

• Continuous tuning
Disadvantages:

• High curvature required
• Difficult to manufacture

Side view:

Front view:

3.2. CONCLUSION

In order to pick the final concept, a comparison is made between the three concepts. This is done for the
following three criteria:

• Feasibility: Technological feasibility; a simple design has the advantage over a more complex design

• Tuning Range: The potential tuning range of the device; from untuned to maximally tuned

• Discrete/continuous: Continuous tuning has the preference over discrete switching of stiffness.

Table 3.2: Comparison of the three concepts

Concept Feasibility Tuning Range Discrete/continuous Total

1 - + 0 0
2 + + - +
3 - 0 + 0

This analysis shows that concept two, which uses the change in effective length, is the most promising con-
cept. This will be further elaborated over the course of this thesis.
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4
MANUSCRIPT: In situ STIFFNESS

ADJUSTMENT FOR AFM PROBES UP TO TWO

ORDERS OF MAGNITUDE

The concept that was chosen in chapter 3 is further elaborated in this chapter. First, the concept for stiff-
ness tuning is presented, which is followed by characterization of the pull-in behavior with an analytical- and
COMSOL model. An experimental setup is presented, which was used to prove the change in stiffness. The
cantilever was operated in dynamic mode and the fundamental resonance mode was measured as a func-
tion of effective length with a laser Doppler vibrometer. In the results, the outcome of the modeling and
experiments are shown. The stiffness was adjusted in situ in the range of 0.2 Nm−1 to 27 Nm−1, covering
two orders of magnitude in a single cantilever. The chapter ends with the discussion and conclusion. This
chapter is written in a journal-style format, is submitted to a journal and is under review. Chapters 5 and 6
comprise the supplementary material of the manuscript. The first chapter shows the derivation of the ana-
lytical model, which is compared to a stationary COMSOL model and experimental results. This is followed
by a time-dependent COMSOL model to study the behavior after pull-in. The second chapter shows details
about the experimental setup, shows additional measurement results and a more detailed discussion.
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In situ stiffness adjustment for AFM probes
up to two orders of magnitude

M L C de Laat1, H H Pérez Garza1,2, M K Ghatkesar1?

1 Micro and Nano Engineering Group, Faculty of Mechanical, Maritime and Materials (3mE) Engineering, Delft University
of Technology, Mekelweg 2, 2628 CD, Delft, The Netherlands
2 DENSsolutions, Informaticalaan 12, 2628 ZD, Delft, The Netherlands
? E-mail: m.k.ghatkesar@tudelft.nl

Abstract
The choice on which type of cantilever to use for Atomic Force Microscopy (AFM) depends on the
type of the experiment being done. Typically, the cantilever has to be exchanged when a different
stiffness is required and the entire alignment has to be repeated. In the present work, a method to
adjust the stiffness of an AFM cantilever in situ is developed. The adjustment is achieved by chang-
ing the effective length of the cantilever by electrostatic pull-in. By applying a voltage between the
cantilever and an electrode (with an insulating layer at the point of contact), the cantilever snaps to
the electrode, reducing the cantilever’s effective length. An analytical model was developed to find
the pull-in voltage of the system. Subsequently, a time-dependent COMSOL model was developed
to study the behavior after pull-in. The working principle of this concept is demonstrated with a
proof-of-concept experiment. The electrode was positioned close to a commercially available can-
tilever by using a robotic nanomanipulator. To confirm the change in stiffness, the fundamental
resonance frequency of the cantilever was measured for varying electrode positions. The results
match with the theoretical expectations. The stiffness was adjusted in situ in the range of 0.2N/m
to 27N/m, covering two orders of magnitude using one single cantilever. This proof-of-concept is
the first step towards a micro fabricated prototype, that integrates the electrode positioning system
and cantilever that can be used for actual AFM experiments.

4.1. INTRODUCTION

The Atomic Force Microscope (AFM) was invented by Binnig and Quate in 1986 [1]. AFM is a technology
that can image samples with extreme high resolution. In good conditions sub-nanometer resolution can
be achieved and it is possible to visualize individual atoms [2]. An AFM uses a silicon based chip with a
cantilever beam and a very sharp tip to probe a surface. The forces that act on the tip cause the cantilever
beam to deflect, which is measured with a sensor. With this information, the topography of the surface can
be reconstructed. It is also possible to calculate the force between tip and sample by using the (known)
stiffness of the cantilever by using Hooke’s law. This information can for instance be used to measure material
properties like Young’s modulus [3] and molecular interaction force [4, 5].

The stiffness of the cantilever is very important to the type of measurement that needs to be performed; for a
different type of measurement a different stiffness is needed [6]. The range of cantilever stiffness for different
type of measurements is shown figure 4.1. In practice, users have to exchange the cantilever if they want to
switch to a different stiffness; this consumes a lot of time, the alignment of the sensor has to be repeated and
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the sample needs to be relocated. It would provide a great advantage if the stiffness of an AFM probe could be
changed in situ. The change in stiffness should at least be one order of magnitude to be of any significance.
An example of a potential application is Peak Force tapping mode, which is used for simultaneous imaging
and Young’s modulus mapping [7]. The stiffness of the cantilever should match the Young’s modulus for
high accuracy measurements. Samples with high Young’s modulus variability cannot be accurately measured
with a single cantilever. A tunable stiffness probe would provide the solution to successfully measure these
samples.

Earlier attempts to design an in situ tunable stiffness probe were done. Mueller-Falcke et al. designed a
switchable stiffness probe [8, 9]. This probe can switch between 0.01 Nm−1 and 0.1 Nm−1. This change in
stiffness is sufficiently large to switch to a different AFM mode, but the probe is not compatible with con-
ventional AFM systems. This probe does not use a cantilever beam, but an in-plane moving shuttle. So in
order to do AFM measurements with this probe, the system must be adapted to this type of probe. Kawai et
al. presented an AFM probe of which the stiffness can be tuned by changing the second moment of inertia
[10]. A piezoelectric actuator can change the curvature of this cantilever. It is compatible with conventional
AFM systems. But the proven change in stiffness is only 14%, which is too small to switch to another mode.
An AFM probe with in situ adjustable stiffness, which is both compatible with conventional AFM systems
and that has a large tuning range will be presented in this paper. A conceptual design will be proposed and
the working principle will be demonstrated. The change in stiffness is achieved by reducing the effective
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Figure 4.1: The range of stiffness for the AFM cantilever for different imaging modes.

length of the cantilever. This is done by placing a parallel electrode close to the cantilever and applying a bias
voltage VDC between the cantilever and this electrode as shown in figure 4.2. The cantilever pulls-in to the
electrode (dashed line). The insulator makes sure that there is no electrical contact between the cantilever
and electrode. When the voltage is further increased, the cantilever will end up in the final state (solid line).
The cantilever is clamped to the electrode due to the electrostatic force. The change in effective length of
the cantilever results in a change in stiffness. The stiffness of a cantilever beam is governed by the following
equation:

Keff =
3E I

Leff
3 (4.1)

Where E is the Young’s modulus, I the second moment of inertia and Leff the effective length. So if the effec-
tive length is reduced, the stiffness will increase. For example; in order to increase the stiffness one order of
magnitude, the effective length should decrease 3p10 = 2.15 times.

Cantilever
Insulative layer
Electrode

VDC

Leff = Ltip

(a)

Insulative layer
Electrode

VDC

Leff

Cantilever

(b)

Figure 4.2: In (a) the cantilever is in unadjusted state. When the bias voltage VDC is applied, the
cantilever will start bending towards the electrode. When the bias voltage is bigger than the pull-in
voltage, the cantilever will pull-in towards the electrode (b). The cantilever will hit the electrode (dashed
line) and will be in a stable state. When the voltage is further increased, the cantilever will finally be in
the tuned state. The effective length Leff of the cantilever has decreased, and the stiffness is increased.
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4.2. EXPERIMENTAL SECTION

4.2.1. MODELING

When a voltage is applied, the cantilever will start bending towards the electrode. The mechanical restoring
forces will increase linearly with displacement, while the electrostatic force increases inversely quadratic with
displacement. When the electrostatic force is larger than the mechanical restoring force, pull-in will occur.
This corresponds with the state which is indicated with the dashed line in figure 4.2. A model is developed
to determine the required voltage to achieve electrostatic pull-in. The model is based on Do et al. [11] and
is modified such that it can be used for this particular system. The derivation of this model and experimen-
tal verification are found in the supplementary materials. The required bias voltage VDC for equilibrium is
expressed as:

VDC =

√√√√√
12Ê I y(Lc-el)

εairεins
2weff

∫ Lc-el
Lc-el−αLc-el

x2(3Lc-el−x)
(εairdins+εins(g0−y(x)))2 dx

(4.2)

The pull-in voltage (VPI) is found when VDC is at its maximum. For voltages higher than VPI, the system
is unstable. The geometric parameters are shown in figure 4.3a. Ê is the effective Young’s modulus (Ê =
E/(1−ν2) with Eand ν the Young’s modulus and Poisson’s ratio respectively), I the second moment of inertia,
εair and εins are the dielectric permittivity in air and insulator respectively. The effective width of the cantilever
weff compensates for fringe field effects [12]:

weff = w
(
1+0.65

(1− y(Ltip)/g0)g0

w

)
(4.3)

In order to be able to calculate the electrostatic force, an assumption is made on the shape of the cantilever
y(x), which is fitted to FEM results and is found to be:

y(x) =
(
2.56− 16.127

4(x/Ltip +0.00185)2 +6.2786

)
y(Ltip) (4.4)

The deflection at the tip y(Ltip) is found by linearly extrapolating the deflection at y(Lc-el):

y(Ltip) = y(Lc-el)+
dy(x)

dx

∣∣∣
Lc-el

(Ltip −Lc-el) (4.5)

g0

Ltip

Lel

y(x)

y

x

dins

Leff

t

wt

wb

α= Lc-el

Ltip

Lc-el

(a) Geometry of the COMSOL model for time dependent simulation

Parameter Value (µm)

Ltip 455.7
Lel 229.4
Leff 52
dins 1.6
g0 6
t 2
wt 57.8
wb 46.7

(b) Summary of parameters used for the
simulation.

Figure 4.3: Schematic of the system. The parameters which are used for the modeling are shown in the
table.

A COMSOL model was developed for comparison with the analytical model and to study post-pull-in be-
havior. First, a stationary study is performed, up to the pull-in voltage. Beyond the pull-in voltage, a time
dependent study is performed. This model is based on the ‘Pull-in of an RF MEMS Switch’ of the COMSOL
library. The configuration of the model and the corresponding parameters are shown in figure 4.3.



46 4. MANUSCRIPT: In situ STIFFNESS ADJUSTMENT FOR AFM PROBES UP TO TWO ORDERS OF MAGNITUDE

4.2.2. EXPERIMENTAL SETUP

An experimental setup was developed to prove the change in stiffness of the cantilever. The setup is shown
in figure 4.4. A commercially available silicon probe was used for this experiment (BudgetSensors ContAl
0.2 Nm−1, E = 169GPa, ν = 0.28). It was mounted on top of a stack of a prototyping PCB, a piezo actuator,
an insulative 125µm thick sheet of polydimethylsiloxane (PDMS) from Shielding Solutions. A small spring
was used to apply a clamping force on this stack. A remotely controlled robotic nanomanipulator (miBot)
from Imina Technologies was used to position the electrode relative to the cantilever. This manipulator can
move in-plane and has an arm that determines the height of the electrode. The electrode is made by laser
cutting of a 150µm thick sheet of spring steel. It is covered by a 1.6µm layer of photo resist (AZ9260), with a
dielectric constant of 4.03. It is important that this layer has a high dielectric strength, such that the insulative
properties remain intact when the cantilever is pulled-in. According to specifications the dielectric strength
is 694 Vµm−1, which is sufficient. The electrode and cantilever should be perfectly parallel. This is controlled
by placing the stack with the cantilever on a compliant hinge. In order to apply the bias voltage between
the cantilever and electrode there are electrical connections that connect the system to a voltage source of
maximum 60 V. In order to protect the system in case of a short circuit, a current limiting resistor of 68 kΩ is
added to the circuit. The setup is placed in a Polytec MSA-400 lased doppler vibrometer. This system is used
to measure the resonance frequency and modes of the cantilever. The piezo actuator under the cantilever is
used to actuate the system, using a frequency sweep. The vibrometer measures the response of the cantilever.
The response of the cantilever is measured for a varying electrode position. The fundamental resonance
frequency is compared to the theoretical value. More details of this experimental setup are shown in the
supplementary materials.

68 kΩ0-60 V

Nano manipulator
Counter electrode
Spring
AFM Probe

Insulator
Piezo actuator

Out of plane measurement:
Laser Doppler Vibrometer

z

y x Compliant hinge

Top
view

Figure 4.4: Experimental setup. A robotic nano-manipulator is used to position the electrode relative to
a a commercially available cantilever. The AFM probe is actuated with a piezoelectric actuator and the
frequency response is measured with a laser doppler vibrometer for a varying electrode position along the
length of the cantilever.

4.3. RESULTS

4.3.1. MODELING RESULTS

The shape of the cantilever for a varying voltage is shown in figure 4.5. In figure 4.6 the deflection at the tip in
steady state is shown as a function of the bias voltage. The COMSOL results are compared with the analytical
model. The pull-in voltage of this system is found to be 21 V. When the voltage is further increased to 65 V, the
system is in the stiffness adjusted state. More details of the model are found in the supplementary materials.

4.3.2. EXPERIMENTAL RESULTS

The position of the electrode relative to the cantilever (Lc-el) is varied by using the nano-manipulator. For
each position the cantilever is pulled-in as shown in figure 4.7. The frequency response is measured for each
of these positions, which is shown in figure 4.8. This plot shows that the resonance frequency increases, for a
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Figure 4.5: The shape of the cantilever is shown as a function of the position along the length of the
cantilever. This is shown for a varying voltage.
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Figure 4.6: COMSOL modeling results. Tip deflection as a function of applied voltage. Up to pull-in the
system is simulated as a stationary system, while after pull-in it is simulated with a time-depended study.
For this part, the deflection at steady state is shown.

decreasing effective length, as was expected. The measured resonance frequency that is shown in figure 4.8
is compared with the theoretical resonance frequency in figure 4.9. The corresponding theoretical stiffness
is indicated as well, to show which value of stiffness corresponds to a certain value of resonance frequency.
The effective length is measured with an optically calibrated microscope. The error bars indicate the uncer-
tainty on the measurement of the effective length. More details and results are shown in the supplementary
materials.

