]
TUDelft







Design of a Setup for
Modal Testing of

Micro-Cantilevers
'mmersed in Liguid

by

iNng. B. van den Brink

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended publicly on Monday 4 December, 2017 at 15:00.

Student number: 4332008
Project duration: September 1, 2016 — December 4, 2017
Thesis committee: prof. dr. PG. Steeneken, TU Delft, Chair

dr. ir. E Alijani, TU Delft, Supervisor
dr. M.K. Ghatkesar, TU Delft, Supervisor
dr. ir. J.EL. Goosen, TU Delft, External expert

An electronic version of this thesis is available at http: //repository.tudelft.nl/.

]
TUDelft


http://repository.tudelft.nl/




Abstract

To facilitate research on the dynamics of micro-cantilevers immersed in liquid, a modal test setup was de-
signed. Modal testing is a powerful form of dynamic testing whereby the system’s natural frequencies, modal
masses, modal damping ratios, mode shapes, and weight of each of these modes at a certain frequency are
determined. Micro-cantilever resonators are often used for sensing applications, where information is ex-
trapolated from the change in dynamical behavior. Such systems are used in liquid environments to charac-
terize the fluid density and viscosity, to measure the mass and stiffness of particles suspended in this liquid,
and to image biological samples using atomic force microscopy. The designed setup employs piezoelectric
base actuation to excite the cantilevers, of which the response is measured in vacuum, air, and water. A clean
and spurious free response is achieved in a bandwidth ranging from 20 kHz to 500 kHz in vacuum and air, and
a bandwidth ranging from 50 kHz to 500 kHz in water.
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Introduction

During the sixties the first Integrated Circuits (IC) began to emerge, opening the doors to the digital revolu-
tion. The ICs are made from silicon wafers. Parts of these wafers are treated with a special process which
enables the material to conduct electrical current. Thus, making the fabrication of electrical circuits on the
micro-scale a reality. Soon people started to realize that, using the same fabrication methods, not only elec-
trical components could be made at the micro-scale, but also mechanical, fluidic and optical components.
This led to the research and development of a wide variety of microsystems. At first, this research was heav-
ily focused on fabrication methods, but slowly, as fabrication methods were established, research shifted to
improving the functionality and performance of these devices.

At the micro-scale other force types are dominant compared to those at the macro-scale. The contribution
of surface and interface effects, such as surface tension and electrostatics, start dominating over volumetric
dependent phenomena, such as inertia and magnetism. Also, the coupling between energy domains (me-
chanical, electrical, thermal, etc.) at these length scales is very high[4]. This greatly changes the dynamics
compared to the macro-scale systems, and introduces new sources of nonlinear behavior([5]. Fluidic damp-
ing, even from air, has a considerable effect on the dynamics of the system|[6].

Mechanical resonance is among the physical principles exploited in microsystem sensors. These sensors
extrapolate information from the change in dynamical behavior of micro mechanical resonating structure.
However, to facilitate research on the dynamics of these microsystems, proper test instrumentation is a ne-
cessity. Experimental research provides the dynamic characteristics of a system in practice, which in turn
could be used for the verification and validation of theoretical models for example. Modal testing is the form
of dynamic testing that is used for this purpose, whereby the system’s natural frequencies, modal masses,
modal damping ratios, mode shapes, and weight of each of these modes at a certain frequency are deter-
mined. These dynamic characteristics are used to: understand how a structure behaves under operational
conditions, validate and update theoretical models, and speed up durability calculations.

The dynamic characteristics obtained from theoretical models are based on certain assumptions of bound-
ary conditions, dimensions, material properties, and damping present in the system. In practice, these pa-
rameters might deviate due to the fabrication process of the materials and components, or change during the
lifetime of the system. In addition, certain material properties might simply be unavailable during the mod-
eling. Therefore, the need to characterize system dynamics in practice is of importance, particularly when
dealing with highly complex systems. The exhaustiveness of a modal test can be varied depending on the
complexity of the system, and the desired accuracy of the data acquired.

One area of research in the field of microsystem engineering studies the dynamics of these systems in liq-
uids. Micro mechanical instruments can be used to probe or inspect biological samples in their natural envi-
ronment, or to determine the fluidic and rheological properties of the liquid in which they are immersed (e.g.
viscosity and density). Submerging a structure in liquid has substantial effects on its dynamic characteristics.
During the design of microsystems operating in liquid, a proper understanding of the fluid-structure inter-
action is necessary, especially for sensing applications, where a high accuracy is essential. Micro-cantilevers
are among the devices used for sensing applications. Due to their simple geometry, their theoretical dynamic
behavior can be described analytically and numerically with relative ease, making them a popular choice as
micro-mechanical resonators. This thesis investigates the different aspects involved in the design of a modal
testing device for micro-cantilevers submerged in liquid.



2 1. Introduction

1.1. Applications

The development of a modal test setup for the analysis of the dynamics of micro-cantilevers in liquids has
a variety of applications. Research has indicated that when higher-order modes are taken into account, the
resolution of Atomic Force Microscopes (AFM) increases [7-16]. Modal testing could aid the research and
design of AFM cantilevers by, e.g., characterizing the dynamic behavior of the tip sample interaction[8-10,
13]. Another example where modal testing could be applied to micro-cantilevers in liquid is during mass
sensing. Here the mass of a particle, or an organism, in the liquid is determined by observing the frequency
shift caused by particle, or organism, adhering to the resonator. Research indicates that the sensitivity of
such measurements can be increased, when higher-order modes are taken into account[17-19]. Similarly the
sensitivity of micro-scale rheology instrumentation could be increased by taking higher-order modes into
account[20-23]. This field of research concerns itself with the flow of liquids, and the relating properties
(density, viscosity etc.).

1.2. Assignment Description

The goal of this project is to design, and build, a test setup with which the dynamic behavior of a micro-
cantilevers in liquid can be determined. The influence of the test setup itself on the dynamic behavior should
be minimized for a proper representation of the system in practice. During the design, the measurement
system will be restricted to the Polytec Micro system Analyzer (MSA), which is already present at the depart-
ment. The microsystems under test will be restricted to AFM micro-cantilevers. Further details about the
constraints and scope of the project can be found in appendix A.

1.2.1. Problem Definition
The problem identified in literature, as further discussed in chapter 2, can be defined as:

* Asuitable actuation method for modal testing in liquid has still to be selected
¢ Influence of vibrations from the setup on the dynamics of the cantilever is still unclear

* Basic forms' of vibration testing and modal analysis are currently used to investigate the dynamics of
micro-cantilevers in liquid

1.2.2. Research Question
The research question driving this project is defined as: How can modal testing of micro-cantilevers immersed
in liquid be performed properly’ ?

To answer this question, the following challenges are encountered:

¢ How to detect the vibration response of the cantilever with the LDV when the cantilever is in chamber
filled with fluid?

How will the actuation of the cantilever be implemented in a liquid environment?
* How to mount the cantilever such that the energy transfer from the actuator to the sample is optimal?
¢ How can the influence of spurious vibrations from the test setup on the sample be minimized?

Environment chamber vibrations

— Mounting vibrations

Liquid vibrations

Actuator vibrations

1These forms are described by Ewins [24] as levels and are found in appendix B.1
2Low coupling between setup vibrations and sample, low signal to noise, low influence on the dynamics of the system under test
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1.3. Approach

To successfully design the test setup, first a literature review will be conducted in order to gain insight into
the current condition of the research field. This literature review is done not only to get acquainted with the
research already done in the field, but also to uncover new research opportunities.

Hereafter the concept phase will be initiated, in which conceptual designs will be generated and evalu-
ated with back of the envelope calculations. From the concept, and with the knowledge obtained from the
literature review, a detailed design will be made, and produced. To aid the design, next to the literature review,
experiments in air will be done to gather experience with modal testing micro-cantilevers and modal analysis
using the software package SDTools. Finally, the testing and validation of the setup will be preformed. During
this last phase, several micro-cantilevers will be tested to demonstrate the capabilities of the setup.

1.4. Thesis Outline

First the elementary components of the setup will be discussed in chapter 2, including the literature available
for each separate component. Hereafter the detailed design, the actuator models and the fabrication will be
explained in chapter 3. The validation of the design and the obtained response of the tested micro-cantilevers
will be discussed in chapter 4. The final conclusions and recommendations can be found in chapter 5. To re-
duce the length of the thesis, all introductory information about modal testing, fluid-structure interaction
of microsystems, and acoustics, has been moved to appendix B, C, D respectively. For the interested reader,
details about the project which could not be elaborated in the thesis itself have also been moved to the ap-
pendices. This includes the project confines formulated after the literature review, the morphological analy-
sis done to aid the concept selection, further details taken into account during the design, and an additional
frequency response curve not shown in chapter 4. This information can be found in appendix A, E, F, G
respectively.






Elementary Components

This chapter attempts to give a broad overview of the elementary components of a modal test setup for liquid
immersed microsystems in general, including micro-cantilevers, and discusses the literature on this subject.
The elementary components of a model test setup for microsystems immersed in liquid, can be identified as:
the actuator that excites the microsystem, the mounting the microsystem is attached to, the environment in
which the microsystem is immersed, and the measurement system to measure the vibrations of the microsys-
tem. A labeled schematic of a test setup is including these components shown in figure 2.1. An evaluation to
decide which components are critical, and in which areas more research is necessary, has to be done for sub-
stantiated decisions during the design. Lin et al. [6] did an extensive literature review on structural dynamics
of microsystems, including vibration testing, in 2006 which included excitation and measurement methods.

Microsystem — K Measurement System

Environment Mounting
Chamber ! Actuator

Medium

Figure 2.1: Schematic representation of a setup for modal testing a structure immersed in a medium

2.1. Actuator

For proper excitation of the micro-structure the influence of the actuator on the dynamic behavior of the
microsystem and its fluid-structure interaction should be negligible. In case of experimental modal analysis
the applied force should be well defined through direct measurement, or through the measurement of the
actuator input and the use of an highly accurate model of the force the actuator applies with respect to a
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(g) Electro-thermal excitation (h) Brownian excitation
(i) Electric discharge excitation (j) Operational excitation

Figure 2.2: Actuation methods
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given input. In the case of operational modal analysis' the (stochastic) applied force should be distributed
in such a way that it can be considered a MDOF excitation. A well defined, or measured, point force would
be the easiest to process during analysis and a distributed stochastic force the most difficult, because the
exact distribution is not known in general. Due to the high viscous damping from the liquid, the vibrations
transmitted from the point of excitation throughout the structure diminish rapidly and become unobservable
at a certain point. This range determines the size of the area that can be used for modal analysis. Also, the
actuator should have an appropriate bandwidth to measure the modes, or frequencies, of interest.

Xu et al. [25] compared the main excitation methods used for the excitation of AFM cantilevers in liquids
(Piezoelectric base, Brownian noise, and Magnetic) and concluded that magnetic actuation showed the high-
est potential for the actuation of the first mode. Later Penedo et al. [26] evaluated methods for the excitation
of higher order modes in AFM cantilevers in liquids (Magnetostriction, Magnetic torque, and Photo-thermal)
and concluded that magnetostrictive actuation showed the highest potential. These assessments were made
with the requirements for atomic force microscopy of biological samples in mind. However, those experi-
ments were less concerned with exact measurement of the excitation force needed to determine the weight
factors of the modes. The research does give great insight into the different forms of excitation however. Here
follows an assessment of the different excitation methods for modal testing of microsystems in liquid, based
on previous research.

Electrostatic excitation is achieved by integrating an electrode into the structure or by coating the struc-
ture with a conductive layer [27], as shown in figure 2.2a. A voltage is induced between the electrode
and a counter-electrode attached to the environment chamber, resulting in an electrostatic force on
the structure. This method of excitation is rather straightforward, however the added mass and stiff-
ness influence the dynamics of the system, and accurate data of the amplitude and distribution of the
applied electrostatic force is difficult to obtain.

Integrated excitation is based on the application of patches of "smart material" integrated in the microsys-
tem, as shown in figure 2.2b. These patches consist of a film of piezoelectric material [28], or magne-
tostrictive material [29]. These patches are actuated by applying an electric potential or a magnetic
field respectively. The advantage of this method is the precise location of the force applied and the
short distance between the actuator and the structure. The application of such patches influences the
mass and stiffness of the system however. The process of applying these materials on the system is also
rather intensive, compared to the application of a thin-film of conductive material.

Piezoelectric base excitation, also known as acoustic base excitation, is a excitation method often employed
in the case of modal testing of microsystem in vacuum or gaseous environments [30]. A microsystem
is attached either directly, or by a holder, to a piezoelectric element, as shown in figure 2.2c. In this way
the the base of the microsystem is excited, causing vibrations in the structure. An other option is to
use the piezoelectric element to introduce a shock to the base of the microsystem, in literature referred
to as bulk acoustic wave excitation [31]. The advantage of this technique is that the microsystem in
question does not have to be altered in any way. Also, the effect of the actuator on the dynamics of the
system is negligible in vacuum and gaseous environment.

Difficulties with this excitation method arose when applied in liquid environments in the form of spu-
rious peaks, also known as "the forest of peaks" [32]. An other concern is fluid-borne excitation of the
microsystem by vibration of the microsystem holder in the liquid, causing acoustic waves in the liquid
[25] of which the forcing on the structure is difficult to model. Efforts have been made to understand
and reduce these spurious peaks [33-35], which some researchers contributed to the design of the lig-
uid environment, and others to the microsystem holder.

It is important to note that, as with the integrated smart material actuation, other materials apart from
piezoelectric materials, such as magnetostrictive materials for instance, could be used for base excita-
tion. In addition, the movement of the base can be measured with relative ease, which could be used
to compensate for some of the actuator dynamics during analysis by analyzing transmissibility.

Acoustic excitation is accomplished by sending acoustic waves through the liquid to the microsystem, trans-
ferring the momentum of the acoustic radiation pressure to the structure, as shown in figure 2.2d. The
acoustic wave is generated by a piezoelectric transducer and focused to improve performance [36].

1 Appendix B
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No alteration of the microsystem is necessary to facilitate this form of excitation, however the acous-
tic vibrations might excite resonances in the liquid cell. It is also challenging to measure or deduce
the applied force with this excitation method, especially since the spot size varies with frequency with
dspot = ()ch [37], where dspot denotes the spot size diameter, ¢ denotes the speed of sound, ® denotes
the total angular beam spread, and f the wave frequency.

Magnetic excitation is achieved by attaching a magnetic particle or thin-film to the microsystem. The mi-
crosystem is subsequently excited by applying a oscillating magnetic field [38, 39], as shown in figure
2.2e. Depending on the orientation of the magnetic field and the magnetized particle or thin-film, the
excitation is either flexural or torsional (also known as MAC mode [26]). Magnetic excitation is a popu-
lar excitation method for cantilevers in liquids [25] due to the difficulties experienced with piezoelectric
base excitation in liquids. The advantage of magnetic actuation is the limited influence the excitation
has on the fluid. It does influence the microsystem itself by adding mass and stiffness in the form of a
magnetic particle or layer though. Also, the limited bandwidth might make excitation of higher order
modes rather challenging [26].

Photo-thermal excitation method makes use of a laser beam to locally heat the structure, as shown in fig-
ure 2.2f, inducing vibrations [40-42]. These induced vibrations can be caused by different phenomena.
First, the momentum transfer from the photons of the laser beam to the structure will result in vibra-
tions. The second effect is related to the temperature gradients induced by local heating due to the laser.
Often the microsystem is also coated with a metallic layer causing bi-morph bending, which is caused
by the different coefficients of thermal expansion. The advantage of this method is the high bandwidth
compared to magnetic excitation. The applied force is difficult to deduce accurately however, and even
though application of a metallic thin film might not be requisite for successful excitation, the effect of
local heating might have significant effects on the dynamics of the microsystem.

Electro-thermal excitation is caused by oscillated joule heating of integrated circuits in the microsystem
[43], as shown in figure 2.2g. The thermal expansion of certain parts of the system induces vibrations.
This technique requires an integrated circuit, which together with the thermal effects caused by the
heating, influence the system dynamics.

Brownian excitation is inherent to the thermal bath of the fluid in which the microsystem is submerged?.
In figure 2.2h, a schematic representation of the excitation method is shown. The vibrations caused by
Brownian forcing, or thermal noise, is often employed for the calibration of atomic force microscopes
[44-46]. Because this excitation force is inherent to the fluid itself it does not alter the dynamics of the
system and fluid-structure interaction in any way. The average spectrum of Brownian forcing can give
insight to the dynamics of the microsystem using operational modal analysis techniques. This takes
a significant amount of time compared to experimental modal analysis though, since the magnitude
of the response is proportional to \/LN’ where N is the amount of data samples. Due to the stochastic
nature of the force, it is improbable that the applied force can be measured in time or frequency domain
with current technology, which makes this excitation technique a poor candidate for pure experimental
modal analysis. Modal analysis can still be preformed using operational modal analysis techniques
however. Prior knowledge of the system’s stochastic behavior (i.e. models), as is the case with Brownian
excitation, will ease the process of operational modal analysis and increase its accuracy.

Electric discharge excitation is a transient excitation method in which a microsystem holder, on which the
microsystem is fixed, is excited by an electric spark [47], as shown in figure 2.2i. This introduces shock
in the holder with a wide frequency band. Similar to piezoelectric base excitation, the dynamics of the
holder could affect the dynamics of the structure.

Operational excitation , shown in figure 2.2j, is a technique in which the actuators of the microsystem itself
are used to excite the structure [48], which limits this technique to microsystems with built-in actua-
tion. Depending on the microsystem the determination of the applied force might be difficult.

2.2. Mounting
Little research has been done on the way the microsystem is attached to the holder. In the case of modal anal-
ysis of microsystems in vacuum or air, the performance difference between wax and superglue was compared

2Appendix C
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[30]. In contrary to the wax, the superglue did not affect the dynamics of the system. Other options, such as
clamping for example, and the compatibility with the liquid environment have not been taken into account.

2.3. Liquid Environment

Glass
Liquid Liquid Liquid

(a) Droplet (b) Open liquid cell (c) Closed liquid cell

Figure 2.3: Liquid environment types

The common liquid environments in use can be divided into three different types: the bare droplet, the
open liquid cell and the closed liquid cell. The most basic of the three is the bare droplet, shown in figure
2.3a. Due to the size of the microsystems under test, a simple droplet can serve as a liquid environment.
A droplet evaporates easily though, which is a drawback of this liquid environment type. Evaporation can
change the composition of the liquid in case of emulsions or solutions. An other common liquid environment
is the open liquid cell, shown in figure 2.3b. These cells are commercially available, although a Petri dish is
a common substitute. This liquid environment allows for a larger liquid bath, which reduces evaporation
issues. The most advanced liquid environment is the closed liquid cell, shown in figure 2.3c. This cell is also
commercially available and prevents evaporation by fully enclosing the liquid. The functionality of both the
open- and closed liquid cells can be extended such that, for example the liquid temperature or pressure, can
be controlled.

During research on the applications of the dynamic mode of atomic force microscopes in a liquid envi-
ronments, the influence of the liquid cell design on the dynamic behavior of the microsystem was observed
[32]. Allegedly the vibrating microsystem and holder (attached to a piezoelectric element) excited the dy-
namic response of the liquid cell. Further research was done on a commercial liquid cell by comparing the
response of different cantilevers, which concluded that the spurious peaks in the vibration response men-
tioned earlier can be contributed to the liquid cell [49]. Other research refutes this however, and contributes
the effect to the dynamic response of the holder of the piezoelectric excitation device [50].

Much remains unclear and further investigation is necessary to successfully design a proper liquid envi-
ronment, taking the dynamic response and acoustics into account.

2.4. Measurement System

Measurement systems can be generalized into two categories. The first category are laser based systems,
such as optical lever detection (common in atomic force microscopes), Laser Doppler Vibrometry (LDV),
Electronic speckle pattern interferometry (ESPI), and classical interferometry with either continuous or stro-
boscopic illumination. These techniques are most suitable for out-of-plane vibration measurement. The
second category is based on CCD camera image processing, which is suitable to measure in-plane vibrations
and can, in some cases, also measure out-of-plane vibrations. These techniques are less commonly employed
and much is still in research and development. Examples are the Computer Microvision Systems (CMS) de-
veloped by MIT [51], and the development of an in-plane displacement detection algorithm by Kokorian et
al. [52].