Ltip

Electrode Cantilever

(a)

Leff
100µm

(b)

Figure 4.7: Micrograph of the cantilever and electrode in unadjusted (a) and adjusted state (b) in side
view. These states correspond to the ones shown in figure 4.2.
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Figure 4.8: The electrode position is varied and the cantilever is pulled-in for these positions, reducing its
effective length. The cantilever is actuated with a frequency sweep and the response is shown in this figure.
The numbers above the peaks indicate the effective length of the cantilever (in µm). Only the peaks are
shown in a solid line, while the rest of the bandwidth is plotted as a dotted line for clarity. More data and
a detailed discussion is found in the supplementary material
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Figure 4.9: Theoretical stiffness and resonance frequency compared with the measurements as a function
of the normalized effective length. The measurement points correspond with the peaks found in figure 4.8

4.4. DISCUSSION

The goal of the experiment was to show that the stiffness of the cantilever can be changed by reducing the
effective length due to electrostatic pull-in. In figure 4.7 it is shown that the cantilever pulls in as expected.
In figure 4.8 the frequency response of the cantilever is shown for a varying effective length. It is shown that
the resonance frequency of the cantilever shifts to higher values, when the effective length of the cantilever
is reduced. The measurement point that are shown in this figure are used in figure 4.9 to show the change in
resonance as a function of the change in effective length. This is compared with the theoretical resonance fre-
quency. The measurements do match the theory very good. The error bars on the measurements indicate the
uncertainty on the optical measurement on the effective length. The resolution is limited, and the exact point
of clamping is not exactly known, due to the curved shape of the electrode near the edge. It is assumed that
this point is known within ±10 pixels, which is a conservative estimate. The uncertainty on the resonance
frequency of the measurement is determined by the resolution of the Laser Doppler Vibrometer, which is
78.125 Hz for the bandwidth that was used for the measurements. This is negligible compared to the mea-
sured frequencies. During the measurements it was observed that when the electrode was in close proximity
(∼ 5−10µm), but the cantilever was not pulled-in, most of the first resonance mode was damped,. Squeeze-
film damping could be the phenomenon causing this behavior. The air is trapped between the cantilever and
electrode due to the small gap and viscous forces on the cantilever are increased. The squeeze-film damping
effect is further elaborated in the supplementary materials. In some cases the cantilever was not restored to
its unadjusted state after the voltage was released. This is caused by stiction. In order to prevent this, pre-
cautions should be taken in following experiments. This can for instance be done by decreasing contact area
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by surface roughening or applying dimples, or chemically modifying the surface with an anti-stiction coating
[13].

4.5. CONCLUSIONS

The concept of a tunable stiffness AFM probe was presented. The change in stiffness was achieved by a
change in effective length by means of electrostatic pull-in. The experiments show that the concept works
and that it matches with the theory well. By reducing the unadjusted length of 450µm to 162µm the stiffness
was changed from 0.2 Nm−1 to 27 Nm−1. The experimental setup is used as a proof of concept, and is not
capable of performing actual AFM measurements. Further research should focus on the manufacturing of a
micro fabricated prototype that integrates the cantilever and electrode in a single device. This can be used
in any commercially available AFM setup to perform actual AFM measurements. In order to facilitate the
tuning voltage, electrical connections and peripheral electronics are required. As a next step attempts should
be made to integrate an electrode which is movable along the length of the cantilever, such that effective
length and adjusted stiffness can be continuously tuned in situ. Such a device can greatly improve the ease
of use of AFM systems and open the door to even more versatile measurements.
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5
SUPPLEMENTARY MATERIAL:

CHARACTERIZATION OF ELECTROSTATIC

PULL-IN BEHAVIOR OF AFM PROBES

In order to get a good understanding of the system a study has been performed on the voltage-deflection be-
havior of a cantilever under an electrostatic load. Experiments were performed on a commercially available
cantilever. These measurements were compared with models. In section 5.1 the used probes are character-
ized.

Two models were developed to study the system. The first model is an analytical model, that is based on
previous work in literature [1], which is described in section 5.2. The second model is a COMSOL model
which is shown in section 5.3. These models are compared with measurements that were performed on a
commercially available AFM cantilever, which is elaborated in section 5.5.

In order to facilitate the modeling, the shape of the cantilever is simplified according to figure 5.1. The shape
of the cantilever near the tip is triangularly shaped from top view. This triangle starts at Lside and ends at Ltot.
The tip is located at Ltip, which is approximately at the center of this triangle. For the models it is assumed
that the cantilever has a constant cross section and has length Ltip.

Top View:

Ltip

Lside

Ltot

Figure 5.1: Approximation of cantilever geometry for modeling. The solid line is the actual geometry near
the tip, while the dashed line shows the approximation used for modeling.
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5.1. CANTILEVER CHARACTERIZATION

In order to make a fair comparison between models and measurement, it is important to know the dimen-
sions and properties of the cantilever as accurate as possible. These properties can then be used as input for
the model. The dimensions which are in the specifications of the product have a large tolerance as shown
in table 5.1. The aluminum reflex coating is neglected. The most important parameters are the geometry of
the cantilever (length and thickness) and material properties, because these determine the stiffness of the
cantilever. In section 5.1.1 the material properties of the cantilever are presented. In section 5.1.2 the method
for measuring the length and with of the cantilever is shown. The measurement of the thickness is explained
in section 5.1.3.

Table 5.1: Specifications of the cantilever from the supplier

Property Value Range

Resonance frequency 13 kHz ±4 kHz
Force constant 0.2 Nm−1 0.07 to 0.4 Nm−1

Length 450µm ±10µm
Mean Width 50µm ±50µm
Thickness 2µm ±1µm
Tip Height 17µm ±2µm
Tip Set Back 15µm ±5µm
Tip Radius <10 nm

Reflex coating Aluminium relfex coating 30 nm thick
Half Cone Angle 20◦−25◦ along cantilever axis

25◦−30◦ from side
10◦ at the apex

5.1.1. MATERIAL PROPERTIES

The Young’s modulus in silicon is anisotropic, in each crystallographic direction the value is different [2]. After
inquiry at the manufacturer of the used probes, the cantilevers point in the 〈110〉 direction. This corresponds
to a Young’s modulus of 169 GPa. For wide, thin beams (w ≥ 5t ) an effective Young’s modulus Ê is used. This
is defined as Ê = E \(1−ν2), with ν the Poisson’s ratio. Also the Poisson’s ratio is not constant in all directions.
For the out of plane bending of the cantilever: ν= 0.28. The density of silicon is 2320 kgm−3.

5.1.2. LENGTH AND WIDTH

The length and width of the cantilevers are measured with the Scanning Electron Microscrope (SEM). Since
the cantilever has a trapezoidal cross section, this measurement is done both on the top- and bottom side.
The definition of these dimensions are shown in figure 5.2. The results are summarized in table 5.2. A typical
set of images, used to determine the dimensions are shown in appendix B. These dimensions are assumed to
be measured with ±0.5µm accuracy.

Ltip

Ltot

Ltip

wbwt

Figure 5.2: The definition of the dimensions that were measured with the SEM.
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5.1.3. THICKNESS

In contrast to the length and the width, the thickness is not measurable with the SEM. Because of the trape-
zoid shape of the cross section of the cantilever, it is not possible to have the entire thickness in focus due
to the limited depth of focus. The thickness can be calculated by measuring the resonance frequency, and
solving the following equation for the thickness which is the only unknown parameter:

f0 =
1

2π

√
k

meff
(5.1)

= 1

2π

√
3E I (t )

meff(t )
(5.2)

with:

I = tc
3

36

wt
2 +4wtwb +wb

2

wt +wb
(5.3)

meff = mtip +
33

140
mcant (5.4)

= mtip +
33

140
(ρsLtiptc

wt +wb

2
) (5.5)

The resonance frequency can be determined very accurate with a laser Doppler vibrometer. The probe is
placed on a piezoelectric actuator. A frequency sweep is applied to the actuator and the response of the
cantilever is measured. The resolution of the vibrometer is 3.12 Hz.

The exact shape of the cantilever needs to be approximated, because the complex geometry near the end
of the cantilever cannot be taken into account by this model. The simplified model is shown in figure 5.3.
The volume which is indicated in gray is assumed to be a concentrated mass at Ltip. This consists of the tip
itself and the triangular end facet of the cantilever. This part is approximated by a triangle with a base width
of wt+wb

2 . The volume of the tip is hard to estimate, because the shape is complex. It is approximated by a
pyramid shape, with a base of 6µm and a height of 15µm, which is estimated with the SEM. The volume of a
pyramid is: V = l×w×h

3 . It is assumed that this volume is determined within ±20% accuracy.

Top View

Side View

Ltip

Mtip

Figure 5.3: The model of the cantilever to calculate the thickness as a function of its resonance frequency.
The gray parts are considered to be a concentrated mass at the end of the cantilever. The length is
assumed to be equal to the length upto the tip.

5.1.4. CONCLUSIONS

The length and with of the cantilever were measured by using a SEM. The thickness of the cantilever is deter-
mined by measuring the resonance frequency with a laser Doppler vibrometer, and solving equation (5.2) for
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the thickness. The measurements with the SEM are assumed to be accurate within ±0.5µm. The measure-
ment of the resonance frequency is assumed to be accurate within ±3Hz. The volume, which is assumed to
be a concentrated mass at Ltip is assumed to be accurate within ±20%. The measured dimensions, resonance
frequencies and resulting thickness and confidence interval are shown in table 5.2.

Table 5.2: Dimensions and resonance frequency of the used cantilevers. This data is acquired by measure-
ment with a Scanning electron microscope and laser doppler vibrometer. The accuracy of the dimensions
is assumed to be ±0.5µm, for the resonance frequency ±3.12Hz

Cantilever Lside(µm) Ltip(µm) Ltot(µm) wt(µm) wb(µm) f0(Hz) tc(µm)

C1 438.8 453.0 471.0 57.8 46.6 13793.75 2.045 ±0.029
C3 436.0 446.0 476.5 57.7 46.2 13409.38 1.981 ±0.037
C5 437.0 450.6 473.4 57.7 46.8 13481.25 1.999 ±0.032
C7 443.4 455.7 476.9 57.8 46.7 13265.63 2.004 ±0.030

5.2. ANALYTICAL MODEL

Pull-in behavior of micro cantilevers is a well researched topic. Several approaches were presented like sim-
plified closed-form analytical models [3–6], numerical method of solving differential equations [7] and a
semi-analytical approach [1]. These (semi-) analytical models provide an advantage over finite element mod-
els and numerical methods in terms of speed of calculation, but require more simplifications that might yield
less accurate results. The model developed by Do et al. [1] is chosen for the modeling of the system; it in-
cludes the possibility to include a partially covering electrode, incorporates fringe fields and a non-uniform
electrostatic load. First, the original model will be presented in section 5.2.1. In section 5.2.2 a modification
of the model is presented to adapt it to the configuration of the experiments.

5.2.1. THE ORIGINAL MODEL

The schematic view of the model is shown in figure 5.4a, and the cross section of the cantilever in figure 5.4b.
It is assumed that the cantilever has a constant cross section. The cantilever of length Ltip is fixed on the left
side. An electrode of length Lel is covering a part of the cantilever. The deflection at each point along the
cantilever is described by y(x), and the deflection at the tip as y(Ltip). The gap g0 is defined as the distance
between electrode and cantilever in undeflected state. The parameter α is the ratio between the length of the
electrode and the length of the cantilever.

g0

Ltip

Lel

y(x)

dx

x

y
α= Lel

Ltip

(a) Schematic side view with electrode covering a part of the cantilever. The
analytical model is based on this schematic.

tc

wt

wb

(b) Cross section of the cantilever.

Figure 5.4: Schematic drawing of the model, inspired by [1].

The electrostatic force on a small element of the cantilever of length dx is defined as:
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qelec(x) = εairweffVDC
2

2(g0 − y(x))2 dx (5.6)

Where VDC is the applied potential between electrode and cantilever and weff is the effective width of the
cantilever, compensated for fringe field effects [8]:

weff = wt
(
1+0.65

(1− y(Ltip)/g0)g0

wt

)
(5.7)

The deflection at the tip of a cantilever due to a distributed force is given by [9]:

dy(Ltip) = qelec(x)x2(3L−x)

6Ê I
(5.8)

Where Ê is the effective Young’s modulus (Ê = E \ (1−ν2) with ν Poisson’s ratio, for wide beams (wc ≥ 5tc))
and I the second moment of area. The paper assumes a rectangular shaped cantilever, while in the present
work a trapezoidal cantilever is used. To incorporate this, the following expression will be used [7]:

I = tc
3

36

wt
2 +4wtwb +wb

2

wt +wb
(5.9)

Where tc is the thickness, wt and wb the width at the top and bottom respectively.

The deflection at the end of the cantilever is found by substituting equation (5.6) in equation (5.8) and inte-
grating over the region where the electrode and cantilever overlap:

y(Ltip) = εairweffVDC
2

12Ê I

∫ Ltip

Ltip−αLtip

x2(3Ltip −x)

(g0 − y(x))2 dx (5.10)

The total force is found in a similar way, by integrating the distributed load equation (5.6) over the overlapping
section:

~Fe =
∫

Lel

qelec(x) = εairweffVDC
2

2

∫ Ltip

Ltip−αLtip

1

(g0 − y(x))2 dx (5.11)

So the effective non-linear stiffness of the entire system can be expressed as:

Keff(y(Ltip)) =
~Fe

y(Ltip)
(5.12)

= 6Ê I

∫ Ltip

Ltip−αLtip
1/(g0 − y(x))2dx

∫ Ltip

Ltip−αLtip
x2(3Ltip −x)/(g0 − y(x))2dx

(5.13)

Pull-in will occur when the electrostatic force exceeds the mechanical restoring force of the cantilever. This
point of instability can be found at:

~Fe = Keff y(Ltip) (5.14)
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Solving this equation for the applied voltage yields:

VDC =

√√√√√
12Ê I y(Ltip)

εairweff
∫ Ltip

Ltip−αLtip

x2(3L−x)
(g0−y(x))2 dx

(5.15)

In order to solve this equation, the shape of the cantilever should be known. This is approximated using a
FEM extracted shape function:

y(x) =
(
2.56− 16.127

4(x/Ltip +0.00185)2 +6.2786

)
y(Ltip) (5.16)

This shape is validated with COMSOl results in section 5.4. A numerical method was presented to find the
closed form of the integral. For this thesis the closed-form is not used; Matlab® is used to compute the
complicated integral for the FEM extracted shape function.

5.2.2. EXTENDING THE MODEL FOR THE CURRENT SYSTEM

The model as presented in the previous section should be extended such that it can handle a partially cover-
ing electrode and an insulative layer, as shown in figure 5.5a. The original model assumes that the end of the
electrode and cantilever are aligned. But in the experimental setup this is not the case. In the new model it
is assumed that the last part of the cantilever is protruding. The part of the cantilever up to the edge of the
electrode is defined as Lc-el. Fringe field effects at this edge are neglected. The equation for the distributed
electrostatic load (equation (5.6)) should include the influence of the insulating layer. The distributed elec-
trostatic force qelec(x) is depending on the permittivity of the insulator εins and layer thickness dins. (Note
that the permittivity in a certain medium is defined as the product of the absolute and relative permittivity.
For air the relative permittivity is equal to one, so εair = ε0. The permittivity in the insulator is: εins = εrε0.)
If we consider the situation of figure 5.5a, a small section of length dx can be shown as figure 5.5b. The dis-
placement vector ~D is equal in both the insulator and the air gap, and the total voltage VDC is the sum of the
voltage drop over the insulator and air gap (g = g0 − y(x)):

g0

Ltip

Lel

y(x)

dxy

x

dins

Lc-el

(a)
(a) Schematic side view with electrode covering a part of the cantilever.
The electrode is covered with an insulative layer.

g =air gap

VDC
dinsInsulator ~Eins

~Eair
~Fe

dx

y(x)

(b)

g0-y(x)

(b) Cross section of the cantilever.

Figure 5.5: Modified schematic of the model such that it includes a dielectric layer and a protruding part
of the cantilever.