Due to the availability of a LDV, it has been chosen to restrict the measurement system to the use of this
device for this project. This restricts the research to out-of-plane vibrations.

An LDV is used to measure the vibrations of structures without introduction of added inertia. This is es-
pecially important for small systems, since the mass of the transducer, compared to the test structure, would
alter the dynamics of the test structure in a significant way. In addition, the LDV provides a way to measure
structures that are difficult to access or where it is challenging to attach a sensor to the structure.

An LDV is essentially a double beam interferometer that utilizes the frequency shift between the two
beams, generated by the Doppler effect, to extract the velocity of the vibrating structure. The direction of
this velocity is extracted by adding a Bragg cell to one of the beams, which shifts the frequency of the light
from that beam. This is done to ensure that the frequency difference between the two beams is always pos-
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itive, even if the frequency shift by the Doppler effect is negative. In practice this ensures that the intensity
shift, due to the Doppler effect, detected by the photocell is non-symmetric.

Since the LDV supplies information from the double beam interferometer as well as the Doppler fre-
quency shift, it can be used for displacement and velocity measurement alike. Displacement demodulation
is better suited for low frequency measurements and velocity demodulation is better for higher frequencies.

2.5. Concept Selection

To minimize the bias when selecting the components for the conceptual design, a morphological analysis is
done. The measurement system is left out of this analysis, since the available LDV at the department already
meets the requirements. The environment chamber is also left out of the analysis, since the chamber will be
designed in such a way that, next to various liquids, different kinds of gasses can be used at pressures varying
from atmospheric to a vacuum level of 1073 mbar® [53]. As a consequence, the environment chamber is
restricted to a closed liquid cell.

The factors that are taking into account during the selection of the mounting principle are: the damping
the mounting imposes, the robustness of the joint, the fabrication difficulty, the ease of use, and the estimated
cost. These selection criteria where given a weighting factor and graded by the members of the project to get
as close as possible to an unbiased selection. As a result gluing was selected a mounting method (tab. 2.2),
with clamping as a close second. Later in the project however, clamping is selected as mounting method
due to unsatisfying experiences with gluing, and working principle, which complements a design where the
mounting is integrated in the wall of the environment chamber as will be discussed in chapter 3.2.

The same procedure is used during the actuator selection (tab. 2.1), which is done taking into account:
the actuator influence on the dynamics of the system (e.g. by adding mass or heating up the system), sup-
ported by back-of-the-envelope calculations and values from literature, the maximum excitation bandwidth
and amplitude range, supported by values found in literature, the fabrication difficulty, the difficulty of force
estimation/detection, the ease of use and the estimated cost. From this analysis, piezoelectric base excitation
appears to have the most potential.

Table 2.1: Morphological analysis of the actuator concepts. Each criteria is graded for each concept with a number between 1 and 10,
with 10 indicating the best performance.

Weight 22% 30% 17% 8% 12% 7% 5%  100%
Infl Excitati Amplitud F
Actuation n uencF xa a.lon PItUAe  pabrication orc.e Operation Cost Total
on dynamics bandwidth range detection

Electrostatic 4.67 8.00 7.67 5.00 8.33 8.67 7.00 7.01
II'ltegrated . 4.67 9.67 6.67 4.67 9.00 7.67 3.67 7.16
piezoelectric

Magnetostrictive 5.67 6.67 5.33 6.33 7.33 5.33 3.67 6.04
Piezoelectric 8.67 9.33 7.67 6.67 8.00 833 867 843
base

Magnetic 4.33 6.67 7.00 6.00 7.33 8.00 533 6.26
Photo-thermal 7.00 7.33 4.00 5.67 5.00 6.33 5.67 6.14
Electro-thermal 2.33 3.33 4.00 5.67 6.33 6.67 3.00 3.98
Shape memory 1.00 1.00 433 1.67 6.00 5.00 1.67  2.49
alloy
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Table 2.2: Morphological analysis of the mounting concepts. Each criteria is graded for each concept with a number between 1 and 10,
with 10 indicating the best performance.

Weight 25% 35% 10% 18% 13%  100%
Mounting Damping Robustness Fabrication Operation Cost Total
Glue 7.50 10.00 6.00 4.50 8.00 7.76
Double sided tape 4.50 6.00 7.50 5.00 10.00 6.10
Clay 5.00 5.50 8.00 8.00 8.50 6.44
Wringing 7.50 3.50 6.00 4.50 6.00 5.24
Spring 8.00 6.00 7.00 8.50 6.50 7.10
Temperature preload 6.50 7.00 4.00 6.00 3.50 5.96







Setup Design and Fabrication

This chapter discusses the different aspects involved with the design of the modal test setup and its fabrica-
tion. A thorough understanding of the physical principles involved is necessary to make substantiated design
choices.

3.1. Actuator Configurations

Fundamentally the design of a piezoelectric actuator for base excitation is similar to the design of an ultra-
sonic! transducer. Both use a piezoelectric element (piezo) to convert electrical power to mechanical vibra-
tions and transmit these to a target body, i.e., the chip base. The application however, is slightly different.
Ultrasonic transducers are used as an imaging device in various fields (e.g. non-destructive testing, medi-
cal ultrasound and SONAR) for instance, where a sensing transducer is used to monitor the echo of waves,
originating from a emitting transducer, reflecting on structures and boundaries in the target body. Power ul-
trasonics (e.g. ultrasonic cleaning, ultrasonic welding and ultrasonic metal forming) is another application
area of ultrasonic transducers, where high-intensity vibrations are induced to alter (e.g. cavitation) the target
body. In both these cases, the emitting transducers are designed to be used at a relatively narrow frequency
band. For optimal performance this frequency should be a resonance frequency of the transducer. This dif-
fers from the actuator for base excitation, which has to operate in a wide range of frequencies.

Target Target
Wear plate Head mass
Piezo Piezo
Backing V
Back mass

material

(a) Single element transducer (b) Langevin transducer

Figure 3.1: Basic ultrasonic transducer designs

Figure 3.1 shows the basic ultrasonic transducers types. The single element transducer (fig 3.1a) consist
of a wear plate, the piezoelectric element and the backing material. The function of the backing material
is to damp out the back-traveling vibrations, thus preventing an echo of the excitation signal to reach back
to the piezo, and therefore also preventing standing waves, i.e. resonance. Usually the backing material is
made from a particle filled composite, where the matrix material mainly contributes to the damping and
the material of the particles is chosen in such a way that the acoustic impedance? of the backing material

1 Although ultrasonic transducers typically operate at ultrasonic frequencies (>20 kHz), transducers operating at sonic or subsonic fre-
quencies are commonly also referred to as ultrasonic transducers
2Appendix D
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matches the impedance of the piezo. The advantage of this design is that the highest operating frequency
(i.e. the first resonance frequency) depends solely on the dimensions of the wear plate and piezo. This design
is disadvantageous at lower frequencies though. The necessary minimum length of the backing material
increases rapidly with decreasing frequency, since the attenuation coefficient is proportional to the frequency
squared?. This length determines the lowest operating frequency of the transducer.

The Langevin, or Tonpilz, transducer (fig 3.1b) consists of a head mass, the piezo and the back mass.
The back mass acts as an inertial balance mass and will, in combination with the head mass, determine the
amount of force which can be delivered to the target body. The first resonance frequency of the transducer is
determined by the concatenation of all the components, which makes this design more fit for lower operating
frequencies. The shape of the head mass usually depends on the application. Especially for power ultrasonics
such as ultrasonic welding and ultrasonic cutting, the head mass is usually shaped in such a way that the
force from the piezo is concentrated at the tip of the transducer, similar to the working principle of a needle.
A shaped head mass is referred to as an acoustic horn, sonotrode, acoustic wave-guide or ultrasonic probe.

In both cases the wear plate and head mass of the transducers protect the piezo from scratching, and
isolates the piezo from liquid, thereby protecting the piezo from short-circuiting. The material of the wear
plate and head mass, if properly chosen, can ease the impedance mismatch of the piezo and the target body.

It is important to note that separating the piezo from the liquid is crucial in the design of a piezoelectric
actuator. This introduces an extra component compared to designs aimed at gaseous environments or vac-
uum, where short-circuit protection is of less importance, due to the high electrical breakdown voltage of
gasses compared to liquids. The introduction of this component and the way it is integrated in the environ-
ment chamber increases the complexity of the design.

Due to the required bandwidth (1 kHz to 1000 kHz) of the actuator for base excitation, the Langevin trans-
ducer design is preferred. A stepped acoustic horn will be taken as head mass to increase the force applied to
the chip base. A high excitation amplitude range is beneficial for mapping amplitude dependent resonance
peaks of non-linear systems, and increases the adaptability during experimentation. For the acoustic horn,
Titanium is chosen as material because of its excellent chemical resistance, and its characteristic impedance,
which is in between PZT(Lead Zirconate Titanate) and Silicon®. Stainless steel is chosen as back mass ma-
terial due to its high characteristic impedance, which relates to the mass the of the back mass scaled by its
length at its first natural frequency®.

3.2. Environment Chamber

As mentioned in chapter 2.3, spurious peaks could emerge in the response of the micro-cantilever in liquid
due to the vibrational behavior of the environment chamber. Assuming the natural frequencies of the actua-
tor lie outside the required bandwidth, the spurious peaks can either originate from the acoustic response of
the liquid itself, or from resonances of the environment chamber structure, which travel through the fluid, to
the cantilever.

An option would be to design the chamber in such a way that the first natural frequency is located above
the required bandwidth. In practice such a design would be restricted to frequencies in the kHz range how-
ever, since the first natural frequency of the liquid itself, assuming a one dimensional case, is related to the
dimension of the chamber by the following equation: L = @ = qéq—]%'d where L denotes the characteristic
dimension of the chamber, cjiquiq denotes the speed of sound of the liquid, and fy denotes the first natural
frequency. For instance, the dimensions of a chamber with a natural frequency of 1 MHz would be 750 um,
which is already fairly close to the typical length of an AFM cantilever (200 um to 400 um). The environment
chamber designed around this liquid domain will probably have a natural frequency below the natural fre-
quency of the liquid. An other limiting factor to the dimensions of environment chamber is determined by
the squeeze film effect?, of which the influence should be reduced to a negligible degree by selecting the
chamber dimensions sufficiently large.