VDC =Vins +Vair (5.17)

= ~Einsdins +~Eairg0 (5.18)

=
~D

εins
dins +

~D

εair
g = ~D

(εairdins +εinsg

εinsεair

)
(5.19)
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So the displacement vector ~D is be expressed as:

~D = VDCεinsεair

εairdins +εinsg
(5.20)

Now the electric field in the air gap can be derived from the displacement vector ~D and the force on the plate
can be calculated:

~Eair =
VDCεins

εairdins +εinsg0
(5.21)

~Fe =
εair~Eair

2 Acap

2
= εairεins

2VDC
2 Acap

2(εairdins +εinsg0)2 (5.22)

If this electric force is considered for a small slice width wt and length dx, and gap g (x) = g0 − y(x), the
distributed electrostatic force qelec(x) is expressed as:

qelec(x) = εairεins
2VDC

2wt dx

2(εairdins +εins(g0 − y(x)))2 (5.23)

If we substitute equation (5.23) in equation (5.8) and perform the same steps as were described in equa-
tions (5.10) to (5.14), the required voltage for equilibrium for a given deflection is:

VDC =

√√√√√
12Ê I y(Lc-el)

εairεins
2weff

∫ Lc-el
Lc-el−αLc-el

x2(3Lc-el−x)
(εairdins+εins(g0−y(x)))2 dx

(5.24)

The deflection at the tip y(Ltip) is found by linearly extrapolating the deflection at y(Lc-el):

y(Ltip) = y(Lc-el)+
dy(x)

dx

∣∣∣
Lc-el

(Ltip −Lc-el) (5.25)
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Figure 5.6: The result of equation (5.25). The parameters which are used are shown in the figure. The
solid line indicates the stable state of the system, while the dashed line shows the unstable solution of the
system. At pull-in, the electrostatic forces exceed the mechanical restoring forces.
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5.3. COMSOL MODEL

A 3D COMSOL model has been developed, such that the voltage-deflection behavior can be modeled for the
design and the pull-in voltage can be calculated. A 2D model provides insufficient details compared to a
3D model, because the fringe fields and asymmetric electrode as shown in figure 5.7 cannot be taken into
account in such a model. In this section the model is presented. The details of this model are found in
appendix D.

5.3.1. MODELING

The geometry of the cantilever is modeled according to measurements that are defined in section 5.1. The
3D model is shown in figure 5.7. The electromechanics physics are used to model the system; the base of the
cantilever is defined as a fixed constrained as shown in figure 5.7, the electrodes are defined as the electrical
ground and the voltage is applied to the entire surface of the cantilever.

In order to determine the pull-in voltage of the system, an inverse problem is solved. Instead of applying a
certain voltage and determining the deflection, a deflection Zset is applied to the cantilever (at the tip posi-
tion), and the required bias voltage for equilibrium is calculated. This method is based on ‘Pull-in Voltage
for a Biased Resonator’ from the COMSOL library [10]. When the pull-in voltage is found from this study,
a voltage-deflection study is performed up to this point. A range of voltages is applied, and the resulting
deflection is simulated.

Cantilever

Electrode

Fixed constraint

Lel

Leff

Ltip

Figure 5.7: 3D COMSOL model with the cantilever and electrodes indicated.

5.3.2. RESULTS

The result of the simulation is a voltage-set point relation as shown in figure 5.8a. The pull-in voltage is at the
maximum of this plot; up to this point the system is stable, but after this maximum the system is unstable.
Now that the pull-in voltage is known, the voltage-deflection relation is simulated in a separate study, up to
the calculated pull-in voltage as shown in figure 5.8b. A 3D representation of the cantilever with maximum
deflection before pull-in is shown in figure 5.9. A 2D plot of the potential in the system is shown for two cross
sections in figure 5.10.
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Figure 5.8: Results of the COMSOL simulation.

Figure 5.9: 3D representation of cantilever with maximum displacement before pull-in. Deflection is in
µm

(a) ZY plane cut. Along the width of the cantilever. (b) XZ plane cut. Along the length of the cantilever.
Zoomed in near the edge of the cantilever.

Figure 5.10: Plane cuts from COMSOL results at 20 V.
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5.4. COMPARISON OF THE MODELS

In order to check whether the analytical- and COMSOL are correct, these models are compared. If the re-
sults are similar, it is likely that they are correct. The analytical model is based on a shape function (equa-
tion (5.16)), which was extracted from FEM results by Do et al. [1]. In figure 5.11 the shape of the analytical
model and COMSOL model are compared for three different values of tip deflection (y(Ltip)). The shapes are
very similar. The difference between the shape functions is shown in figure 5.12. The difference between
the shapes increases for an increasing tip deflection. The maximum error for these shape functions is 15%,
which is located at 120µm. In the experiments, the electrode is covering the cantilever between ∼ 141µm and
∼ 370µm. The shape function only has an influence on the voltage-deflection behavior between this range.
The error between this range is smaller than the maximum error. It is concluded that the used function is an
appropriate approximation for the shape of the cantilever.

In figure 5.13a the deflection at the tip of the cantilever y(Ltip) is shown as a function of the voltage. The
two models give a very similar result. The COMSOL model has a slightly higher deflection for any given
voltage. The analytical model only considers fringe field effects along the length of the cantilever, while in
the COMSOL model the fringe fields along the width of the cantilever are also taken into account as shown
in figures 5.13b to 5.13d. These fringe fields add an extra electrostatic force to the system, yielding a slightly
higher force for the same voltage for the COMSOL model.
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Figure 5.11: Comparison between the analytical model and COMSOL model on the shape of the cantilever
for a varying deflection.
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Figure 5.13: The assumptions on the fringe fields for the COMSOL- and analytical model are shown in
figures 5.13b to 5.13d. The analytical model assumes that there are no fringe fields near the edges of
the electrode along the width of the cantilever. This is possibly the cause of the difference between the
voltage-deflection behavior which is shown in figure 5.13a



62 5. SUPPLEMENTARY MATERIAL: CHARACTERIZATION OF ELECTROSTATIC PULL-IN BEHAVIOR OF AFM PROBES

5.5. EXPERIMENTAL VALIDATION OF THE MODELS

In order to validate the models that were developed in sections 5.2 to 5.4 an experiment was conducted. The
materials and methods for this experiment are shown in section 5.5.1. The results are shown in section 5.5.2
and will be discussed in section 5.5.3. The conclusions are found in section 5.5.4.

5.5.1. MATERIALS AND METHODS

First, the components of the experimental setup will be discussed in sections 5.5.1.1 to 5.5.1.6. The integra-
tion of these components is discussed in section 5.5.1.7. Next, the measurement procedure and data process-
ing are discussed in section 5.5.1.8.

5.5.1.1. AFM PROBES

Commercially available cantilevers were used for the experiment. In order to reduce the required voltage for
snap in cantilevers with a low stiffness and large top surface area were selected. The low stiffness reduces
the required electrostatic force for pull-in. The large top surface area results in a relatively large electrostatic
force. The used cantilevers are ContAl probes, manufactured by BudgetSensors. More details are found in
section 5.1.

5.5.1.2. ELECTRODES

The electrodes used for this experiments are made out of 150µm thick spring steel and are machined using a
LionMetal laser cutter, which was available at the PBM work shop at the faculty of Mechanical Engineering at
Delft University of Technology. This laser cutter is not intended for micro meter accuracy, but by tuning the
settings of the machine it was possible to manufacture sufficiently small features. The design of the electrodes
is shown in figure 5.14a. This design was made in Solid Works, and exported to a ‘.dxf ’-file that can be read by
the laser cutter. The strips of spring steel were secured on a 5 mm thick steel plate with tape and was placed
in the machine as shown in figure 5.14b. The resulting strip of spring steel is shown in figure 5.14c. The
resulting beams had a large variability of quality. Some of the beams broke during cutting, due to the strong
air flow near the nozzle. Others were much wider or thinner than average. This is because the machine was
operating at the edge of its capabilities. The beams were examined in the Scanning Electron Microscope
(SEM) as shown in figure 5.15a. On the side of the nozzle there is a clean edge and surface. But on the other
side, solidified metal forms a rough edge. The clean side is usable as electrode for the experiments.

In order to be able to focus both the electrode and the cantilever in the optical microscope during the exper-
iments, the end surface of the electrode should be as straight and smooth as possible, such that it remains
within the focal depth of the microscope. In order to achieve this, the end of the electrode were cut with sharp
pliers, and smoothed with sand paper. Afterwards they were cleaned with ultra sound in DI water (6 min) and
iso propanol alcohol (IPA) (6 min).

The insulative coating was applied at the clean room facilities of EKL at Delft University of Technology. Pho-
toresist was chosen as insulator, because it is cheap, easily applicable and has a high dielectric strength. The
breakdown voltage is specified as 694 Vµm−1. But in practice this might be significantly lower due to bad
film quality. It was applied with an EVG 101 spray coater, using a 4 layer 1000 mbar 2 mL recipe. The elec-
trodes were mounted on a wafer with Kapton Tape, as shown in figure 5.15b. It was baked in an oven for
one hour at 110 ◦C and one hour at 160 ◦C. The resulting surface was not as good as expected. Most of the
beams had small circular areas that were not covered with photo resist as shown in figure 5.16a. But the layer
is good enough to prevent an electrical connection between the cantilever and electrode. The thickness of
the insulative layer was measured with a Bruker Dektak Stylus profiler. A scratch was carefully made on the
wafer to locally remove the photoresist. A profile measurement was made perpendicular to this line. A typical
measurement is shown in figure 5.16b. The average thickness over nine points was 1.60µm (σ= 0.078µm).

5.5.1.3. NANOMANIPULATOR

In order to position the electrode relative to the cantilever, a miBot™robotic nanomanipulator is used. This
robot can be positioned in-plane with a minimum resolution of 1.5 nm and a maximum speed of 2.5 mms−1.
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Figure 5.14: Manufacturing of the electrodes from spring steel with a laser cutter.
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(a) SEM micrograph of the laser cut stainless steel part.
The rough edges are solidified droplets of metal. These
are formed on the opposite side of the nozzle of the
cutter.

(b) Electrodes secured to a wafer with Kapton tape,
before being processed in the spray coater.

Figure 5.15: The result of the electrode after laser cutting (a). The electrodes on a wafer before spray
coating photo resist (b).

The robot has an arm which can rotate around its actuator. It has a minimum resolution of 0.24 nrad and a
maximum rotating speed of 150 mrads−1 [11]. The robot is connected to a controller box, which is connected
to a computer. An external game controller, that is connected to the computer as well, is used as input device.
The electrode is connected to the arm of the robot using double sided non-conductive tape.

5.5.1.4. COMPLIANT HINGE

The nano-manipulator can vertically position the electrode. The angle of this electrode is uncontrolled
though as shown in figure 5.18. So in order to be adjust the angle of the cantilever relative to the electrode
a compliant hinge was made. The schematic drawing of this compliant hinge is shown in figure 5.17. The
hinge is made from spring steel and is cut with metal scissors. The holes are punched. The nut is secured
with super glue. The metal hinge is placed on a microscope glass with double sided tape. The prototyping
PCB is secured with double sided tape as well.
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(a) Micrograph of the electrode surface. The layer
of photo resist is not homogeneous. Small circular
areas appear not to be covered. A few of these areas
are indicated with the arrows.

(b) Typical Bruker Dektak profile measurement on the wafer
to determine the photoresist layer thickness. A scratch is
made in the photo resist and a transverse measurement is
done. The red line indicates the location of the scratch,
the selected part between 800 and 1200 µm is the where the
average value is taken.

Figure 5.16: Micro graph of electrode surface with photo resist (a). Dektak measurement of spray coated
photo resist after baking (b).
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Figure 5.17: The compliant hinge, used to introduce an extra degree of freedom. The left- and right side
of the hinge is connected to a microscope glass with double sided tape to give it the required stiffness. The
PCB is also connected to the hinge with tape. The nut is fixed to the hinge with super glue. By turning
the screw, the angle of the cantilever, relative to the electrode, can be adjusted.

5.5.1.5. ELECTRONICS

As a voltage source, two ‘Delta Elektronika ES 030-5’ power supplies are used. They can deliver 30 V each. The
voltage sources are connected in series, so a total of 60 V can be obtained. The negative side is connected to
the ground, and the positive side to a resistor. This resistor is included for safety measures: If the electrode and
cantilever would make electrical contact, the current is limited. It is intended to keep the maximum current
though the cantilever below 1 mA, such that the temperature due to Joule heating is limited. This current
is common in micro systems, so the cantilever should survive this. The resistance of the circuit itself (Rcirc)
is measured by bringing an electrode without photo resist into contact with the cantilever, and measuring
the resistance with a multimeter. This yields 70Ω. So in order to have a maximum current of 1 mA for the
maximum voltage of 60 V:

RPR +Rcirc =
U

I
(5.26)
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RPR = 60

0.001
−70 = 59930Ω (5.27)

The closest available resistance that was a resistor of 68 kΩ.

The electrode is connected to the negative pole of the voltage source and the ground. The electrode is con-
nected to the robot arm with double sided tape. A small piece of prototyping PCB of approximately 5×5mm
is connected with double sided tape to the top of the robot. An aluminum wire with a diameter of 30µm con-
nects the PCB and the electrode. The connection is secured with conductive silver paint. A wire is soldered
to the PCB and connects the voltage source. Because the voltage sources are not directly next to the setup, a
coax cable is used to connect the source to the setup. This shields the cables from electric and magnetic fields
from outside, and provides a clean and compact connection.

Rpr = 68kΩ

V1 0-30V

V2 0-30V

GND
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PCB

Electrode

Hinge
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y x
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Figure 5.18: A side view of the experimental setup with the robot, electrode, AFM probe, hinge and
electronic components.

5.5.1.6. MICROSCOPE

A Motic microscope is used to monitor the system and to take images from the deflecting cantilever. The
‘Motic Image Plus 2.0’ software is used to acquire screen shots of the system. The software is calibrated with
a calibration slide, to determine the size of the pixels for the different objectives. The objective of the micro-
scope points on top of the cantilever. The cantilever is deflecting perpendicular to the optical axis. In order
to be able to observe this, a 45° mirror is used, which is placed close to the cantilever.

5.5.1.7. INTEGRATION OF COMPONENTS

The integration of the components is shown in figure 5.19. The nano manipulator is on a metal ‘arena’, in
order for in plane actuator to work at its best. The robot has a flat ribbon connector on the back, that goes
to an adapter which is connected to the controller box. The coax connector is secured with tape on the mi-
croscope stage, to prevent pulling on the wires during measurement. The cantilever is glued with conductive
silver paint to a small plate of prototyping PCB with a conductive top layer. The wire that goes to the voltage
source is soldered to the same plate.

5.5.1.8. MEASUREMENT METHOD AND DATA PROCESSING

The goal of this experiment is to measure the voltage-deflection behavior of the cantilever to confirm the
validity of the models. The measurement data is gathered as follows:

• Make sure that all the components are connected correctly and that the equipment is switched on.

• Manually bring the robot close to the AFM probe.
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Figure 5.19: A top view of the experimental setup with the main components. The microscope has the
same view on the setup as the view in this figure. The electronics are shown in figure 5.18

• Make sure that the electrode is above the cantilever. Use the miBot controller to bring the electrode
close to the cantilever. And align the electrode with the cantilever in top-view. Approximate alignment
is sufficient for this step.

• Go to side-view of the cantilever by looking through the mirror. Lower the electrode and approach the
cantilever to ∼ 50µm.