Opposed to making the chamber sufficiently small, the chamber could be fabricated of a high damping
material to reduce the quality factor of the natural frequencies of the environment chamber® in addition
to reducing the excitation on the liquid to a minimum by incorporating the chip of the AFM probe in the
chamber wall. It is difficult to predict if the influence of the environment chamber is negligible though. A
simulation, and preferably a modal analysis, of the full setup should be performed to ensure this.

3Appendix E1
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PTFE is chosen as the material® for the environment chamber and chamber base, because of its excellent
chemical resistance, vacuum compatibility, and its characteristic impedance, which closely matches that of
water. As a consequence, vibrations traveling in the liquid can transfer to the PTFE environment chamber
where they are damped due to the relatively high material damping polymers generally possess. This in-
creases the damping of the natural frequencies of the liquid in the chamber.

3.3. Integration
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Figure 3.2: Exploded view of the setup as designed

Figure 3.2 shows an exploded view of the setup. Parts 1-6,8,9,16,17,19,20 make up the environment cham-
ber, which can be divided into two parts. A base (parts 3,8,9,18) and a cap-shaped top (parts 1,2,4-6,16,17),
which can be placed over the base.

The AFM chip (part 7) is clamped in between the environment chamber top (part 6) and the base (part
8), and is integrated in the chamber wall to minimize the amount of vibrations traveling from the actuator to
the environment chamber. To mount the AFM chip, the chip should be placed on the acoustic horn, and the
environment chamber, together with the lower ring and O-ring, is placed on top of the chip. Subsequently,
the clamping force is applied by tightening the two bolts (part 2) which are in line with the AFM chip. These
bolts go through holes in the lower flange and catch the tread in the base plate.

The environment chamber is sealed by tightening the remaining 4 bolts (part 2), which catch the tread
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in the lower flange, pulling the window flange (part 1) and lower flange together and compressing the O-ring
seals (parts 4,16).

The actuator is integrated in a ring shaped part of the environment chamber wall, which is reduced in
thickness and acts as a suspension for the actuator assembly. The piezo is electrically connected to the power
source through a leaf spring (part 12), which is connected to the back mass, and through the acoustic horn,
which is grounded. The leaf spring is of sufficiently low stiffness and ensures that no wires have to be attached
to moving parts.

The cantilever vibrations can be inspected by laser Doppler vibrometer(LDV) through the optical win-
dow. Because the AFM Probe is incorporated in the chamber wall, the camera image of the LDV may slightly
darken depending on the used objective lens and the medium in the environment chamber. However optical
aberrations should not occur in theoretically because from the perspective of the optical system, the window
flange, which is blocking the rays, is nothing more than a field stop’. The brightness of the image can easily
be adjusted through the illumination settings of the camera.

3.4. Modeling of Actuator Behavior

To evaluate performance of the design, the vibration response of the actuator is modelled. After fabrication,
the actual response of the chip base can be measured and compared to check the validity of the model. Apart
from the response of the chip base itself, the response of the liquid at the chip base can be estimated, which
is also exciting the cantilever. The response of the liquid is challenging to measure however, which increases
the importance of an accurate model.

To increase insight into the physical behavior of the actuator, a one dimensional(1D) model comprising
several components is studied, where the acoustic behavior of each component of the actuator is assumed to
similar to that of a thin rod. Shear waves and the lateral inertia as a result of the Poisson effect are neglected
in this analysis.

Hereafter a two dimensional(2D) finite element analysis is done to investigate the influence of shear
waves and the Poisson’s effect.

3.4.1. One Dimensional Analytical Model

V(w) -k [
A FFn
f : n—1
‘ — P> =
. Frp-1 Tr?—l D
PTFE
——— Water ( T’%’_lf\_FB n+l1
Back mass AFM Chip RI+1 <
Piezo 5 ttach ¢ F
Acoustic horn ase attachmen Bn

(a) Axisymmetric view of the one dimensional analytical model. The inter- (b) Forward and backward traveling
face between the AFM chip and the PTFE is the point where the response of waves in a section

the chip base is calculated and the red dashed line denotes the place where

the liquid response is calculated.

Figure 3.3: Schematic view of the analytical model

Figure 3.3 shows a schematic representation of the actuator modeled in 1D. The piezo is electrically con-
nected through the leaf spring, which has a stiffness of kj, and through the acoustic horn. The static stiffness
of the actuator suspension has been calculated by finite element analysis, denoted by k,. The response of
each segment is governed by the wave equation (eq. 3.1):
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0u B 1 0%u
2o 5.1
material

where u denotes the particle displacement, x denotes the spacial dimension along the length of the ac-

tuator, ¢ denotes the time, and cpaterial = ﬁ% denotes the speed of sound in the material, dependent on
its Young’s modulus Epaterial and density pmaterial-

At the boundary of each segment the forces, and particle velocities, of the two adjacent segments should
be equal. As a consequence, an incident wave coming from one domain will be partially reflected back,
and transmitted to the next domain, depending on the boundary conditions. The transmitted and reflected
waves can be calculated by multiplying the incident wave with the transmission and reflection coefficients
respectively[54]. These coefficients can be calculated by solving each boundary condition for the situation
where an incident wave is coming from infinite half-space, and the reflected and transmitted waves are travel-
ing to infinite half-space, which leads to a boundary value system. These equations can be solved by realizing

that:
ou
o= Emateriala_ 3.2)
X

where o denotes the stress in the material. As a result tigansmitted = 222252 0 and teflected = 222524 o, assuming
h . Enmaterial Ematerial
armonic waves.
Combining these ratio’s with the constitutive piezoelectric equations in Stress-Voltage form (eq. 3.3), the
forces of the forward and back traveling waves can be calculated[55].

D
&=—-he+ 5_5 (3.3a)
o=EPe—hD (3.3b)

where &, h, €, D, &, 0, and EP denote the electric field, the piezoelectric stiffness constant, the mechani-
cal strain, the electric displacement, permittivity at constant strain, the mechanical stress, and the Young’s
modulus at constant electric displacement respectively.

A number of equivalent electrical circuit models® could be employed[55], which also integrate the elec-
tronic circuit. However, for sake of simplicity the electronic circuit is neglected. The response of the actuator
is calculated by solving the system of boundary conditions, where Y Forward = 0 and Y. Fyackward = O at each
boundary, leading to equation 3.4. The particle displacement of the cantilever base and the liquid at the
cantilever base (denoted by the red dashed line in fig. 3.3) are calculated by equation 3.5a and 3.5b.

p=a (3.4)
Vact (@)
where Z), A, E (w), and V¢ (w), denote the vector containing piezoelectric material parameters and transmis-
sion ratio’s, the matrix containing transmission and reflection ratio’s, the piezoelectric material parameters
and time delays for wave traveling from one boundary to the next, the vector of the forward- and backward
traveling forces on the boundary, the actuation voltage respectively.

Xchip _ Fr chip @Xp(=J0Tchip) — FB chip

(3.5a)
Vact JWZchip
XWater _ Fr Base €Xp(— JWTBase) Tg\ﬁer €Xp(—JWTwater@Chip) (3.5b)
Vact J W Zater

where Xpomain, Vact, FF Domain, FB Domain, TDomain,» a1d Zpomain denote the particle displacement, the actua-
tion voltage, the forward traveling force, the backward traveling force, the amount of time it takes to travel
across the length of the domain at the speed of sound, and the acoustic impedance respectively.

3.4.2. Two Dimensional Finite Element Analysis
To incorporate the effects of shear waves and the Poisson effect, a 2D axisymmetric Acoustic-Piezoelectric
frequency domain finite element analysis is done, using the multi-physics interface of COMSOL. The setup
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Back mass
Piezo
Acoustic horn

Figure 3.4: Axisymmetric view of the 2 dimensional finite element model. The interface between the AFM chip and the PTFE is the point
where the response of the chip base is calculated and the red dashed line denotes the place where the liquid response is calculated. The
acoustic and solid mechanic domains are denoted by dotted lines and solid lines respectively.

of the model is shown in figure 3.4 and can be divided into the pressure acoustics domain, the solid mechan-
ics domain, and the electrostatics domain. The pressure acoustics domain is denoted by the dotted edges.
In this domain only compressional waves are present. A perfect acoustic match is set on the outer edges of
the acoustic domain to ensure there are no resonant frequencies associated with these domains, assuming
vibrations entering the liquid and the PTFE environment chamber are completely damped out. The acoustic
domain is coupled with the solid mechanics domain, which is denoted by solid lines, at the interfacing edges.
The solid mechanics domain considers, in addition to compressional waves, also shear waves and the Pois-
son’s effect. The solid mechanics domain is coupled to the electrostatic domain by the piezoelectric material
of the piezoelectric element. A voltage of 8V is applied to the piezo in the electrostatic domain. This voltage
will also be used when the performance of the fabricated actuator is evaluated. The leaf spring is modeled as
a spring ki, distributed along the back end of the back mass. Opposed to the analytical model the suspen-
sion of actuator is not simplified as a spring, thus taking the higher-order resonances of the suspension into
account. The suspension is fixed to the chamber base assuming the chamber base to be infinitely stiff. The
response of the actuator is calculated at the cantilever base by taking the average absolute particle displace-
ment parallel to the axis of symmetry at the front of the AFM chip. The response of the liquid is calculated by
taking average of the absolute particle displacement parallel to the axis of symmetry at the red dashed line
next to the location of the cantilever base. Since the acoustics domain only supplies the particle velocity the
displacement is calculated by u = ﬁ, where u denotes the particle displacement, v denotes the particle
velocity, and f denotes the frequency.

3.4.3. Comparison of Models

Figure 3.5 shows the modeled response of the actuator. When comparing the analytical model to the FEA
model, some notable differences can be observed. With the introduction of shear stiffness, the assembly can
take up shear- and flexural deformations, next to the longitudinal deformations, which introduces modes be-
low the first resonance frequency of the analytical model. This reduces the bandwidth from around 600 kHz to
370kHz It is also observed that the liquid response form the FEA differs from the analytical model. This is due
to higher-order modes of the suspension exciting the liquid. The lowest operation frequency is determined
by the resonance/anti-resonance pair of the suspension mode of the actuator at 11 kHz.

3.5. Fabrication

Figure 3.6 shows the assembly process. Figure 3.6a shows the completed components of the setup. Most of
these components are manufactured using a conventional lathe and mill (parts 1,6,8,9,11,13,17,18 from fig.
3.2), the leaf spring is laser cut and the setup holder is 3D printed. All other components are vendor parts.
PTFE shows to be a difficult material to work because of its poor thermal conduction and high creep rate.
Therefore it is advised to ease the requirements for chemical resistance and use a different material if a next
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Figure 3.5: Modeled response of the AFM chip base, and liquid next to the chip, for the 1D model, shown in blue, and the 2D model,
shown in orange. The suspension mode and the first three modes of the actuator are depicted close to their respective resonance peaks.

iteration would be made. Figures 3.6b and 3.6c show the assembly of the actuator. The electrical connection
at the acoustic horn is made by carefully dispensing a droplet of conductive paint against the acoustic horn,
while preventing the droplet from touching the back face of piezo, which would short circuit the piezo. The
wire is dipped in the droplet of conductive paint and fixed with super glue. This connection is rather fragile
however, so the setup should be handled with care. The piezo, back mass, leaf spring, leaf spring mount and
live wire are assembled with conductive epoxy. It is important to note that the influence of the glue on the
actuator performance is not a trivial issue, in this case however the influence is negligible given the thickness
of the glue layer and its characteristic impedance®. Figure 3.6d shows the finished setup.
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(a) Fabricated components and vendor parts, displayed (b) Assembly of the actuator. The acoustic horn and the
from left to right the components from the bottom to the piezo are glued in the chamber base and the leaf spring is
top glued to the its mount.

(c) Second step in the actuator assembly. The leaf spring (d) The final setup as assembled
and its mount is glued to the piezo

Figure 3.6: Setup fabrication



Design Validation

To validate the design and to investigate the response of micro-cantilevers immersed in liquid, the base mo-
tion of the actuator has been measured and the response of three different AFM cantilevers has been mea-
sured in air, vacuum and water.

4.1. Setup of Experiments

Decoder

Response out +—
@ Vacuum pump

n *

Syringe

Vacuum
gauge

Junction Box/VNA

Response in
Excitation signal
Reference

Computer

Figure 4.1: Schematic of experimental setup and auxiliary components. The arrows denote the direction of the data, the connection
of the vacuum components are denoted by dashed tubes, and the connection of the syringes for liquid exchange are denoted by solid
tubes.

Figure 4.1 shows the setup and its auxiliary components. The micro-cantilever is mounted in the setup
and its vibrations are measured with a Micro-System Analyzer (MSA) LDV from Polytec Inc., of which the
signal is fed into the decoder. The decoder translates the signal measured at the photo-detector of the MSA,
which contains displacement and velocity data, into a electrical signal. This signal is fed into the junction
box or the Vector Network Analyzer (VNA). Both also host the signal generator that provides the excitation
voltage for the actuator. The measured response from the LDV and the reference signal (i.e. the excitation
signal) is fed into computer for analysis. In contrast to the junction box, which does a fast Fourier transform
(FFT) of the signal, the VNA uses a homodyne detection scheme, meaning it will only detect the response at
the frequency of excitation.

The medium in the environment chamber can be exchanged by the in- and outlet ports on the setup
(Festo 4 mm tubing connector). For the vacuum measurements a Pfeiffer vacuum gauge was attached to one
end of the environment chamber and a Pfeiffer diaphragm pump, with an ultimate pressure of 0.5 mbar, to
the other. For the measurements in water a syringe was connected to either side of the environment chamber.
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One of the syringes is used to impose a negative pressure, while the other is used to expel liquid into the
environment chamber. This procedure reduces bubble forming.

4.2. Actuator Response

The response of the acoustic horn and the chip base is measured and compared to the models of chapter 3.4.
The actuator was excited by a pseudo random excitation signal. As shown in figure 4.2, the response of the
chip base shows some decline in amplitude from 150 kHz and onward. This might be caused by the interface
between the AFM chip and the acoustic horn, because the AFM chip is grooved. The models both assume
a perfect circular interface, therefore the response of the acoustic horn gives a better representation of the
actuator behavior. When comparing the measured response of the acoustic horn with the models, it can be
observed that the 1D analytical model does not accurately describe the actual actuator response. The 2D FEA
model however, gives a fair representation of the actuator response up to around 600 kHz. The first resonance
frequency of the actuator is located at 377 kHz, which determines the bandwidth of the setup. This bandwidth
can be extended up to around 550 kHz if the vibration response from the micro-cantilevers are scaled by
the response of the base, i.e. examining the transmissibility. The operational deflection shape at the third
resonance frequency (617 kHz) however curves the surface of the acoustic horn, introducing rotational effects
on the base which cannot be compensated with the base response. Noise and small spurious peaks and
drops are predominant in the region near the suspension mode of the FEA model and up to approximately
20kHz. The excitation amplitude of the chip base has high variations in this region. This should be taken in
consideration during the analysis of the cantilever response, because the energy fed into the system at those
frequencies is irregular.
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Figure 4.2: Measured frequency response of the actuator at the chip base and the top of the acoustic horn compared to the models. In
the bottom left corner a zoom-in of the actuator response at low frequencies is shown.

4.3. Cantilever Response in Vacuum, Air and Water

The response of three different micro-cantilevers is measured in vacuum, air and water by exciting the can-
tilever with a frequency sweep. A vacuum of 0.6 mbar to 1.3 mbar was attained, which is fairly close to the
ultimate pressure of the vacuum pump used. The three cantilevers are meant for different AFM operating
modes and vary in dimensions and stiffness. The CONT cantilever is meant for contact mode AFM, where
the tip of the cantilever drags across the sample mapping its topology. The stiffness of these cantilevers is
usually relatively low to keep the applied lateral forces low, i.e. to reduce sample damage [56]. A variation on
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this operation mode is force modulation mode AFM, for which the FMR cantilever is designed. In addition
to the contact mode, the cantilever is vibrated to extract elastic properties from the sample. The NCLR can-
tilever is meant for tapping mode AFM, where the cantilever is excited at its first resonance frequency and
strikes the surface of the sample, hence reducing lateral scanning forces and reducing damage of the sample
as compared to contact-mode AFM.

4.3.1. Tapping Mode AFM Probe (NCLR)

The NCLR Tapping Mode AFM Probe, with typical dimensions 225(5) um, 38(5) um, 7.0(5) um (length, width,
thickness) has the highest first natural frequency of the three, 190kHz. Figure 4.3 shows the transmissibility
of the cantilever in vacuum at 0.6 mbar, air, and water. The measured first resonance frequency of the can-
tilever in vacuum is 152.47 kHz. Such a high variation in frequency is not uncommon though, which can be
attributed to the fabrication process where tolerances of +5um in length and width, and +0.5um in thickness
are typical.

Table 4.1 and 4.2 show the measured resonance frequency and the quality factor, identified by peak pick-
ing, next to the resonance frequency calculated with the Pade approximation derived by Sader and Van Eys-
den [1] and the quality factor derived by using Sader Method [2]. As expected the resonance frequency in
air is hardly affected by the presence of the medium. Its quality factor however, drops from about 8000 to
500. Such a large drop is also observed in liquid, where the quality factor is about ﬁ of the value measured
in vacuum and about ﬁ of the value measured in air. The resonance frequency in water is about half the
resonance frequency in vacuum and air. These values show good agreement with the estimated theoretical
values taking into account that the aspect ratio can vary with 15 % according to the supplier. The resonance
frequency measured in vacuum is used to calculate the fluidic resonance frequency, therefore, assuming the
uncertainty in fluid density negligible, the aspect ratio is the parameter the greatest uncertainty. This un-
certainty is reduced by varying the modeled cantilever dimensions within the factory tolerances until the
resonance frequency in vacuum matches the measured resonance frequency in vacuum.
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Figure 4.3: Measured frequency response of the NCLR cantilever with accompanying operational deflection shape of the first resonance
frequency in liquid. The expected resonance frequency in liquid is denoted by a blue dotted vertical line, calculated with Sader’s Pade
approximation [1], using the typical dimensions as given by the supplier.

4.3.2. Force Modulation AFM Probe (FMR)
The FMR Force Modulation AFM Probe, with typical dimensions 225(5) pm, 28(5) um, 3.0(5) um (length, width,
thickness), has a natural frequency of 75 kHz, in between those of the other two cantilevers. Figure 4.4 shows
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Table 4.1: Comparison between the experimentally measured and theoretical [1] fundamental frequency of the NCLR cantilever in dif-
ferent environments

f0.6 mbar vacuum air air water water
measured analytical measured Sader06 measured Sader06
Mode [kHz] [kHz] [kHz] [kHz] [kHz] [kHz]

1st flexural 152.47 152.76 152.07 152.27 72.10 85.51

Table 4.2: Comparison between the experimentally measured and theoretical [2] quality factor of the NCLR cantilever in different envi-
ronments

Q0.6 mbar air Qair water water
measured measured Sader98 measured Sader98
Mode [-] [-] [-] [-] [-]
1st flexural 8214 497 680 7 9

the transmissibility around the first resonance frequency of the cantilever in vacuum at 0.6 mbar, air and wa-
ter. Its first resonance frequency in vacuum (70.27 kHz) is located fairly close the natural frequency provided
by the supplier. The second harmonic! of the first resonance frequency is also observed, close to 140 kHz. As
with the NCLR cantilever, the resonance frequency drops significantly in water, however the resonance peak
is rather irregular as opposed to the previous case.

Figure 4.5 shows the response of the cantilever, in the full bandwidth of the setup, in air and water. It can
be observed that the second resonance peak in water does have a clear resonance peak. The measured and
theoretical resonant frequencies and quality factors can be found in table 4.3 4.4.
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Figure 4.4: Measured frequency response of the FMR cantilever at the first mode with accompanying operational deflection shape of
the first resonance frequency in liquid. The expected resonance frequency in liquid is denoted by a blue dotted vertical line, calculated
with Sader’s Pade approximation [1], using the typical dimensions as given by the supplier. The blue dashed ellipse surrounds the first
resonance frequency in liquid.
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Figure 4.5: Measured frequency response of the FMR cantilever with accompanying operational deflection shape of the second res-
onance frequency in liquid. The expected resonance frequencies in liquid are denoted by a blue dotted vertical line, calculated with
Sader’s Pade approximation [1], using the typical dimensions as given by the supplier.