• Focus on the cantilever. Use the in plane motion of the robot to bring the edge of the electrode to the
same focal plane.

• Rotate the camera of the microscope, such that the electrode is horizontally aligned on the computer
screen. The grid in the microscope software can be used as a reference.

• Raise the arm of the robot such that the electrode is far away from the cantilever.

• Use the compliant hinge to bring the cantilever in a horizontal position relative to the grid, such that it
becomes parallel to the electrode.

• Bring the electrode to the required position for the experiment, and verify if the cantilever and electrode
are parallel and horizontal.

• Apply the required bias voltage with the voltage sources and make screen shots with the microscope
software. Increase the voltage to the next value and repeat until the cantilever is pulled-in.

A number of images is collected, that correspond to a known, varying, bias voltage. A typical measurement is
shown in appendix C. The next step is to post-process these images, to get the voltage-cantilever deformation
relation. This was done with Matlab. The basic idea is to compare the images of the cantilever under a bias
voltage with the 0 V-image. An optical displacement technique, developed by Kokorian et al. [12] was used to
achieve sub-pixel resolution displacement measurements.

Optical displacement measurement method The goal of the measurement is to track the measurement
point as a function of the bias voltage. This is done by converting the image to gray scale, and looking at the
pixel intensity profile along the direction of motion. This is illustrated in figure 5.20. This method uses the
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fact that the shape of this intensity profile remains constant while the cantilever deflects. The shape of the
intensity profile is compared for the subsequent images.
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Figure 5.20: The converted gray scale image with the pixel intensity profile along the dashed line. When
the cantilever will deflect, the shape of this peak will remain the same, but the position will change.

First, the intensity profile is averaged for 10 pixels. Then a mathematical function s(x) is generated to de-
scribe the peak of the cantilever at 0 V. This is the reference image for the measurement. A spline-based
template function is used; this is a numerical function with piecewise polynomial functions. These functions
are connected in the ‘knots’. In between these knots, a cubic line is fitted. The derivatives of two segments
in one knot are equal, such that a smooth function is generated. In order to determine the deformation, the
intensity profile of the next image is compared with a shifted version of the spline s′x0

= s(x − x0), where x0 is
chosen such that the spline fits the new intensity profile. In figure 5.21 a typical dataset can be found. The
original data, and the fitted spline function s(x) are shown. An intensity profile of a deformed cantilever is
added to this figure. The shift x0 is calculated by solving a least square problem:

minimize
n∑

i=1

(
s(xi −x0)− Idefi

)2 (5.28)

Where i is the i -th pixel, x0 the shift of the spline and Idefi is the i -th pixel of the intensity profile of the
deformed cantilever, n is the number of pixels in the intensity profile. The spline shift x0 can be converted
into micrometers using optical calibration of the microscope.

Measurement error The deflection measurements have a finite accuracy. The error sources are:

• Mechanical error source: The measurement setup is placed on a granite isolation table. This should
prevent external vibrations to influence the measurement. It is possible though that mechanical dis-
turbances were transmitted through this isolation table, or that vibrations were induced by the user
while performing the measurements. The mechanical loop between the cantilever and electrode is not
rigid, which has a negative influence on the measurement. The cantilever and electrode could move
relative to each other due to this bad mechanical loop. By measuring the motion of the cantilever,
relative to the electrode these error sources are minimized.

• Camera noise: The camera has a limited resolution (3 mega pixels) and is subjected to photon shot
noise. This is an error source for the displacement measurement. The pixels of the cantilever and
electrode that are used for the measurement are averaged in the horizontal direction, such that optical
noise is reduced.
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Figure 5.21: The original intensity profile of the reference image at 0 V, and the fitted spline function s(x)
are shown in this figure. The intensity profile data of the deformed cantilever is shown in the same figure.
In order to calculate the deformation of the cantilever a least square problem is solved, such that a shifted
version of the spline s′(x0) has the best fit with the new dataset. This x0 is the amount of pixels that the
end of the cantilever has deformed; this value does not need to be an integer, and sub-pixel resolution is
achieved.

• Optical calibration: In order to convert the displacement of the cantilever in pixels to micro meters, the
microscope is optically calibrated with a calibration slide. This calibration is a limit to the resolution of
the measurement. The 20× objective that was used for the measurements, was calibrated with a 150µm
circle on the calibration slide. This resulted in 0.3106µmpx−1 for the x-direction and 0.3125µmpx−1

for the y-direction. The circle is approximately 484 px in diameter and it is estimated that this is at least
within ±5px accuracy. So the confidence interval for the optical calibration is 5

484 ·100% =±1%.

• Read-out of voltmeter: A volt meter is used to determine the applied bias voltage. The resolution is
limited to two digits up to 20 V and one digit for voltages higher than 20 V.

The largest error source are the optical calibration of the microscope and the resolution of the volt meter.
The other error sources will be considered to be negligible compared to these errors. The confidence interval
for the bias voltage is ±0.05V. The confidence interval for the optical calibration is ±1%. The gap between
the cantilever and electrode is estimated on pixel-level. It is estimated that this is done within 2 px accuracy,
which corresponds with 0.62µm. The estimate for the gap is used for the models.

Matlab implementation The analytical model, read out of COMSOL results, and optical deflection method
are implemented in a MATLAB code. The code and explanation of the code are found in appendix E.

5.5.2. RESULTS

The described experiment was performed for different configurations. A total of 16 datasets were collected.
Two electrode positions were used. And for each position two initial gaps g0 were tested (this is an approx-
imate gap, because the exact gap can only be determined in the post-processing step). For each of these
configurations four data sets were collected. These measurements are summarized in table 5.3, where the
pull-in deflection and voltage are given. The voltage-deflection behavior for the datasets are compared with
the analytical- and COMSOL model in figures 5.22 to 5.25. Typical micrographs that were collected are shown
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in figure 5.26. A full data set of micrographs is shown in appendix C.

Table 5.3: The results of the experiments. The maximum deflection before pull-in d and the corresponding
voltage V are given for the measurements (subscript ‘meas’) and model (subscript ‘mod’). The difference
between measurement and model are indicated for the maximum deflection and voltage. This difference is
normalized for the value found in the model. and the averages are expressed as a percentage.

Leff g0−avg g0 dmod dmeas Vmod Vmeas ∆d ∆d
dmod

(
100%·∆d

dmod

)
avg

∆V ∆V
Vmod

(
100%·∆V

Vmod

)
avg

50

8.00

8.034 4.31 3.35 30.82 24 0.96 0.22

15%

6.82 0.23

11%
7.959 4.26 4.04 30.41 33 0.22 0.05 -2.59 -0.07
7.650 4.07 3.52 29.00 26 0.55 0.14 3.00 0.11
8.350 4.43 3.56 32.80 28 0.87 0.20 4.80 0.16

11.29

11.525 6.16 4.81 52.38 46 1.35 0.22

17%

6.38 0.12

9%
11.213 5.97 5.14 49.33 49 0.83 0.14 0.33 0.02
10.900 5.81 4.73 47.40 42 1.08 0.19 5.40 0.13
11.525 6.13 5.38 51.29 48 0.75 0.12 3.29 0.08

75

8.48

8.088 4.74 4.11 35.47 32 0.63 0.13

19%

3.47 0.11

13%
8.713 5.09 3.95 39.38 35 1.14 0.22 4.38 0.12
8.088 4.74 3.69 35.47 31 1.05 0.22 4.47 0.14
9.025 5.26 4.34 41.38 36 0.92 0.18 5.38 0.14

10.20

10.588 6.17 5.33 51.86 46 0.84 0.14

16%

5.86 0.13

12%
9.963 5.80 4.61 47.58 43 1.19 0.21 4.58 0.11
9.963 5.80 4.95 47.58 43 0.85 0.15 4.58 0.11
10.275 5.99 5.18 49.70 45 0.81 0.14 4.70 0.11
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Figure 5.22: Voltage-deflection behavior of typical measurement.
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Figure 5.23: Voltage-deflection behavior of typical measurement.
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Figure 5.24: Voltage-deflection behavior of typical measurement.
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Figure 5.25: Voltage-deflection behavior of typical measurement.
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Figure 5.26: Micro graphs of the cantilever under varying bias voltage. For V = 0 the cantilever is in
neutral state. When V = VPI the cantilever is pulled-in to the electrode. When the voltage is increased
further, the cantilever will be in adjusted state.
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5.5.3. DISCUSSION

In figures 5.22 to 5.25 the voltage-deflection behavior of the cantilever under an electrostatic load is com-
pared for the models and measurements. For each data set, the measurement is compared with the analyti-
cal model, in the same configuration. For each set of four measurements, the COMSOL model is showing the
average configuration. For all of the measurements (except for set 2, figure 5.22), the deflection for a given
voltage is higher for the measurement compared to the analytical model. So the analytical model underesti-
mates the electrostatic force of the measurement. There are two possible causes for the difference between
the analytical model and the measurements. In section 5.4 it was already concluded that the analytical model
underestimates the electrostatic force compared to the COMSOL model, because not all the fringe fields are
taken into account. Secondly, the shape of the cantilever is approximated by a constant cross section, as
was discussed in the introduction of chapter 5. This simplification might lead to an underestimation of the
electrostatic force.

There are some other causes that explain the differences between the models and measurements. In the
models it is assumed that the electrode is perfectly flat, and that it has sharp edges. In the experimental setup,
the edges of the electrode are slightly rounded. It is assumed that those rounded edges do not contribute to
the electrostatic force, while they might be of significance.

In table 5.3 the pull-in deflection and corresponding voltages are shown. The pull-in deflection of the model
is on average 17% higher than the measurement and the pull-in voltage is 11% higher. The measurement
is performed in discrete steps of 1 V. So the actual point of pull-in for the measurement is somewhere be-
tween the last measured voltage and 1 V higher. The measurement always underestimates the pull-in voltage.
When the system is close to pull-in, a small change in bias voltage causes a large change in deflection. So the
underestimation of the deflection at pull-in has a significant influence on the measured pull-in point.

It was observed that when the cantilever pulled-in to the electrode, that it did not end up in the expected con-
figuration. There is a intermediate stable state, where the cantilever is touching the electrode, as shown in
figure 5.26. The voltage needs to be increased beyond the pull-in voltage that was found with the analytical-
and COMSOL model to reach the desired state. In order to investigate this behavior, a time dependent COM-
SOL model was developed, to model the behavior after pull-in. This is further elaborated in section 5.6.

5.5.4. CONCLUSIONS

The analytical model can predict the voltage-deflection behavior and pull-in voltage. In all measurements
there was an average error of 11% in pull-in voltage and 17% in deflection before pull-in. These differences
can be explained by the fact that the measurement is performed in steps of 1 V, and will therefor always under-
estimate these values. Secondly, the analytical model is underestimating the electrostatic force, most likely
due to the fact that not all the fringe fields are taken into account and the cantilever geometry is simplified.

The shape of the electrode is not perfectly flat. The edged are not well defined, and the surface quality is
not so good. This introduces effects, that are not included in the model. In order to be able to draw definite
conclusions about the model, the experiment should be repeated for a more ideal electrode. The electrode
should be perfectly straight and have a well defined edge. This could be achieved by micro machining.

The cantilever does not end up in the required state after pull-in. The voltage needs to be increased beyond
the pull-in voltage. The models that were developed in this section give insight into the behavior of the system
up to the pull-in voltage. Further investigation on post pull-in behavior should be performed. This is done in
section 5.6.
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5.6. COMSOL MODEL: 3D TIME DEPENDENT STUDY

In order to gain more insight into the behavior on how the cantilever pulls-in to the electrode, a time depen-
dent simulation was performed. The goal of the simulation is to see how the cantilever is pulled-in to the
electrode. This model is based on ‘Pull-in of an RF MEMS Switch’ of the COMSOL library.

5.6.1. MODELING

The contact between the cantilever and electrode is modeled as a penalty based force, that rapidly increases
when the gap between the electrode and cantilever approaches zero. Only half of the cantilever is modeled,
using a symmetry plane in the middle of the with of the cantilever. This reduces the computation time. The
model is shown in figure 5.27. The mesh which represents the air between the cantilever and electrode is
compressed when the cantilever is pull-ed in. This mesh is collapsed into a layer, which has the same thick-
ness as the insulative layer. The insulative layer is not explicitly defined, but is formed by this collapsing mesh.
The dielectric constant of this domain is equal to that of air, and rapidly approaches the value of the insulative
layer, when the mesh is compressed. The contact between cantilever and electrode is modeled with a penalty
based method [13]. The force Fc increases rapidly, when the gap g between cantilever and insulative layer
approaches zero. The sign of the force changes, when the gap is smaller than, or equal to zero:

Fc = tn −en · g g ≤ 0 (5.29)

Fc = tn +exp

(
−en

tn
· g

)
g > 0 (5.30)

With en the penalty stiffness and tn an input estimate of contact force. The voltage is applied in a smooth
step, going from zero to the set voltage in 1×10−5 s. The simulation is performed with a time dependent
study, ranging from 0− 15×10−5 s in steps of 2.5×10−7 s. The parameters of the system that were used for
the simulation is summarized in figure 4.3b. For this configuration, the pull-in voltage is 20.5 V, according to
the analytical model. Up to the pull-in voltage the system is studied with a stationary study. Beyond pull-in
a time dependent study is performed. The stationary study is performed from zero to pull-in voltage in steps
of 1 V. The time dependent study is done in steps of 2 V between the pull-in voltage and 65 V and steps of 5 V
up to 85 V.

Electrode

Symmetry

Fixed con-
straint

Figure 5.27: Geometry of the COMSOL model for time dependent simulation

5.6.1.1. MESH

The mesh is based on the original model. A quad mesh is applied to the cantilever, and the air at the bottom
side as shown in figure 5.28a. This mesh is swept trough the geometry as shown in figure 5.28b. The top
surface of the cantilever is swept to the top boundary of the geometry as shown in figure 5.28c.
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(a) Mesh consisting of quads (b) First swept of the quad mesh

(c) Swept of the air gap between cantilever and electrode.

Figure 5.28: Mesh of the time dependent COMSOL model.

5.6.2. RESULTS

In section 4.3 the main results of the model are shown. The shape of the cantilever and tip displacement were
shown as a function of applied bias voltage. Additional results are shown in this section. In figure 5.29, the tip
deflection is shown as a function of time. This is compared for a voltage before pull-in, right after pull-in and
beyond pull-in. For voltages higher than pull-in, the damping is higher, due to the contact with the electrode.
But for voltages smaller than pull-in, the cantilever keeps oscillating and is only lightly damped. Therefor a
static analysis is performed up to pull-in voltage (0-21 V). In figure 5.30 the final, stable states for 35 and 80 V
are shown, which are before, right after and way beyond the pull-in voltage of 20.5 V.

5.6.3. DISCUSSION

The pull-in voltage that was found for the time-dependent study was smaller than the one found for the
stationary study. In the stationary study, the system finds the maximum deflection where it is still possible to
find equilibrium. For any given voltage below pull-in in the time dependent study, the cantilever overshoots
the final position that it would have in the stationary study. This is due to inertia. For the stationary study
pull-in is at approximately 22 V, for the time dependent at approximately 21 V.
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(a) Deflected 3D COMSOL model in
steady state for 30 V

(b) Deflected 3D COMSOL model in
steady state for 55 V

(c) Deflected 3D COMSOL model in
steady state for 80 V

Figure 5.30
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6
SUPPLEMENTARY MATERIAL: DYNAMIC

MODE CHARACTERIZATION OF STIFFNESS

CHANGE

In section 4.2 the experimental setup was presented that was used to measure the change in resonance fre-
quency of the cantilever for a varying electrode position. In this chapter the details of this experiment are
presented. In section 6.1 the experimental setup is discussed. This is followed by obtained results in sec-
tion 6.2, which are additional to the ones presented in section 4.3.