Table 4.3: Comparison between the experimentally measured and theoretical [1] resonant frequencies of the FMR cantilever in different
environments

f0.6 mbar vacuum air air water water
measured analytical measured Sader06 measured Sader06
Mode (kHz] (kHz] [kHz] [kHz] [kHz] [kHz]
1st flexural 70.27 70.85 69.93 70.13 26+£3 33.76
2nd flexural - 444.03 447.10 443.18 188.65 216.71

Table 4.4: Comparison between the experimentally measured and theoretical [2] quality factors of the FMR cantilever in different envi-
ronments

QO.G mbar air Qair water Qwater
measured measured Sader98 measured Sader98
Mode [-] [-] [-] (-] [-]
1st flexural 5450 173 183 3 4
2nd flexural - 451 503 7 8

4.3.3. Contact Mode AFM Probe (CONT)

The CONT Contact Mode AFM Probe, with typical dimensions 450(5) um, 50(5) pum, 2.0(5) um (length, width,
thickness), has the lowest natural frequency of the three cantilevers, 13 kHz. This cantilever also has a signifi-
cantly higher surface area compared to the other two. Figure 4.6 shows the transmissibility of the cantilever in
vacuum 1.3 mbar, air, and water. As observed with the first resonance peak of the FMR cantilever, the second
resonance peak of the CONT cantilever in water is irregular. The first resonance peak in liquid is not even
observable. In an attempt to improve the quality of the response in liquid at low frequencies, the cantilever
response was excited with a frequency sweep from 0.01 kHz to 50 kHz and measured with a more sensitive
decoder, denoted by the dark blue line in figure 4.6. The quality of the response did not improve however.
Also the resonance peak of first torsional ODS in liquid was not observed. Tables 4.5 and 4.6 show the mea-
sured, and theoretical, resonance frequencies and quality factors. The torsional resonance is calculated with
the Pade approximation derived by Sader and Van Eysden [1] and the quality factor of the torsional resonance
is derived by using Green and Sader [3].
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Figure 4.6: Frequency response of the CONT cantilever measured with the vector network analyzer (VNA). The expected resonance fre-
quencies in liquid are denoted by a blue dotted vertical line, calculated with Sader’s Pade approximation [1], using the typical dimensions
as given by the supplier. The graph in the bottom left corner shows the response of the cantilever at low frequencies. The blue dashed
ellipse surrounds the second resonance frequency in liquid. The operational deflection shapes of the second, third, and fourth flexural
mode is depicted at the bottom the figure.

Table 4.5: Comparison between the experimentally measured and theoretical [1] resonant frequencies of the CONT cantilever in different
environments. The torsional mode is emphasized.

fl.S mbar vacuum air air water water
measured analytical measured Sader06 measured Sader06
Mode (kHz] [kHz] [kHz] [(kHz] [kHz] [(kHz]
1st flexural 12.98 13.01 12.80 12.92 - 4.25
2nd flexural 81.80 81.55 81.22 81.41 25+3 27.18
3rd flexural 229.88 228.34 228.44 228.83 71.58 78.46
st torsional ~ 292.26 293.77 292.06 291.76 - 149.18
4th flexural 451.40 447.46 448.89 449.49 148.71 158.98

Table 4.6: Comparison between the experimentally measured and the theoretical flexural [2], and torsional [3], quality factors of the
CONT cantilever in different environments. The torsional mode is emphasized.

Ql .3 mbar air Qair water water
measured measured Sader98 measured Sader98
Mode [-] [-] [-] [-] [-]
1st flexural 277 59 54 - 2
2nd flexural 1638 168 154 3 5
3rd flexural 4437 291 261 7 8

1st torsional 4519 558 1037 - 7
4th flexural 5131 411 363 11 10

4.3.4. General Discussion of the Cantilever Response
The measured response of the micro-cantilevers in liquid, identified by peak picking, roughly matches the
theoretical values derived by Sader, Green, and Van Eysden [1-3], as observed from table 4.3 to 4.6. The peaks
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however are not Lorenzian, i.e. symmetric around the resonance frequency. This is observed with all three of
the cantilevers. This increases the uncertainty of the curve fit used to estimate the quality factors and natural
frequencies.

The observed irregular peaks and the missing first resonance peak of the CONT cantilever in liquid have
some commonalities. They all: arose while measuring in water, arose below approximately 50 kHz, and have
a theoretical quality factor below 5.

Above 50kHz, no notable spurious peaks where found in water, although some small local increases in
amplitude can be observed. The amplitude of these peaks is much smaller however compared to the ampli-
tude of the cantilever resonance peaks in water.






Conclusion and Recommendations

The conclusion is divided up into two sections. The first discusses the performance of the setup, and the
second the measurements done with the setup. Hereafter, the recommended improvements to the setup and
the different directions for future work are elaborated upon.

5.1. Setup Performance

A setup was designed using design principles for ultrasonic transducers. Its performance is evaluated by
comparing it with the initial requirements!.

Bandwidth

The objective was to design a setup with a bandwidth of 1 kHz to 1000 kHz. As a result of fabrication limita-
tions this was reduced to 10 kHz to 550 kHz. This range is large enough to excite up to 4 flexural cantilever
modes in vacuum and air given the first natural frequency is chosen between 10 kHz to 15 kHz. The response
of the setup between 10kHz to 20kHz is irregular though, showing small spurious peaks and drops in am-
plitude. These could complicate measurements at this frequency range, especially in liquid due to the low
quality factor of the modes.

Measurement Quality

Eliminating spurious peaks, especially in liquid was one of the main challenges of this project. The response
of the actuator shows some small spurious peaks at 10 kHz to 20 kHz and the response of the FMR, and CONT,
cantilevers was irregular below 50 kHz. A clean response is found from 20 kHz to 500 kHz in vacuum and air,
and from 50 kHz to 500 kHz in water.

Setup Versatility

The setup was designed to be versatile with respect to sample selection, and operating environment. The
setup allows modal testing of cantilevers coated with a special materials (piezoelectric, magnetostrictive,
magnetic, etc.), as well as bare silicon cantilevers. The clamping mechanism also facilitates easy exchange
of the AFM chip.

The environment chamber was build such that it can be used for measurements in: vacuum, different
types of gasses, and different types of liquids including mild acids and alkalies, common alcohols and oils.
The desired vacuum level was set at 102 mbar to ensure, however due to available equipment this level of
1.3 mbar to 0.6 mbar was obtained. The flow regime at this pressure can be estimated by evaluating the Knud-
sen number Kn = %, where 1 and L denote the mean free path and characteristic length scale respectively.
The cantilever width is the characteristic length scale in case of vibration cantilevers [2], which is 50 um for
the largest measured cantilever (CONT). The mean free path at 1 mbar is approximately 100 um, which result
in a Knudsen number of 2. This is somewhere in the transitional flow regime [57]. To reach the molecular flow
regime, where viscous damping is negligible, a vacuum level below 10~! mbar would be mandatory. This level
should be achievable with a vacuum pump with a higher ultimate pressure. To reach the structural damping
regime where free molecular flow damping is negligible, an even higher vacuum level is required. The setup

1 Appendix A.1
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was also designed to be modular, so the current environment chamber could be exchanged for a separate
vacuum chamber designed for high vacuum for instance.

Modal Analysis

The ambition was to do a single-degree-of-freedom(SDOF) modal analysis of a micro-cantilever in vacuum,
air, and water and compare the results to the results of a multi-degree-of-freedom(MDOF) modal analysis.
The available modal analysis software SDTools however, was to complicated to master in the span of a gradu-
ation project next to the design and validation of the setup. A MDOF identification will probably improve the
identification accuracy, especially in liquid where the modes are highly damped and closely spaced.

5.2. Dynamic Behavior of Micro-Cantilevers in Vacuum, Air, and Water

Resonance peaks could successfully be in measured liquid from 50 kHz to 500 kHz. It was observed however,
that the shape of all peaks in liquid are not Lorenzian. This could be caused by highly damped spurious peaks
located directly behind the resonance peaks, however seems unlikely since this behavior was observed at all
the resonance peaks of all the cantilevers measured, which had resonance peaks located at different frequen-
cies. One would expect to see the spurious peaks in the response of all cantilevers at the same frequency. This
is not the case. An other explanation might be that due to the intensity of excitation, or the way the force is
applied with base excitation, nonlinearities emerge.

It was also found that the first resonance peaks of the flexural and the torsional mode of the CONT can-
tilever was not observed in the cantilever response in water. From table 4.5 and 4.6 can be concluded that the
resonance frequency of the first flexural mode is probably located outside the actuator bandwidth, where the
amplitude of base excitation is rather low. In addition, the peak has quality factor of 2 according to Sader’s
model [2], which would make it extremely difficult to observe in the region with a irregular actuator response.
The resonance frequency of the first torsional mode is located very close to that of the fourth flexural mode.
Due to the high damping in liquid the torsional mode might overlap with the third or forth flexural mode.
From the transmissibility (fig. 4.6) response of the CONT cantilever a small peak at approximately 120 kHz
can be observed. It was not possible to relate the ODS at this frequency to the first torsional mode however,
due to the large base excitation at this frequency compared to amplitude of the torsional resonance. The Poly-
tec software is unable to calculate the transmissibility to use during ODS analysis. The ODS in addition will
be a combination of the torsional mode and the third and/or fourth mode, which would require sophisticated
MDOF identification techniques to confirm the exact location and quality factor of the torsional mode.

As discussed in chapter 4.3.4, the first mode of the FMR cantilever and the second mode of the CONT
cantilever show irregular resonance peaks. This might be caused by the actuator, which has a low excitation
amplitude and a irregular response at lower frequencies. As a result the modes might not be not fed enough
energy to build up due to their low quality factor. An other reason could be that resonance peaks of the liquid
are interfering with the resonance frequency of the modes. Although no resonances from the liquid have been
observed at the frequency range in question in the response of the NCLR cantilever, which has no resonance
frequencies in this range. The NCLR is less susceptible to influences of resonances from the liquid however,
because of its dimensions and relatively high stiffness.