6.1. EXPERIMENTAL SETUP

The experimental setup was presented in section 4.2. In this section more details about the setup are shown,
as well as on how the measurements were conducted.

6.1.1. PIEZO ACTUATION OF CANTILEVER

In section 4.2 it was mentioned that the cantilever was actuated using a piezoelectric actuator. The cantilever
was placed on a stack of a piece of prototype PCB, the piezoelectric actuator and a sheet of 125µm PDMS
from Shielding Solutions. The piezoelectric actuator is manufactured by Piezo Systems Inc. and is cut from a
large sheet of 0.005 in thick. It was clamped by a small mechanical spring. This spring is secured to the rest
of the stack with tape. The stack is placed on the compliant hinge, that was shown in detail in section 5.5.1.4.
This stack is shown in more detail in figure 6.1.

6.1.2. LASER DOPPLER VIBROMETER

The experimental setup is shown in figure 6.2. The system was placed in a Polytec-MSA-400 laser Doppler
vibrometer. The system uses the Doppler effect to detect vibrations. The system sends a laser beam through
a microscope objective. The beam can be deflected by the scan head, such that multiple measurement points
can be taken automatically. The reflection of the laser used to measure the Doppler shift, which is a measure
for the velocity of the vibrating sample. The internal signal generator of the system was used to drive the
piezoelectric actuator. This signal was also used as a trigger for the system, by connecting the ‘sync’ port to the
‘trigger in’ port. This makes sure that a new measurement starts synchronous with a new input signal. A ‘burst
chirp’ signal was used with frequencies from 1 kHz to 500 kHz and a voltage of 10 V. The measurement points
were averaged 10 times (Complex averaging), the bandwidth was set from 0 kHz to 500 kHz. The velocity of
the vibrometer was set to 25 mms−1 V−1, such that it can handle the large bandwidth.

77
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(a) Schematic of stack.
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Figure 6.1: Stack of a piece of prototyping PCB, with the piezoelectric actuator, PDMS, cantilever and
spring. The electrical connections are indicated.

(a) Photo of measurement setup. (b) Close up of measurement setup.

Figure 6.2: Experimental setup for vibration measurements.

6.1.3. MEASUREMENT PROCEDURE

The measurement procedure is similar to the one used for the voltage-deflection experiment of section 5.5.1.8.
The steps of a measurement:

• Manually position the nanomanipulator close to the probe.

• Make sure that the electrode is higher than the probe

• Use the controller of the nanomanipulator to bring the electrode close to the probe. The electrode
should be aligned from the top view

• Go to the side view, by using the x − y−stage and focus on the cantilever.

• Bring the electrode close to the cantilever and bring it into focus by moving the nanomanipulator in
plane.

• Check if the cantilever is perfectly parallel by comparing the cantilever before and after pull-in. The
software tool ‘Meazure’ was used to mark the position of the cantilever before and after pull-in. (see
figure 6.3)

• If needed, use the hinge to adjust the angle of the cantilever relative to the electrode.

• Test the pull-in behavior and estimate the last point of contact between electrode and cantilever. By
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varying the applied voltage, a rotation point can be observed, which is the last point of contact. The
effective length is determined according to this point. This point is assumed to be found within ±10px.

• Bring the electrode close to the cantilever (∼ 5µm). Choose the right position along the length of the
cantilever and measure the effective length. Apply a voltage for pull-in.

• Return to top view by using the stage, focus and choose the measurement points. (see figure 6.4). Run
the measurement.

• Go back to side view, and repeat the final three steps until all measurement points are completed.

(a) Cantilever in untuned state. The tool ‘Meazure’ is
used to indicate the position of the cantilever.

(b) The cantilever is in tuned state. The stage of the
vibrometer is used to bring the cantilever to the red line
that was drawn with the tool ‘Meazure’, and it is verified
that the cantilever and electrode are parallel.

Figure 6.3: Verification that electrode and cantilever are parallel.

Figure 6.4: Measurement point on cantilever in tuned state. Only a part of the effective length is visible,
due to the shape of the electrode and the shade on the cantilever.
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6.2. RESULTS

In this section, additional results are presented. First, the higher order resonance frequencies and modes of a
cantilever without adjustments are shown in section 6.2.1. In section 4.3 the results of a single measurement
were presented. A second data set with similar results is shown in section 6.2.2.

6.2.1. HIGHER ORDER MODES

A measurement was performed to find the higher order modes of the cantilever. This was done without the
electrode in close proximity. The bandwidth of the measurement is 500 kHz.
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Figure 6.5: Resonance frequencies of the cantilever for a bandwidth of 500 kHz.

(a) First bending mode 13.75 kHz (b) Second bending mode 87.42 kHz (c) First torsional mode 211.3 kHz

(d) Third bending mode 245.4 kHz (e) Second torsional mode 318.4 kHz (f) Fourth bending mode 480.7 kHz

Figure 6.6: Mode shapes of the cantilever, that corresponds with the modes from figure 6.5

6.2.2. ADDITIONAL DATA SET

In section 4.3 the results of the measurements were presented. The measurement was repeated, which is
shown in figures 6.7 and 6.8.
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Figure 6.7: The fundamental resonance frequency obtained for different adjusted lengths of the cantilever.
The electrode position is varied and the cantilever is pulled-in for these positions, reducing its effective
length. The cantilever is actuated with a frequency sweep and the response is shown in this figure. The
numbers above the peaks indicate the effective length of the cantilever (in µm). Only the resonance peaks
of the cantilever are shown in a solid line, while the rest of the bandwidth is plotted as a dotted line for
clarity. All the measurements were made at an applied voltage of 60 V. This data set is additional to the
one shown in the main article.
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of the normalized effective length. The measurement points correspond with the peaks found in ??. The
error bars correspond to the measurement uncertainty on the effective length.
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6.3. DISCUSSION AND CONCLUSION

The results are very similar to the results of section 4.3. There is one data point in figure 6.8 at Leff/L0 ∼ 0.3,
which deviates from the expected trend. It is uncertain what has caused this. The behavior of the resonat-
ing cantilever at other frequencies than the resonance frequency was not discussed in section 4.4. Between
80− 120kHz and 180300kHz the spectrum is not flat outside of the resonance peaks. It was assumed that
this is caused by vibrations in the rest of the system. This was confirmed by performing a frequency response
measurement on top of the electrode, which is shown in figure 6.9. The non-normalized frequency responses
are shown for both the cantilever with varying effective length, and the top of the electrode. There are two
regions where the frequency response of the electrode is significant (around 100 kHz and 200 kHz). There are
two observations: The resonance peaks of the cantilever become higher when they are closer to these regions.
And when there is no resonance peak of the cantilever near these spots of the electrode, the cantilever gives a
response. For the region around 100 kHz it is a very small effect, but around 200 kHz it is significant. Consid-
ered that these spots are all at the same frequency, and that these correspond with the frequency response of
the electrode it can be concluded that this effect is caused by vibrations of the electrode.
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(a) Frequency response of the cantilever for a varying effective length (the numbers near the peak indicate
the effective length in µm).
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Figure 6.9: Frequency response of the cantilever and electrode

6.3.1. SQUEEZE FILM DAMPING

During the measurement it was observed that when the the cantilever was in unadjusted state, but the elec-
trode was close to the cantilever (∼ 5−10µm), the first resonance mode was heavily damped, while the second
mode was apparently unaffected. Squeeze film damping could be the cause of the observed effect. In order
to determine if this could be the case, a brief analysis has been performed.

Squeeze film damping is a phenomenon which is often observed in MEMS. When two structures are moving
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very close to each other, the air film in between is resulting in a lateral flow as shown in figure 6.10. For slow
speeds, the air can escape between the plates, but the viscous forces of the air give a damping effect. For high
speeds, the air cannot escape from the gap. The air is compressed and acts like a spring. This results in a
stiffening effect of the system.

Pandey et al. [1] presented an analytical model that describes the influence of both the resonance frequency
and the mode shape of an oscillating micro cantilever on the squeeze film effect. This model was compared
with finite element results and experiments. The model predicts the damping ratio ξ within 10% compared
to measurements (a low damping ratio results in a high qualtiy factor Q). It was concluded that the damping
ratio decreases for an increasing frequency, and that also the mode shape has a significant influence on this
damping ratio. In a comparable configuration (L×w × t = 350×22×4µm and g0 = 1.4µm) the damping ratio
for the second and third out of plane mode were reduced by 84% and 94% respectively. The model assumes
that inertia effects of the squeeze film may be neglected, which is valid when the Reynolds number is smaller
than unity. To see if this assumption is also valid for the present system the Reynolds number Re is calculated
as:

Re = ρag0
2ω

µeff
(6.1)

Where ρa the density of air (1.2 kgm−3),ω the angular resonance frequency and the effective dynamic viscos-
ity µeff, which is a function of the dynamic viscosity µ and the Knudsen number Kn = λ/g0 (λ = 65nm the
mean free path of air):

µeff =
µ

1+9.683Kn1.159 0.01 < K n < 0.1 (6.2)

The maximum Reynols number is 0.1, for g0 = 10µm and resonance frequency of the second mode f =
87kHz. It is concluded that the model which was developed by Pandey et al. is valid for the present work,
because the assumptions are still valid. So similar results may be expected. The fact that the first order mode
is not visible when the electrode is close to the cantilever, while the second order mode seems unaffected can
be explained by the squeeze film effect. A more detailed study should be performed before definite conclu-
sions can be drawn.

Approach

(a) Top plate is approaching. The air is squeezed out.

Retract

(b) Top plate is retracting. The air is sucked in.

Figure 6.10: Schematic of squeeze film effect.



84 REFERENCES

REFERENCES

[1] A. K. Pandey and R. Pratap, “Effect of flexural modes on squeeze film damping in MEMS cantilever res-
onators,” Journal of Micromechanics and Microengineering, vol. 17, pp. 2475–2484, dec 2007.



7
CONCLUSIONS AND RECOMMENDATIONS

The goal of the thesis was to in situ adjust the stiffness of an AFM cantilever with at least one order of magni-
tude, while remaining compatible with conventional AFM systems.

• A literature study was performed to identify different methods to achieve stiffness tuning in MEMS. It
was written in a journal-style format which is under review. It enables designers with an overview on
existing methods to achieve stiffness adjustment in MEMS. It was concluded that electrostatic tuning
is the most applied method, but in order to achieve a wide tuning range large and complex devices are
required. Mechanical tuning provides a compact solution if a large range is required, but these methods
are often discrete.

• Three concepts were considered, which were based on adding mechanical springs, change in effective
length and change in second moment of inertia. The best concept was using the change in effective
length, which was achieved by electrostatic clamping of a cantilever. An electrode which is covered by
an insulative layer is placed close to a regular AFM cantilever. By applying a large voltage, the cantilever
is pulled-in.

• A study was performed on the voltage-deflection behavior on the cantilever under an electrostatic load,
to find the pull-in voltage. This was done by comparing a COMSOL model, analytical model and mea-
surements. These measurements were performed with off the shelf components on a proof-of-concept
setup. It consisted of a commercially available probe, a robotic nanomanipulator and an electrode
which was made from spring steel, using a laser cutter. The models agreed quite well with the measure-
ments. Both the COMSOL model and the analytical model overestimated the required pull-in voltage.
The pull-in deflection of the analytical model was on average 17% higher than the measurement and
the pull-in voltage is 11% higher. An important factor is that the measurements were performed in
discrete steps of 1 V. So the pull-in voltage is inherently underestimated. It was concluded that the
cantilever goes to a clamped-pinned configuration after pull-in and that a higher voltage is required to
go to the required adjusted state. This behavior is simulated with a time-dependent COMSOL model.

• The change in stiffness was demonstrated in a proof-of-concept experiment, by measuring the change
in resonance frequency with a laser Doppler vibrometer. This was done for a varying electrode position.
These measurements were in good agreement with the theoretical behavior. The unadjusted stiffness of
0.2 Nm−1 was changed to 27 Nm−1, which is a change of over two orders of magnitude. This change in
stiffness meets the requirements that were set in the introduction of this thesis. This was not achieved
before in literature. Figure 7.1 shows the summarizing figure from the literature review, but with the
present work included. The present work has a significantly larger range than previously published
devices.

The design is not yet capable of performing actual AFM measurements, but the working principle of the
design was demonstrated with the experiments. The required change in stiffness was achieved. There are still
some steps to be taken, before AFM measurements can be performed. Because the concept uses conventional
AFM cantilevers, a working prototype is likely to be compatible with the widely used laser deflection sensor.
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An outlook on those steps to be taken to obtain a working prototype are shown in the recommendations.
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Figure 7.1: Change in stiffness versus normalized change in stiffness with present work included.

7.1. RECOMMENDATIONS

The ultimate goal of the project is to micro fabricate a working prototype, which can be used in actual AFM
measurements. In order to achieve this goal a couple of recommendations are made:

• The analytical model, which was developed in section 5.2 is only valid up to the pull-in voltage. This
model should be extended or a second model should be adapted which can describe post pull-in be-
havior. Having an analytical model that can describe the full behavior helps to choose the optimal
design parameters for the system.

• A practical design should be made, such that actual AFM measurements can be performed. The elec-
trode should be integrated with the cantilever in a single device. The ultimate goal is to have a probe
that can cover the entire range of stiffness that is used in AFM (0.01Nm−1 −40Nm−1), and that every
value of stiffness can be obtained. This requires a movable electrode, with a large stroke. This is a chal-
lenging task. An intermediate step could be to make a stiffness adjustment for only two values, which
is considerably easier.

• Before fabrication, the chosen materials should be tested. The dielectric strength should be verified,
such that the design can be adapted to the findings. Stiction might be a problem for the device. Mea-
surements on the stiction force should be done for the materials of choice for the design. If the stiction
force is higher than the mechanical restoring force of the cantilever, it is necessary to take precau-
tions to limit stiction. This can for instance be done by using low surface energy materials, decreasing
contact area by surface roughening or applying dimples, or chemically modifying the surface with an
anti-stiction coating.



A
THEORY OF ATOMIC FORCE MICROSCOPY

In this chapter important aspects of AFM will be further explained. The most important parts of the equip-
ment of AFM are shown in appendix A.1. The key interaction forces that play a role in AFM are explained in
appendix A.2. The information about the deflection of the cantilever can be used for several modes: the force-
distance curve, the basic imaging modes (topographic modes) and a selection of non-topographic, which will
be discussed in appendix A.3.

A.1. EQUIPMENT

The AFM is able to control the position of a chip with a micro cantilever beam relative to the sample. This en-
tire chip is called the probe. This part is the topic of this thesis and will be further elaborated in appendix A.1.1.
A sensor system is used to determine the deflection of the cantilever. In most of the AFM systems a laser de-
flection sensor is used. The working principle will be explained in appendix A.1.2. In order to control the
position of the probe probe a stage and a control loop is needed which will be the topic of appendix A.1.3.

A.1.1. THE AFM PROBE

The AFM probe consists of a (support) chip, cantilever and tip. This nomenclature can be seen in A.1. Besides
the ‘standard’ rectangular cantilever, triangular and V-shaped probes are being used in industry. This thesis
will only focus on the rectangular ones. Chips from different manufacturers are more or less the same; they
all have the same support chip size (1.6 mm x 3.4 mm). Also the angle of the edges at the support chip is
constant, because the KOH etch used for this process step guarantees an angle of 54.7°. Only the thickness
may vary for different probes and manufacturers; values of 300µm, 315µm and 500µm are commonly used.

The most common used material is mono-crystalline silicon, while silicon nitride is sometimes preferable.
Silicon wears down faster, and tends to be more reactive than silicon nitride. Probes can either be made
entirely out of silicon nitride, or the tip of a mono-crystalline silicon probe can be coated with silicon nitride.
Other common coatings are diamond (for a harder tip) or gold (for chemical inertness) [1]. Coatings are not
only used at the tip side; backside coatings are also often applied. This are usually metals like aluminum,
gold, platinum or chromium to increase reflectivity for the laser deflection sensor (see appendix A.1.2).

The dimensions of commercially available cantilevers come in a wide variety. These dimensions play an
important role in the mechanical behavior of the cantilever. The stiffness and resonance frequency depend
on these parameters. In table A.1 the range of dimensions and properties are summarized.

Amongst a large variety in cantilevers, there are also a lot of different types of probe tips. The shape of the tip
has a large influence on the quality of the images. In general one can say, that the sharper an AFM tip, the
more detailed the image can be; a sharper tip can follow the surface better than a blunt tip. This is illustrated
in figure A.2.
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88 A. THEORY OF ATOMIC FORCE MICROSCOPY

Table A.1: Typical dimensions and properties of commercially available AFM cantilevers.

Length (µm) Width (µm) Thickness (µm) Stiffness (Nm−1) Resonance frequency (kHz)

100-500 20-50 1-3 0.01-100 13-500

Figure A.1: Nomenclature in AFM probes. http://www.nanoandmore.com/afm-probes-guide.php

A.1.2. LASER DEFLECTION SENSOR

There are several ways of measuring the deflection of the cantilever, but the most common one is the laser
deflection sensor. This comprises a laser, that is focused on the backside of the cantilever, near the tip. The
reflection of this laser beam is measured by a photo sensitive sensor. Figure A.3a shows the working principle
of the laser deflection sensor. Both the vertical movement ∆Z , as the rotation at the end α add up to the
displacement of the laser spot ∆S at the sensor. The sensor is a photo sensitive display, consisting out of
four quadrants, as can be seen in figure A.5b. When the cantilever deflects, the laser spot will move up and
down on the sensor. By measuring the intensity difference between the upper (1 and 2) and lower (3 and
4) halves, the deflection can be determined. The torsional motion of the cantilever can be used by using the
difference between the left- (1 and 3) and the right side (2 and 4) of the PSD. This application will be explained
in appendix A.3.4.

A.1.3. STAGE

The AFM can control the position of the probe, relative to the sample, in x-, y- and z-direction. For each
direction of motion there is a coarse and a fine actuator. The coarse actuator is usually a stepper motor, and
is used for the large actuation strokes, that do not require a high precision, like finding the right scanning
area or approaching the sample. The fine actuation is usually done with piezoelectric transducers. These
actuators have a relatively small stroke, but are precise and accurate. There are different scan-configurations
possible; either the stage or probe can be kept stationary, while the other moves. It is also possible that the
x-y- and z-motion are divided over the probe and stage; for instance that the stage does the x-y scanning,
while the probe moves in z-motion. The x- and y piezo-actuators are used to scan the sample, as shown in
figure A.3b. The z-actuator can be used to adjust the tip-sample distance.

Tip

Sample

(a) Imaging with a sharp tip.

Tip

Sample

(b) Imaging with a blunt tip.

Figure A.2: The sharpness of the tip determines the quality of the image. For a sharper tip, a more
detailed image can be made. The red line, is the shape that the AFM ‘sees’. Image a) has a sharper tip
than image b). The influence of the tip shape on the image is called tip convolution

http://www.nanoandmore.com/afm-probes-guide.php
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α
∆z

∆s

Laser

Photosensitive sensor

(a) The deflection of the cantilever is determined by
measuring the change in position (∆S) of the laser on
the photosensitive sensor. The change in the position
of the laser is caused by the motion in the out-of-plane
direction ∆Z of the cantilever, and the tilting of the tip
α due to deflection.

4

Photosensitive Sensor

Laser

1 2

3

(b) The sample is scanned line for line by the AFM probe.
Along each line, multiple measurement points are taken
to reconstruct the surface topography. The laser de-
flection sensor is used to measure the deflection of the
cantilever.

Figure A.3: The working principles of Atomic Force Microscopy: scanning and sensing

A.2. TIP-SAMPLE INTERACTION

When approaching the sample with the probe, several forces will play a role. It depends on the distance
between tip and sample which forces are dominant. The sum of the attracting and repulsive forces determine
the total force, and deflection of the cantilever. In this section the most important forces that play a role will
be discussed. The most important forces are the long range attracting Van der Waals forces, short range ionic
repulsion forces and capillary force. There are other forces present in the tip-sample interaction such as
electrostatic-, magnetic-, ionic repulsion-, Casimir-, chemical bonding-forces etc. These forces will not be
further explained, since they are not essential to understand the working principles of AFM.

A.2.1. VAN DER WAALS FORCES

One of the most important forces in atomic force microscopy are the Van der Waals forces; it are inter-atomic
attractive forces that become very important when two objects are very close. But for AFM, these forces
are considered long-range in comparison with the other dominant forces. There are three types of Van der
Waals forces: (1) Keesom-, (2) Debye- and (3) London force. Keesom force is the result of the dipole-dipole
interaction between atoms or molecules, Debye forces are caused by dipole-induced dipole interaction and
London forces is the induced dipole-induced dipole interaction. Typically, Van der Waals forces are in the
range of 1-10 nN in tip-sample interaction. These forces depend on different material dependent parameters,

but have the same relation with respect to the separation distance r : F ∼− 1

r 6 [2].

A.2.2. IONIC REPULSION FORCES

When the tip comes extremely close to the sample, ionic repulsion forces start to become dominant. These
ionic forces consist of Pauli repulsion and coulombic repulsion between the nuclei. The Pauli repulsion is
a consequence of the Pauli exclusion principle, that says that electrons cannot occupy states with the same
quantum number. So when the electron clouds of the atoms of the tip and sample start to interact, there will

be a repulsive force. These repulsive, short distance, forces can be approximated with a F ∼ 1

r 12 relation.

A.2.3. CAPILLARY FORCES

In ambient environment almost all samples have a small liquid layer, usually water. This forms a meniscus
that pulls the tip towards the sample when the tip is in contact with the liquid. This capillary force is large
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compared to the Van der Waals forces. When the tip approaches the sample and comes into contact with the
liquid layer, the tip will be pulled-in due to this force. The opposite occurs when the tip is retracted from the
sample; the liquid meniscus will keep pulling on the tip, causing the cantilever to deflect downwards. As soon
as the retracting force is bigger than the pulling force of the liquid the capillary meniscus will break and the
tip will snap out.

In some applications the capillary force needs to be eliminated. This can either be done by operating the
AFM in a vacuum or in a chamber with dry nitrogen; then there will be no condensation on the sample. An
other solution could be to operate the entire system in liquid; this eliminates the capillary.

A.3. AFM MODES

The AFM is mostly known for its topographical modes; in these modes the topography of the surface is
mapped. These modes will be discussed in appendix A.3.2 for the static mode and appendix A.3.3 for dy-
namic mode imaging. The AFM can also be used to measure material properties. These non-topographical
modes will be discussed in appendix A.3.4. In figure 1.2 the stiffness range of the cantilevers for the imaging
modes was summarized. In appendix A.3.1 the ‘force-distance’ curve is explained to look at the fundamental
mechanisms in these measurements.

A.3.1. THE FORCE-DISTANCE CURVE

Making a force-distance curve is one of the basic operations of an AFM. In this type of measurement the force
between tip and sample is measured. It is not possible to measure the force in a direct way though, but it is
derived by using Hooke’s law: F =−kc ·utip. The cantilever stiffness kc is multiplied with the deflection of the
tip utip, that can be measured by deflection sensor. The most simple form of the force-distance curve is shown
figure A.4a. This only considers the Van der Waals, and ionic repulsion forces, as explained in appendix A.2.
At a long distance from the sample, there is no force acting between tip and sample. When the tip approaches
the sample, the long range Van der Waals forces start to attract the tip. This is represented as a negative
force in the force-distance curve. The magnitude of this force is progressively increasing for a decreasing tip-
sample distance. At a certain point repelling ionic forces will start to play a significant role and add a positive
force to the tip. These forces increase progressively for a decreasing tip-sample distance, but the rate is faster
than for the Van der Waals forces. At a certain point the repelling force will become dominant and the force
will go asymptotically to infinity.

In practical applications, the curve is usually different than in the ideal case as shown in figure A.4b. For
example, ‘jump to contact’ is a common phenomenon in the force-distance cure. This happens when the
attractive forces on the tip suddenly become much higher than the mechanical restoring force. This can for
instance happen when the tip comes in contact with a liquid layer on the sample, and a capillary bridge is
formed. Snap-out effect can be witnessed in the retracting motion. The tip can adhere to the sample due
to, for instance, chemical binding or capillary forces. When the retracting force is larger than the adhesion
forces, a snap-out effect is seen in the force-distance curve.

A.3.2. CONTACT MODE

One of the main modes in AFM imaging is the contact mode. The tip of the probe is in direct contact with
the sample. It works in the region where the repelling forces are dominant (figure A.4a). The probe is dragged
along the surface, and any topographical features on the sample will result in a deflection of the cantilever
that will be measured with the sensor. There are two subclasses of contact mode imaging: constant force and
constant height mode.

A.3.2.1. CONSTANT FORCE

When an AFM scans in the constant force mode, a feedback loop tries to keep the force between the tip and
sample constant. Since the force cannot be measured in direct way, the deflection of the cantilever is sensed;
this is a measure for the force between tip and sample. When the system detects a small deflection of the can-
tilever, the feedback loop is used to adjust the position in the z-direction. The displacement of the z-actuator
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(a) The attractive Van der Waals forces and repul-
sive coulombic (often called ionic repulsion, see ap-
pendix A.2) forces add up to the typical, theoretical,
shape of a force distance curve. The practical force-
distance curve usually looks different than this the-
oretical approximation though, because other forces
often play a significant role. [3]

(b) A model force-distance curve. At point A, the probe
is far from the surface, at B ‘snap-in’ occurs as attractive
forces pull the probe onto the surface. The force becomes
repulsive as the probe continues to drive towards the sam-
ple. At some user-defined point C, the direction of travel
reverses. At point D ‘Pull-of’ occurs as the force applied to
the cantilever overcomes tip-sample adhesion.[4].

Figure A.4: Two models for force-distance curves compared. Figure (a) only considers the Van der Waals
forces and ionic repulsion forces, while Figure (b) also considers the adhesion between tip and sample on
the retracting motion. Figure (a) is useful to understand the approaching motion of the tip, while Figure
(b) gives an insight in the rest of the stroke

is then used to reconstruct the sample. The advantage of this method is that the forces on the cantilever
and sample stay at a constant. It will not cause the cantilever to break, the wear-rate of the tip remains low
and the sample is less damaged. Constant force imaging can also be used for friction measurements. Fric-
tion forces are calculated by multiplying the friction coefficient (material property) with the normal force:
Ffrict = µFnorm. Since the normal force is a set constant, the friction coefficient can be determined if the fric-
tional force is known. The frictional force can be calculated with the torsional stiffness and torsion of the
cantilever, which is shown in figure A.5a.

A.3.2.2. CONSTANT HEIGHT

Constant height mode is similar to the constant force mode. But as the name suggests, the height of the
AFM probe relative to the sample is constant during scanning. No feedback loop on the z-position is needed,
which results in a faster scan. This method implies that the force on the tip depends on the topography of the
sample. When there are features that are very high, this might damage the cantilever. When there are features
that are deep in the sample, the tip might loose contact.

A.3.3. DYNAMIC MODE

The second main mode in AFM is the dynamic mode. The cantilever is actuated close to, or at its resonance
frequency and is placed close to the sample. There are two sub-modes that belong to the dynamic mode:
Frequency Modulation (FM-AFM) and Amplitude modulation (AM-AFM)[5].

A.3.3.1. FREQUENCY MODULATION

In the FM-AFM mode, the tip is at a distance from the sample such that it will not touch. The oscillation
amplitude is in the order of 10 nm and the long-distance, attracting surface forces interact with the tip. The
cantilever is actuated close to its resonance frequency, with a constant amplitude. Forces acting on the tip
cause a slight change in resonance frequency, because the effective stiffness at the tip location changes. This
change in frequency is used as the input of a feedback loop, which tries to keep the resonance frequency
constant by adjusting the tip-sample height [6].
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Ffriction

Direction of motion

Fset

Substrate

(a) The torsional motion of a cantilever arises when the
cantilever is dragged along the substrate and a certain
force is applied to the tip (Fset). This results in a friction
force Ffriction that results in the torsion of the cantilever.
This torsion can be measured by not taking the vertical
component of the photo sensitive sensor, but by measur-
ing the horizontal one.

Torsional measurment

1 2

3 4

Laserspot

Deflection measurement

(b) The photosensitive sensor is divided into four quad-
rants (1, 2, 3 and 4). The intensity difference between
(1+2) and (3+4) is used to measure the deflection of the
cantilever. The intensity difference between (1+3) and
(2+4) for the torsional motion of the cantilever.

Figure A.5: Working principle of laser deflection sensor for frictions measurements

A.3.3.2. AMPLITUDE MODULATION

In amplitude modulation, the cantilever is actuated near, or at its resonance frequency. The amplitude of the
oscillating cantilever is used as the input for the feedback loop. The oscillation amplitude is influenced by
the tip-sample interaction. The feedback loop tries to keep this oscillation amplitude constant by adjusting
the height of the cantilever relative to the sample. It can operate in low amplitude mode (<1 nm) [7] and high
amplitude mode (~100 nm) [8]. In the first mode, the tip will not have mechanical contact with the sample,
while in the second mode it will. This is also known as ’Tapping mode’ or ’Intermittent mode’. The tip will
briefly touch the sample each oscillation cycle. This tapping mode is the most frequently used method of the
AM-AFM modes. 1

A.3.4. NON-TOPOGRAPHIC MODES

The atomic force microscope has other applications than imaging. Some material properties can be derived
by using the AFM, these are called the non-topographic modes. Examples of such modes:

• Force spectroscopy: using the force-distance curve to measure the force between tip and sample. For
instance: by functionalization of the tip, molecular binding force can be measured [9].

• Nano-indentation: by indenting an AFM tip into the substrate, the hardness and Young’s modulus of
the sample can be derived. The indentation of the tip in the sample can be derived by comparing the
deflection of the cantilever with the z-motion of the stage. Several models were developed that match
the indentation with the Young’s modulus and hardness [10].

• Nano-lithography: The AFM can be used for nano-patterning [11, 12].