5.3. Resolving the Research Question

The research question driving this project was defined as: How can modal testing of micro-cantilevers im-
mersed in liquid be performed properly’ ?

The answer is: analyze the dynamics of the entire setup, including the environment chamber and the
liquid contained. To truly eliminate all the spurious peaks. In case of base excitation the setup can only be
excited to its first resonance frequency(be it from the actuator, the liquid or the environment chamber). This
limits base excitation to either low frequencies, so the first resonance frequency of the setup is not excited, or
very high frequencies, where the first resonance frequency is suppressed by a highly damping material which
matches the acoustic impedance of the liquid. Achieving a design in between these two extremes is difficult
due to fabrication limitations. Other excitation methods, such as magnetic excitation, do not suffer from
these limitations because they are not in direct contact with the environment chamber and, therefore do not
excite the environment chamber. The influence on the dynamics of the system under test however, due to

2Low coupling between setup vibrations and sample, low signal to noise, low influence on the dynamics of the system under test
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added mass and stiffness, is high compared to base excitation, which is undesirable during modal testing.
These actuation methods are only advantageous if the system under test already has the required layer in its
design, essentially making it a form of operational excitation as discussed in chapter 2.1. Lastly, Brownian
excitation, which also does not excite the environment chamber, has a high noise level and no reference
of the excitation force. As a consequence the dynamics of the system under test can only be examined by
operational modal analysis techniques.

5.4. Recommendations
Improvements and future work could be done on the following topics:

Improvements to the Setup

The current setup could be improved by altering the design of the actuator slightly to ease the assembly of
the electrical wire connection to the acoustic horn, as discussed in chapter 3.5, and by improving the tension
relieve on both of electrical wires. This would make the design more robust. A lot of fabrication issues where
also encountered due to the use of PTFE, which is difficult to work. As a result, the acoustic horn did not
slightly stick out of the environment base, which would have allowed to measure the cantilever response
from the top of the cantilever. Also the environment base was intended to act as a guidance for the cap-
shaped top. Fabricating a tight fitting on these parts was not achieved. PEEK could be used as an alternative
material. It has a lower chemical resistance than PTFE, but is more stable during fabrication. It also has a low
outgassing.

Check Transmissibility with the Polytec

The Polytec software is currently only able to analyze the transfer functions obtained, however if these trans-
fer functions could be divided by the average excitation at the base of the cantilever, the analysis of the oper-
ating deflection shapes and resonance peak will probably become more accurate and modes in liquid will be
more easy to detect.

Feed Forward Control

Currently the actuator has a low excitation amplitude at its lower frequency range compared to the excitation
amplitude close to its first resonance frequency. This might be circumvented by controlling the excitation
voltage by feed forwarding the inverse dynamics of the actuator.

Design high-frequency and low-frequency setup

To increase the understanding of the fabrication limits encountered during the design, a separate high and
low frequency setup can be build and their performance could be compared to the current setup. The low
frequency setup could be designed with a environment chamber close to the dimensions of the cantilever and
be excited as a whole. The bandwidth of this setup would be determined by the first resonance frequency of
the liquid or environment chamber. Because the setup is excited as a whole, the cantilever doesn’t have to
be mounted inside the chamber wall and the setup would be easier to seal. Because the mounting wouldn’t
have to be integrated in the chamber wall, modal testing does not have to be restricted to micro-cantilevers.
The high frequency setup would consist a piezo integrated into an environment chamber made from a highly
damping material with a impedance close to the liquid. This design would not need an inertial back mass,
because the environment chamber would act as the backing material.

Other forms of base excitation

In addition to piezoelectric base excitation, other forms of base excitation exist, such as magnetostrictive and
electromagnetic for instance. These might be coated with a corrosion resistive material. Since these do not
require electrical wires at the place of excitation, the risk of short circuit disappears. These techniques are
already used in electromagnetic acoustic transducers (EMAT).

Force Detection

The current setup can not be used to determine the mass and stiffness of the micro-cantilevers unless a
model is used to match the different resonance frequencies. If the force on the cantilever could be accurately
detected, this could be done experimentally. This might be done by installing a sensing piezoelectric patch
at the chip base, or by calculating the force on the cantilever with the measured excitation amplitude of the
base, for example. Measuring the forcing remains a challenge for microsystems however.
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Mounting

The effect of the mounting on the response of microsystems in general has had very little research. An exper-
imental comparison of these methods would be of great value to research and develop in the AFM industry,
but also for the MEMS packaging industry, who might want to suppress ambient vibrations.

Non-Lorenzian Shaped Peaks in Liquid

It was observed that the resonance peaks in liquid were non-Lorenzian. The case of this could be investigated
by analyzing the response of the cantilever in liquid excited by Brownian forcing and comparing this response
to the response found with base excitation at different excitation voltages, starting at very low voltages and by
slowly increasing it.

Vacuum Chamber

The current vacuum chamber is limited to about 1 mbar. It might be interesting however, to monitor the
quality factor while pumping down to higher vacuum levels. The transition from the viscous regime through
the slip regime, transitional regime, and free molecular regime into the structural damping regime can be
mapped out in this fashion. This has be done before in literature [53], however in the structural damping
regime all damping from the gas in the chamber can be neglected, which makes this a perfect reference
point for fluid identification. To achieve these high vacuum levels, a pump with a lower ultimate pressure is
necessary, and possibly a modified environment chamber optimized for high vacuum.

Modal Analysis

A MDOF modal analysis method was not be used to identify the modal parameters in liquid. To increase the
accuracy of the parameter estimation, a MDOF identification is highly advised because of the close spacing
of the highly damped cantilever modes. It would also be interesting to compare the mode shapes in liquid to
the mode shapes in air and vacuum. The fluid-structure interaction might slightly change the shape of the
mode.

Operational modal analysis techniques may be used to in addition to experimental modal analysis to
compensate for the lack of information about the forcing, since currently fluidic forcing acting on the can-
tilever in addition to the base excitation is not measured. Using operational modal analysis to identify modal
by Brownian excitation might also give more insight into the behavior of micro-cantilevers in liquid. Litera-
ture has not gone further than identifying natural frequencies and quality factors by peak picking.

Modal testing of plates immersed in liquid

Next to cantilevers, plates are common elements in microsystems [58] and a setup of experimental modal
analysis for plates might be a next step after modal analysis on cantilevers has been explored. Plates often
have many closely spaced modes, even in air. This is because they have a similar bending stiffness in multiple
directions. Because of their relatively large surface area they are more sensitive to added mass and damp-
ing, which could be exploited to do rheological measurements on gasses for example. They are also used to
measure rheological properties of liquids [59]. A rigorous modal analysis would provide the researcher with
information on changes in stiffness, mass, damping and mode shapes of multiple modes. This information
could reveal properties of the adhered particle.



Project Confines

Below the confines of the project are set. This is done to ensure research stays on topic and no time will be
spend on unnecessary features.

A.1. Requirements

General
Measurement quality: The response should be clean, without spurious peaks

Vibration type: Out of plane vibrations

Sample types: AFM cantilever (coated and uncoated)

Environment
Medium: Liquid water, air, and vacuum (all other units should be vacuum and liquid compatible)

Vacuum level: Air resistance negligible (< 1073 mbar)

Actuation
Bandwidth: 1 MHz

Excitation type: Single degree-of-freedom harmonic, and random

Excitation force: Non-linear excitation in vacuum and air, linear in liquid

Mounting
Force type: May not effect cantilever

Operation: Sample easily interchangeable

Modal Analysis
Domain: Frequency domain

Parameter estimation: Compare results of single-degree-of-freedom with multi-degree-of-freedom in air/vacuum
and liquid

A.2. Scope

¢ The test platform will solely be developed to test AFM cantilevers

¢ The measurement system will be restricted to the laser Doppler vibrometer (LDV) available at the uni-
versity, the Polytec MSA

¢ The electronics necessary for driving the actuator, such as the frequency generator etc., will not be
designed by the student

33
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A.3. Constraints
¢ The supervisors have to be available for consult

* The necessary facilities have to be available, e.g., computers, laboratory space and equipment, and
software.

¢ There has to be a budget for the production of the prototype

¢ AFM cantilevers have to be available for testing



Modal Testing

Modal testing is a experimental method to characterize the dynamic behavior of a certain system from its
vibrational response. The assumption is made that the system’s dynamic behavior can be expressed by its
mode shapes and its modal parameters: natural frequencies, modal masses, modal stiffnesses, and modal
damping ratios. The shape of these modes are described by a summation of waves and defined by the way
the system would naturally oscillate between the elastic- and kinetic energy, if a certain amount of energy
where to be present in the system. The natural frequencies at which these oscillations would occur depend
on the distribution of mass, stiffness and damping throughout the system. The modal mass, modal stiffness
and modal damping ratio express the amount of mass, stiffness and damping that contributes to a certain
mode, as if it where to be a single degree of freedom mass-spring-damper system.

Modal testing is a linear technique in its origin and the majority of this chapter assumes the system in
question to behave in a linear or weakly nonlinear manner. With this assumption the system can be described
mathematically by equation B.1 where: M denotes the mass matrix, C denotes the damping matrix, K denotes
the stiffness matrix, (), and its derivatives, denote the motion of the structure, and f(z), denotes the force
applied to the structure.

M4 (1) + CG(t) +KG(n) = f(r) (B.1)

Nonlinear behavior is certainly present in practice though, and a linear description of the system might be
an oversimplification in certain situations. In such situations, nonlinear modal analysis could provide further
insight, as discussed in (Kerschen, 2014) [60]. Though specifications of the sensor or the actuator might vary
for example, the experimental set up for both cases are similar[61].

This chapter starts with a general introduction of modal testing, which is based on the works of (Ewins,
2000) [24] and (Brincker, 2015) [62]. The latter is focuses on operational modal analysis. These works are
recommended for further reading. Modal testing can be divided in two phases. The data acquisition phase,
and the modal analysis phase, where the acquired data is analyzed. A fundamental understanding of each
phase is critical for the design of a modal test setup. The modal test procedure is shown in figure B.1. After
the general introduction, the advancements in modal testing of microsystems is discussed.

B.1. Data Acquisition

During modal testing the system is excited by a harmonic force. The resultant vibrations are determined by
measuring the displacement of the system, or one of its derivatives, at a certain location on the structure. In
this way the frequency response is obtained, the measure of magnitude and phase of the output with respect
to the input, as a function of frequency.