1In literature, AM-AFM is sometimes said to be equal to ’Tapping mode’, while this is not necessarily the case
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B
SEM MICRO GRAPHS CANTILEVER

(a) Top of the cantilever to determine the lengths.
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(b) Bottom of the cantilever to determine the lengths.

(c) Top of the cantilever to determine the width.

(d) Bottom of the cantilever to determine the width.

Figure B.1: SEM images taken from cantilever C1 to determine the dimensions.



C
TYPICAL DATASET VOLTAGE-DISPLACEMENT

MEASUREMENT

The following micrographs are the result of a voltage-deflection measurement, as described in section 5.5.
This dataset is the same as figure 5.22.

(a) VDC = 0

(b) VDC = 5

(c) VDC = 10

97



98 C. TYPICAL DATASET VOLTAGE-DISPLACEMENT MEASUREMENT

(d) VDC = 15

(e) VDC = 20

(f) VDC = 25

(g) VDC = 26

(h) VDC = 37

(i) VDC ∼ 50



D
COMSOL MODEL

In this appendix the COMSOL model will be discussed in more detail. The physics, geometry, study and post
processing will be discussed. The model is based on the ’electrostatic actuated cantilever’ that can be found
in the COMSOL model library.

D.0.4.1. STATIC MODEL

Physics The physics that were used is ‘electromechanics’. This is needed to simulate the mechanical behav-
ior of the cantilever and the electrostatic force caused by the applied potential.

Geometry The first step is making a plane geometry of the cross section of the cantilever and the surround-
ing air. This is shown in figure D.1. The cantilever itself is made with a polygon, while the air is made with
a rectangle. Another rectangle is used to model the insulative layer. An extra line, splitting the cantilever in
two, is added to make sure there is a mesh boundary at this point. This can be used to plot the cross-section.
Next, the planar geometry is extruded, which is shown in figure D.2. This is done in two steps; region without

Figure D.1: The cross section of the cantilever and surrounding air modeled in COMSOL.

overlap with electrode and a region with overlap up to Lside. An extra block is added for the air, surrounding
this part of the cantilever. This block is 10µm longer than the length of the cantilever. The insulative layer is
made with two hexahedrons.

Materials and physics The material of the cantilever is silicon, the insulative layer is a material with relative
permittivity of 4.03 and the remaining domains are made of air. The default material properties are used.
The most important properties are the relative permittivity of air of 1, Young’s modulus of silicon 169 GPa and
Poisson’s ratio of silicon 0.28, which is equal to the values used for the analytical model.

The base of the cantilever is chosen to be a fixed constraint and the static potential is applied to the entire top
surface of the cantilever.
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(a) The extrusion of the planar geometry of figure D.1
in different stages.

(b) The complete geometry.

Figure D.2: The 3D design of the cantilever in COMSOL

Mesh Next, the mesh is generated. Because a large part of the geometry has a constant cross section, a
planar, quad mesh is applied to the plane at the base as shown in figure D.3a, that is swept through the
geometry as shown in figure D.3b. A mesh convergence study has been performed, by comparing course and
fine meshes. A finer mesh should give more accurate results, while a course mesh provides fast calculation.
The results will converge for an increasing amount of elements, but more elements do not necessarily result in
a more accurate model; the location of the elements is an important fact to consider. The mesh of the planar
geometry and the swept are varied, with the predefined settings in COMSOL (‘normal’,‘fine’,‘extra fine’ etc.).
In order to make a comparison between the different meshes, the tip displacement is used as the parameter of
comparison. And all the meshes are solved in a static case, where a potential of 25 V is applied. The results of
the convergence study are summarized in table D.1, where the results are organized according to the number
of elements.

(a) The extrusion of the planar geometry
of figure D.1 in different stages.

(b) The complete geometry.

Figure D.3: The 3D design of the cantilever in COMSOL

Table D.1: Results of the mesh convergence study. Where the refinement of the parts of the mesh (planar,
swept and tetrahedral) are used as variables for the number of degrees of freedom (DOF) and maximum
displacement that was found.

Number Planar Mesh Swept DOF Tip deflection (µm)

1 extra fine fine 173155 1.824
2 fine extra fine 166131 1.875
3 finer fine 117059 1.710
4 fine fine 76507 1.8805
5 normal fine 41895 1.647



E
MATLAB CODE

This appendix contains the details of the Matlab code, which is used for the voltage-deflection experiments
of section 5.5. This code processes the analysis on the collected micrographs, which show the side view of
the cantilever under a varying bias voltage. This is compared with the analytical model and results from
COMSOL. Figure E.1 shows a diagram of the m-files that were used and how they are cooperating.

Master.m The master-file is the main file of this code. The other parts of this analysis are managed from
here. First the physical constants and the measured parameters of the cantilevers are are loaded in the
workspace. The master-file then calls a function, that calculates the thickness, stiffness and second moment
of inertia of the cantilever as a function of the measured parameters. It returns the nominal values, and the
most optimistic and pessimistic estimate, according to the measurement uncertainty (see section 5.1). Next,
the measurement data is processed in ‘measurement.m’, resulting in a vector with cantilever deflection and a
vector with corresponding voltages. Now the model can be calculated. This is not only done for the nominal
stiffness, but also for the upper and lower bound of the stiffness, as it was calculated in the previous function
file. Also the measurement accuracy on the gap is taken into account; the gap is assumed to be measured
with a ±0.5µm accuracy. The minimum gap is used for the lower bound of the stiffness, while the maximum
gap is used for the upper bound of the stiffness. The measurement and model can also be compared with
the COMSOL model. The file ‘ReadComsol.m’ reads out a text file that is generated by COMSOL and creates a
vector with deflection and a vector with voltages. Finally the three methods are combined in a plot.

Thickness_Resonance.m The thickness of the cantilever is measured by solving f = 1
2π

√
k

meff
for the thick-

ness t . This is done in the function ‘Thickness_Resonance.m’. As explained in section 5.1, there is an uncer-
tainty on the measured parameters, which is estimated to be ±0.5µm. The thickness is calculated for all the
possible combination of parameters in nominal, overestimated and underestimated state. This is done with
the function ‘SolveSymbolic.m’, that accepts the geometry of the cantilever, and returns the corresponding
thickness. The maximum and minimum thickness of the cantilever, as well as the nominal value are returned
by the function.

SolveSymbolic.m This file is generated by ‘Generate_SolveSymbolic.m’, which converts a symbolic expres-
sion to this numerical function. This saves computation time. This numerical function uses the geometry of
the cantilever to calculate the thickness.

Generate_SolveSymbolic.m This code converts a symbolic function into a numerical function with the
function ‘matlabFunction’. The mass and stiffness are expressed as a (symbolic) function of the thickness,
where this thickness is the only unknown. The equation for the resonance frequency is then solved for this
unknown thickness.
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Measurement.m Next, the measurement data is processed in the m-file ‘Measurement.m’. In the first part
of the code, the settings can be chosen. This will pop up as a dialog box when running the code. A vector
with voltages and the pixel size in x- and y-direction are inserted. Next, the reference image is loaded into
the system. It goes into full screen and a mouse click is used to indicate the approximate position of the
end of the cantilever and location of the electrode; this is the region of interest. Next, the location of the
cantilever is determined in a ‘while-loop’. (Before running the code, a threshold must be selected. This is the
intensity of the pixels of the cantilever.) The code takes the point that was selected with the mouse click and
starts looking in a vertical line, with the specified range for a pixel with an intensity that at least as big as the
threshold. When it cannot find such a pixel, it moves one line to the right. It keeps repeating this procedure,
until the condition is met. Now the position of the end of the cantilever is known in the reference image. Now
a spline is created for the electrode and for the end of the cantilever. This is done with a separate function file
‘createspline.m’. For the cantilever, five lines of pixels are averaged in x-direction, such that the measurement
becomes less sensitive to noise and errors. The Electrode is averaged over its entire width. In a for-loop, the
image analysis is done. The subsequent images are compared by comparing the new intensity profiles with
the earlier created spline. The shift of the new data with respect to the spline is determined in ‘splineshift.m.
The deflection of the cantilever is determined by subtracting the motion of the electrode of the deflection of
the cantilever, because it is possible that the entire image has shifted a little bit. The final step is to calculate
the deflection of the tip of the cantilever by extrapolating, because the deflection is measured at Lside.

createspline.m This file creates a spline fit from a data set. The inputs are the gray scale image, and the x-
and y-range that are of interest. The pixel intensity is averaged over x, to minimize noise and errors. The ‘fit’
function of Matlab is used, with ‘smoothing parameter’ p set to 1, to get a cubic spline interpolant; in this way
the spline stays as close as possible to the original data.

splineshift.m This file computes how many pixels the intensity profile has shifted compared with the spline.
This is done with the least squares method, as explained in section 5.5.1.8.

Model.m This file calculates the voltage-deflection relation of the model as described in section 5.2. This
model calculates the required bias voltage to reach equilibrium at a certain deflection of the cantilever. A
vector is made that contains the deflection of the cantilever from zero to gap-size in steps of 0.01µm. In a
for-loop, the corresponding required bias voltage is calculated for all the elements in this vector. The system
is unstable as soon as the bias voltage starts decreasing for an increasing deflection instead of increasing. So
at the maximum voltage the cantilever will snap in. The voltage-deflection relation up to the snap-in voltage
is the output of this file.

ReadComsol.m A COMSOL simulation has been made for the system. A text file with the voltage-displacement
relation has been exported after this simulation. This can be imported into Matlab with this file. This code is
generated by using the ‘import data’ tool, and a automated scripts has been created.
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Figure E.1: Diagram of the Matlab code for comparing measurements with the model.
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MASTER.M

1 %% Master f i l e to compare measurement , model and COMSOL
2 % by Marcel de Laat
3 % Master project : Adjustable s t i f f n e s s AFM probe
4 % This code i s used to analyse the Voltage−def lect ion behavior of a
5 % commercially a v a i l a bl e AFM c a n t i l e v e r ( BudgetSensors , 450um, 13khz , Al
6 % coating ) . Measurements , a semi−a n a l y t i c a l model and a COMSOL model are
7 % compared in t h i s code .
8 % The data of t h i s code i s based on Cantilever C7
9 clear a l l ; c l c ; close a l l ;

10

11 %% Parameters
12 % Constants
13 E = 169e9 ; % Young ’ s modulus ( Pa )
14 v = 0 . 2 8 ; % Poisson ’ s r a t i o
15 rho = 2329; % Density s i l i c o n ( kg/m^3)
16 Eeff = E/(1−v^2) ; % E f f e c t i v e Young ’ s modulus ( Pa )
17 e0 = 8.85e−12; % Absolute p e r m i t t i v i t y (F/m)
18 e a i r = e0 ; % P e r m i t t i v i t y in vacuum
19 erd = 4 . 0 3 ; % Relat ive p e r m i t t i v i t y of d i e l e c t r i c
20 eins = e0 * erd ; % Absolute p e r m i t t i v i t y of d i e l e c t r i c
21

22 % Measured
23 Ltip = 455.7e−6; % Length base−t i p c a n t i l e v e r (m)
24 Ltot = 476.9e−6; % Total length c a n t i l e v e r (m)
25 Lside = 443.4e−6; % Length of the side of c a n t i l e v e r (m)
26 Lel = 229.4e−6; % Overlap electrode − c a n t i l e v e r (m)
27 wt = 57.8e−6; % Width at top − electrode side (m)
28 wb = 46.7e−6; % Width at bottom − t i p side (m)
29 f0 = 13265.63; % Measured resonance frequency (Hz)
30 ht = 15e−6; % Tip height (m)
31 l t = 6e−6; % length tip−base (m)
32 bt = 6e−6; % width tip−base (m)
33 dins = 1.60e−6; % Thickness of d i e l e c t r i c layer
34 g_est = 8.013e−6; % Estimated gap
35 a = 52e−6; % E f f e c t i v e length a f t e r pull−in
36 Lcel = Ltip−a ; % Length of c a n t i l e v e r upto edge of electrode
37 alpha = Lel / Lcel ; % Ratio between electrode length and e f f e c t i v e length
38

39 %% Calculation of the thickness and s t i f f n e s s of the c a n t i l e v e r
40 [ thickness , Ic , Kc , wt_acc ] = Thickness_Resonance ( Ltip , Ltot , f0 ,wb, wt , Eeff ) ;
41

42 %% Measurements
43 Measurement % The m− f i l e that processes the images .
44

45 %% Model
46 % Calulates the model for upper bound , lower bound and nominal value
47 [ Tip_defl_modelmin , Voltage_modelmin ] = Model( g_est −0.5e−6, Ltip , alpha , wt_acc ( 1 ) , Eeff

, Ic ( 1 ) , eair , eins , dins ) ;
48 [ Tip_defl_model , Voltage_model ] = Model( g_est , Ltip , alpha , wt_acc ( 2 ) , Eeff , Ic ( 2 ) , eair ,

eins , dins ) ;
49 [ Tip_defl_modelmax , Voltage_modelmax ] = Model( g_est +0.5e−6, Ltip , alpha , wt_acc ( 3 ) , Eeff

, Ic ( 3 ) , eair , eins , dins ) ;
50

51 %% Read COMSOL data
52 ReadComsol
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53

54 %% Plots
55 [ TRIVIAL ]

THICKNESS_RESONANCE.M

1 % Code to determine the thickness of the c a n t i l e v e r
2

3 function [ thickness , Ic , Kc , R_wt ] = Thickness_Resonance ( Ltip , Ltot , f0 ,wb, wt , Eeff )
4 R_Ltip = [ Ltip−1e−6 Ltip Ltip +1e−6]; % Length base−t i p c a n t i l e v e r (m)
5 R_Ltot = [ Ltot−1e−6 Ltot Ltot+1e−6]; % Total length c a n t i l e v e r (m)
6 R_f0 = [ f0 −3.12 f0 f0 + 3 . 1 2 ] ; % Measured resonance frequency

(Hz)
7 R_perc = [ 0 . 8 1 1 . 2 ] ; % Percentage of the tip−volume +−

20%
8 R_wb = [wb−0.5e−6 wb wb+0.5e−6]; % Width at bottom − t i p side (m)
9 R_wt = [ wt−0.5e−6 wt wt+0.5e−6]; % Width at top − electrode side (m)

10

11 vect=combvec( R_Ltip , R_Ltot , R_f0 , R_perc , R_wb, R_wt ) ’ ; % Make a matrix with a l l
combinations of the variables

12 t = [ ] ;
13 for i =1: length ( vect ) % Calculates the

thickness of the c a n t i l e v e r for a l l possible combinations of var iables
14 vector = vect ( i , : ) ;
15 t ( i ) = r e a l ( SolveSymbolic ( vector ( 1 ) , vector ( 2 ) , vector ( 3 ) , vector ( 4 ) , vector ( 5 ) ,

vector ( 6 ) ) ) ;
16 end
17

18 [ t_min , I_min ] = min( t ) ; %
Maximum thickness

19 [ t_max , I_max ] = max( t ) ; %
Minimum thickness

20 Ic_min = ( t_min^3/36) * ( vect ( I_min , 6 ) ^2+vect ( I_min , 5 ) ^2+4* vect ( I_min , 5 ) * vect (
I_min , 6 ) ) / ( vect ( I_min , 5 ) +vect ( I_min , 6 ) ) ; % Minimum second moment of area

21 Kc_min = 3* Eeff * Ic_min/ vect ( I_min , 1 ) ^3;

% Minimum s t i f f n e s s
22 Ic_max = ( t_max^3/36) * ( vect ( I_max , 6 ) ^2+vect ( I_max , 5 ) ^2+4* vect ( I_max , 5 ) * vect (

I_max , 6 ) ) / ( vect ( I_max , 5 ) +vect ( I_max , 6 ) ) ; % Maximum second moment of area
23 Kc_max = 3* Eeff *Ic_max/ vect ( I_max , 1 ) ^3;

% Maximum s t i f f n e s s
24

25 t_nom = r e a l ( SolveSymbolic ( Ltip , Ltot , f0 , R_perc ( 2 ) ,wb, wt ) ) ;
% Nominal value of the thickness

26 Ic_nom = (t_nom^3/36) * ( R_wt ( 2 ) ^2+R_wb( 2 ) ^2+4*R_wt ( 2 ) *R_wb( 2 ) ) /(R_wb( 2 ) +R_wt ( 2 ) ) ;
% Second moment of area c a n t i l e v e r (m^4)

27 Kc_nom = 3* Eeff *Ic_nom/ R_Ltip ( 2 ) ^3;
% S t i f f n e s s c a n t i l e v e r (N/m)

28

29 thickness = [ t_min ; t_nom ; t_max ] ; % Create vector with r e s u l t s
30 Ic = [ Ic_min ; Ic_nom ; Ic_max ] ; % Create vector with r e s u l t s
31 Kc = [ Kc_min ; Kc_nom; Kc_max ] ; % Create vector with r e s u l t s
32 end
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GENERATE_SOLVESYMBOLIC.M

1 % This f i l e generates a m− f i l e that i s depending on symbolic expressions .
2 syms t Ltip Ltot wt wb f0 perc p o s i t i v e
3

4 % Constants
5 E = 169e9 ; % Young ’ s modulus (Same as Comsol) ( Pa )
6 v = 0 . 2 8 ; % Poisson ’ s r a t i o (Same as Comsol)
7 rho = 2329; % Density s i l i c o n (Same as Comsol) ( kg/m^3)
8 Eeff = E/(1−v^2) ; % E f f e c t i v e Young ’ s modulus (Do) ( Pa )
9

10 % Parameters (To be measured ! )
11 ht = 15e−6; % Tip height (m)
12 l t = 6e−6; % length tip−mbase (m)
13 bt = 6e−6; % width tip−base (m)
14

15 % Derived parameters
16 vt = ht * l t * bt / 3 ; % Volume of t i p − pyramid approximation (m^3)
17 mt = rho * ( vt + ( ( wt+wb) /4) * ( Ltot−Ltip ) * t ) ; % Mass of t i p ( kg )
18

19 %% Calculation of the thickness and s t i f f n e s s of the c a n t i l e v e r
20 vc = 0 . 5 * ( wt+wb) * t * Ltip ; % Volume of c a n t i l e v e r (m^3)
21 mc = vc * rho ; % Mass of c a n t i l e v e r ( kg )
22 meff = (33/140) *mc+mt ; % E f f e c t i v e mass c a n t i l e v e r + t i p ( kg )
23

24 Ic = ( t ^3/36) * ( wt^2+wb^2+4*wt*wb) / (wb+wt ) ; % Second moment of area c a n t i l e v e r (m
^4)

25 k = 3* Eeff * Ic / Ltip ^3; % S t i f f n e s s c a n t i l e v e r (N/m)
26

27 tn = solve ( f0 ==(1/(2* pi ) ) * sqrt ( k/meff ) , t , ’ Real ’ , true ) ; % Thickness of the
c a n t i l e v e r

28 g = matlabFunction ( tn , ’ F i l e ’ , ’ SolveSymbolic ’ ) ;

MEASUREMENT.M

1 global g_est
2

3 %% Sett ings
4 % Opens dialogbox to enter s e t t i n g s
5 prompt = { ’ Enter number of datapoints : ’ , ’ Enter n space−separated Voltages ’ , ’The s i z e

of one pixel−X ( micrometer/ p i x e l ) : ’ , ’The s i z e of one pixel−Y ( micrometer/ p i x e l ) :
’ } ;

6 d l g _ t i t l e = ’ Input ’ ;
7 num_lines = 1 ;
8 answer = inputdlg (prompt , d l g _ t i t l e , num_lines , def ) ;
9 n = str2num ( answer { 1 } ) ;

10 Voltages = str2num ( answer { 2 } ) ;
11 p i x e l s i z e x = str2num ( answer { 3 } ) ; % Size of p i x e l in x
12 p i x e l s i z e y = str2num ( answer { 4 } ) ; % Size of p i x e l in y
13

14 %% Select regions of i n t e r e s t
15 PicName0 = [ ’ 0 . jpg ’ ] ; % Create filename for the zero−bias picture
16 image0 = imread (PicName0) ; % Load image
17 Gray0 = rgb2gray ( image0 ) ; % Convert to grayscale
18 f i g u r e ( 1 ) ; % Create new f i g u r e
19 imshow( Gray0 ) ; % Show grayscale image
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20 set ( gcf , ’ units ’ , ’ normalized ’ , ’ outerposition ’ , [ 0 0 1 1 ] ) % Fullscreen
21 uiwait (msgbox( ’ Left−Click three times in the image ’ ) ) ;
22 [ xc , yc ] = ginput ( 3 ) ; % Click once
23 ydatr = round ( yc ) ; % Rounded values (−> Discrete P i x e l s )
24 xdatr = round ( xc ) ; % Rounded values (−> Discrete P i x e l s )
25

26 %% Cantilever location
27 maxthresh = 123; % Threshold ( d i f f e r e n t for each dataset )
28 xrange = 0 ; % Amount of p i x e l s to look to the l e f t
29 yrange = 30; % Amount of p i x e l s to look in the y−direction
30 j = 0 ; % I n i t i a l i z i n g numbers for loop
31 Max = 0 ; % I n i t i a l i z i n g value ’Max’
32 while Max < maxthresh % Find the location of the t i p
33 % Take the f i r s t l i n e from the l e f t of the region of i n t e r e s t
34 Line = Gray0 ( ydatr ( 1 )−yrange / 2 : ydatr ( 1 ) +yrange / 2 , ( xdatr ( 1 )−xrange+ j ) ) ;
35 Max = max( Line ) ; % Find maximum value
36 xcant = xdatr ( 1 )−xrange+ j ; % The x−location of the c a n t i l e v e r
37 ycant = ydatr ( 1 )−yrange/2+ find ( Line==Max) −1;% The y−location of the c a n t i l e v e r
38 j = j +1; % Takes next l i n e for the next loop
39 end
40 ycant=min( ycant ) ; % In the case that multiple p i x e l s are selected , pick the top one
41

42 %% Create Spline for the c a n t i l e v e r and the electrode
43 n_avg_cant = 10; % Number of p i x e l s for averaging to the r i g h t
44 y_range_cant = 30; % Range of p i x e l s to look up and down for c a n t i l e v e r
45 y_range_el = 50; % Range of p i x e l s to look up
46

47 % Create spline for the c a n t i l e v e r
48 [ spline_cant , Xvector_cant ] = createspl ine ( Gray0 , ( xcant ) : ( xcant+n_avg_cant ) , ycant−

y_range_cant : ycant+y_range_cant ) ;
49 % Create spline for the electrode
50 [ spl ine_el , Xvector_el ] = createspl ine ( Gray0 , xdatr ( 2 ) : xdatr ( 3 ) , ydatr ( 2 ) −20: ydatr ( 2 )

+20) ;
51

52 %% Image recognition for a l l images
53 % I n i t i a l i z e values that are being used in the for−loop .
54 c a n t _ s h i f t = [ ] ;
55 cant_shift_end = [ ] ;
56 x _ s h i f t = 0 ;
57 y _ s h i f t = 0 ;
58 c a n t _ s h i f t ( 1 ) = 0 ;
59 e l _ s h i f t = 0 ;
60 c a n t _ s h i f t ( 1 ) = 0 ;
61 for i =1:n
62 % Load Image
63 PicNamel = [ num2str ( i ) ’ . jpg ’ ] ; % Create filename depending on number
64 imagel = imread ( PicNamel ) ; % Load image
65 Grayl = rgb2gray ( imagel ) ; % Convert to grayscale
66

67 % Detect motion of the c a n t i l e v e r r e l a t i v e to electrode ; generate
68 % vectors with ( average ) p i x e l i n t e n s i t y .
69 int_prof_cant = mean( Grayl ( ycant−y_range_cant+round ( c a n t _ s h i f t ( i ) ) : ycant+

y_range_cant+round ( c a n t _ s h i f t ( i ) ) , xcant : xcant+n_avg_cant ) ’ ) ’ ;
70 i n t _ p r o f _ e l = mean( Grayl ( ydatr ( 2 )−20+round ( e l _ s h i f t ( i ) ) : ydatr ( 2 ) +20+round (

e l _ s h i f t ( i ) ) , xdatr ( 2 ) : xdatr ( 3 ) ) ’ ) ’ ;
71
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72 % Calculate the spline s h i f t
73 % Calculate the s h i f t of the c a n t i l e v e r
74 [ c a n t _ s h i f t ( i +1) , f v a l ( i ) ,~ ,~] = s p l i n e s h i f t ( spline_cant , int_prof_cant ,

Xvector_cant , 0 ) ;
75 % Calculate the y−s h i f t of the electrode
76 [ e l _ s h i f t ( i +1) ,~ ,~ ,~] = s p l i n e s h i f t ( spline_el , int_prof_el , Xvector_el , 0 ) ;
77

78 % Add the rounded value of the previous loop
79 c a n t _ s h i f t ( i +1)= c a n t _ s h i f t ( i +1)+round ( c a n t _ s h i f t ( i ) ) ;
80 e l _ s h i f t ( i +1) = e l _ s h i f t ( i +1)+round ( e l _ s h i f t ( i ) ) ;
81 end
82

83 % Calculate the def lect ion of the c a n t i l e v e r r e l a t i v e to the electrode
84 Cant_deflection = cant_shift−e l _ s h i f t ;

CREATESPLINE.M

1 function [ spline , Xvector ] = createspl ine ( image , xregion , yregion )
2 %% Description of the function
3 % This function receives an image ( in gray scale ) with the feature in
4 % x−direction , and two vectors that describe the region of i n t e r s t .
5 % I t returns the spline for the averaged data
6

7 %% Make an average over the x−axis
8 DataAverage = mean( image ( yregion , xregion ) ’ ) ’ ;
9 Xvector = [ yregion ( 1 ) : 1 : yregion (end) ] ’ ;

10

11 %% Create the spline for the electrode and the c a n t i l e v e r
12 spline = f i t ( Xvector , DataAverage , ’ smoothingspline ’ , ’SmoothingParam ’ , 1 ) ;
13 end

SPLINESHIFT.M

1 function [ s h i f t , fval , e x i t f l a g , output ] = s p l i n e s h i f t ( spline , ydata , xdata , guess )
2 %% Description of the function
3 % This function receives a defined spline and raw measurement data ( s ingl e vector )
4 % I t ca l cu l a t e s the s h i f t of the raw data , such that i t f i t s the spline
5 f_min = @( x _ s h i f t )sum( ( spline ( xdata−x _ s h i f t )−ydata ) . ^ 2 ) ; % Least squares
6 [ s h i f t , fval , e x i t f l a g , output ] = fminsearch ( f_min , guess , optimset ( ’ TolX ’ ,1e−8) ) ; %

Minimize l e a s t squares function for s h i f t
7 end

MODEL.M

1 %% The forloop c al c u l at e s the necessary voltage to reach equilibrium for the
2 % given t i p def lect ion . I n s t a b i l i t y occurs at dV/dy_L=0
3 % Also the shape of the c a n t i l e v e r i s calculated for each given t i p
4 % deflect ion
5

6 function [ Tip_defl_model , Voltage_model , dydx ] = Model( g_est , Ltip , alpha , wt , Eeff , Ic ,
Lcel , eair , eins , dins )

7 y_L = [ 0 : 1 e−8:g0 ] ; % Tip def lect ion
8 x_cant = [ 0 : 1 e−6: Lcel ] ; % Vector with points along x−axis base − t i p
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9

10 for l = 1 : length ( y_L )
11 y_Li = y_L ( l ) ;
12 integral function = @( x ) x . ^ 2 . * ( 3 * Lcel−x ) . / ( ( e a i r * dins ) +eins * ( g_est

−(2.56 −16.127./(4*( x . / Lcel +0.00185) .^2+6.2786) ) * y_Li ) ) . ^ 2 ;
13 i n t f = i n t e g r a l ( integralfunction , ( Lcel−alpha * Lcel ) , Lcel ) ;
14 % E f f e c t i v e width to compensate for f r i n ge f i e l d .
15 weff = wt *(1+0.65* g0*(1−y_Li / g_est ) /( wt ) ) ;
16 % Voltage necessary to reach equilibrium at def lect ion y_Li
17 V( l , : ) = sqrt ( ( 1 2 * Eeff * Ic * y_Li ) / ( e a i r * eins ^2* weff * i n t f ) ) ;
18 % Shape of the c a n t i l e v e r for def lect ion y_Li (um)
19 yx ( l , : ) = (2 .56 − (16.127./(4*( x_cant . / Lcel +0.00185) .^2+6.2786) ) ) . * y_Li ;
20 % Derivative at y ( Lcel )
21 dydx ( l ) = ( yx ( l , end)−yx ( l , end−1) ) /( x_cant ( 2 )−x_cant ( 1 ) ) ;
22 end
23

24 [~ , Imax ] = max(V) ; % Pull−in voltage
25 Imax = Imax ( c e i l (end/2) ) ; % Take middle value , i f more than one
26 % Calculate def lect ion at y ( Ltip )
27 Tip_defl_model = y_L ( 1 : Imax ) +dydx ( 1 : Imax ) * ( Ltip−Lcel ) ;
28 Voltage_model = V ( 1 : Imax ) ; % Corresponding voltages with t i p def lect ions
29 end
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In situ stiffness adjustment for AFM 
probes: up to two orders of magnitude
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1. Motivation

Typically, cantilevers are exchanged for different modes of 
operation. Can we design a stiffness–tunable AFM probe that 
covers the entire range of stiffness, without exchanging it? 

2. State of the art

• Discrete stiffness adjustment
• Incompatible with commercial        
   AFM systems

• Limited tuning range (~14%)

• Large range (10x increase)

• Compatible with commercial
   systems
• Continuous tuning

3. Concept

4. Experimental setup
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5. Results

6. Conclusions & outlook
The entire range of stiffness can be covered in a single 
cantilever. For the tested cantilever we obtained stiffnesses 
from 0.2 N/m to 27 N/m, covering two orders of magnitude in a 
single cantilever.

This proof of concept is the first step towards a micro 
fabricated prototype. This should integrate the electrode 
positioning system and cantilever such that it can be used in 
an actual AFM setup.

Out of plane measurement: 
Laser Doppler Vibrometer

Mueller-Falcke et al.,  2006, Nanotechnology 17 Kawai  et al., 2006, 19th International Conference 
on Micro Electro Mechanical Systems
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• By applying a large voltage, the cantilever will pull-in.
• The effective length of the cantilever will be reduced, 
   hence its stiffness will increase.

Specifications  of cantilever:
L = 450 μm
w = 50 μm
t = 2 μm
k0 = 0.2 N/m
f0 =13.8 kHz
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