To determine the dynamic characteristics of the system, this frequency response measurement is re-
peated for multiple excitation- and measurement locations, resulting in a matrix of frequency response func-
tions. This process is shown in step 1 and 2 of figure B.1. As an example, a plate is used as device under test.
F(w) denotes the harmonic input force to the system and the displacement g, or one of its derivatives, de-
notes the measured response at a certain location. The amount of locations measured and excited determines
the amount of observable eigenfrequencies. Theoretically due to the symmetry of this matrix, explained by
Maxwell-Betti reciprocal work theorem, the dynamical behavior of the system can be obtained if only the
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Figure B.1: Schematic of the modal testing procedure. F(w) denotes the harmonic input force and the displacement g(t), or one of its
derivatives, denotes the measured response at a certain location. The modal parameters ¢;, m;, w;, {;, denote the mode shape, modal
mass, modal frequency and modal damping of each mode i respectively

vibration at one location is measured while the system is excited at multiple locations, or only one location
is excited while the vibrations at multiple locations are measured. This equivalates to obtaining either one
of the rows, or one of the columns, of the frequency response matrix. The former approach is used during
the impact hammer test and the latter is used during spectral tests using electrodynamic shakers. In practice
however, the obtained information is not always adequate to determine the dynamic behavior of the system
due to the complexity of the system, or the desired accuracy, and multiple rows or columns have to be ob-
tained. The extensiveness to which modal tests are done can be divided into different levels as defined by
Ewins [24].

Level 0: estimation of natural frequencies and damping factors; response levels measured at few locations;
very short test times.

Levell: estimation of natural frequencies and damping factors; mode shapes defined qualitatively rather
than quantitatively.

Level 2: measurements of all modal parameters suitable for tabulation and mode shape display, albeit not
normalized.

Level 3: measurements of all modal parameters, including normalized mode shapes; full quality checks per-
formed and model usable for model validation.

Level 4: measurements of all modal parameters and residual effects for out-of-range modes; full quality
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checks performed and model usable for all response-based applications, including modification, cou-
pling and response predictions.

B.1.1. Operating Deflection Shapes

When measuring the vibrational deflection of a system at enough locations, the operating deflection shapes
of the system can be described. An operating deflection shape (ODS), is the systems vibrational deflection
shape at a particular frequency under influence of a certain excitation. Changes in excitation will influence
the ODS.

Each ODS can be described as a weighted superposition of the systems mode shapes, as shown in figure
B.2. The mode shapes are inherent to the dynamics of the system and do not depend on the applied excita-
tion, the weighting of these modes does however. At a certain resonance frequency the ODS can be consid-
ered equal to the mode shape of which the natural frequency relates to the concerned resonance frequency,
if the system is lightly damped and the natural frequencies of the modes are well spaced. The influence of
the other modes at that frequency are assumed negligible. During the modal analysis the frequency response
functions (FRF) and operating deflection shapes are used to extract the dynamic characteristics of the system
in the form of the modal parameters, and the mode shapes. These dynamics characteristics can be used to
create a dynamical model of the system.
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Figure B.2: Operational deflection

B.1.2. Harmonics

The vibration response is measured in the time domain. For frequency domain analysis the response is usu-
ally converted to frequency domain by a fast Fourier transform (FFT) algorithm. Apart from the previous
discussed resonance peaks, additional peaks might appear in this frequency response. These peaks will ap-
pear at a integer multiple (or multiplicative inverse integer) of the resonance frequencies. These harmonics
are caused by the nonlinearity of the system. Imagine the system being excited at a single frequency by a
perfect sinusoidal force and being measured at a single point. This input- output behavior is described by
the transfer function of the system, and if the system where to be linear, this would result in a perfectly si-
nusoidal output at the same frequency. However, if the system is nonlinear the output will not be a perfectly
sinusoidal signal anymore. This periodic signal introduces harmonics in the FFT, which is a summation of
perfect sinusoids to describe the periodic output signal.
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B.2. Modal Analysis

Once the data acquisition is carried out the next step is to analyze the obtained data. Modal analysis can be
divided into two types: experimental modal analysis (EMA) and operational modal analysis (OMA). Experi-
mental modal analysis is the most well-known of the two. The data needed for these types of analysis define
the data acquisition procedure and the required test setup.

During experimental modal analysis the system is excited by a known force. This is done either by mea-
suring the force applied directly, or, if the dynamic behavior of the actuator is well-known, by deriving the
force from the input signal of the excitation device.

In the case of operational modal analysis the excitation force is not known. The frequency response of the
system is measured in "operation" while the structure is excited by ambient vibrations and other environ-
mental effects (waves, wind, etc.). These excitation forces are assumed as white noise excitation. There are
some conditions for these ambient excitation forces to allow modal analysis of structures with closely spaced
natural frequencies though. In essence, the random distribution of forces should be such, that the excitation
can be considered a multiple degree of freedom input. Also, the scaling of the weight of each mode in a cer-
tain ODS can be challenging. One solution is to perform a second frequency response measurement of the
system with a known added mass or stiffness, which is not always practical. An other solution is to use the
mass matrix of a finite element analysis (FEA) of the system during the modal analysis.

Civil engineering is one of the main application fields of operational modal analysis. Due to the size of
these structures it is not always feasible or advantageous to properly excite these structures with a well-know
or measured force. This situation shows much resemblance with microsystems, where the applied force of
certain excitation methods is difficult to determine accurately.

The identification of the modal parameters of a system can be done in various ways. The simplest, known
as "peak picking", is to fit the curve of each resonance peak to the theoretical frequency response of a single
degree of freedom (SDOF) mass-spring-damper system. The mode shape in this case is assumed equal to
the ODS at that resonance peak. However, this technique is not sufficient if a high accuracy is required ,
closely spaced modes are present, complex modes are present, or if the system shows nonlinear behavior. In
those cases either more intensive, multiple degree of freedom (MDOF), techniques are required, or nonlinear
techniques.

The existence of closely spaced modes depends on the geometry of the structure. For instance, a beam
with approximately equal flexural stiffness in different directions of its cross section, a plate with approxi-
mately equal dimensions on different directions, or structures with nearly equal flexural and torsional stiff-
ness. As a consequence the natural frequencies, and thus resonance peaks, in such systems are closely
spaced. Especially in highly damped systems, the mode shapes belonging to the closely spaced natural fre-
quencies influence both of the operating deflection shapes at the related resonance peaks.

Apart from complicated identification, closely spaced modes can also lead to complex modes. While
normal modes can be described by standing waves, complex modes can only be described by traveling waves.
Complex modes arise as a consequence of non-proportional damping distributed throughout the system [24],
i.e., the damping C shown in equation B.1 is not proportional to the mass and/or stiffness[63], as would be
the case with proportional damping[24].

B.3. Modal Testing of Microsystems
Microsystem dynamics differentiates itself from macro-scale dynamics due to the high coupling between the
different energy domains and nonlinear behavior[4], e.g., the dynamic behavior of the coupled fluid-structure
interaction inherent to structures submerged in liquid, as will be elaborated in chapter C, can only be assessed
in situ. Measuring the dynamic response of the fluid and the structure separately and superimposing the
results afterwards would not suffice. These effects would have to be assessed simultaneously.

Modal testing of microsystems is not a simple translation from the macro-scale to the micro-scale, due
to their dimensions. For example, a microsystem cannot be properly excited by an impact hammer, and a
conventional shaker is unable the excite the high frequency (typically kHz to MHz and possibly even GHz)
responses present in microsystems [6]. Apart from the excitation itself, the measurement of this excitation
force and the induced vibrations also pose a challenge. Lin et al. reviewed the current state of microsys-
tem dynamics in 2006 [6]. Methods for measuring vibrations in microsystems have been well established
(17, 21, 30, 31, 64-72], especially for out-of-plane vibrations, vibrometers for microsystems are commercially
available. A variety of excitation methods have also been researched. The measurement of these excitation
forces remains a challenge though. In the case of piezoelectric base excitation, a popular excitation method
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for modal analysis of microsystems in vacuum or air[64, 65, 73, 74], the sensing layers in piezoelectric actua-
tor allow for direct measurement of the excitation forces to the attached structure. However, in most cases the
excitation force can only be derived from the input signal of the actuator, or in some cases, not be determined
atall.

Most of the research related to modal testing of microsystems in liquids was focused on the dynamics of
cantilever beams for the atomic force microscopy (AFM) industry. Dynamic AFM shows promising results
for the investigation of biological samples in a liquid environment. Multiple excitation methods have been
compared for two different cases. The first case focuses on the actuation of the first resonance frequency of
AFM cantilevers in liquids and magnetic actuation has been found to be the most effective [25]. The sec-
ond focuses on the excitation of higher order cantilever modes, magnetostriciton was found to be the most
effective [26], although piezoelectric base excitation was left out of consideration.

Modal testing of microsystems in liquids is an emerging research area. Some basic modal tests where
done to analyze the dynamic behavior of AFM cantilevers in liquids [25-27, 33, 35, 36, 50, 69, 72, 75-79] but
this never reached level 2 of the levels defined by Ewins discussed earlier in this chapter. Also, most of these
test setups where built without taking the effect of the dynamic response of the test setup itself on the mea-
surements into account. Research was done on the effects of the liquid cell [32, 49, 50], and in case of piezo-
electric base excitation, the effects of the cantilever holder [33-35], however design details on liquid cells and
cantilever holders taking their dynamic response into account are not available. Research on the dynam-
ics or microsystems submerged in liquids could greatly benefit from research into the design of modal test
equipment.






Fluid-structure interaction in
microsystems

The submersion of a structure in fluid has important implications on the dynamics of the system. The velocity
of the fluid flow near the structure is very low and at the boundary the fluid adheres to the surface of the
structure. This results in the so called "added mass" or "virtual mass" effect, schematically represented in
figure C.1a. This concept of added mass was first proposed by Friedrich Bessel in 1828 [80] when researching
the effect of fluid on the motion of pendula. This effect decreases the resonance frequencies of the modes.
The fluid also imposes a resistance to the motion of a submerged structure. This drag force results in added
damping. This damping caused by two different damping principles: viscous damping, in which the viscous
forces in the liquid dissipate energy, and acoustic radiation damping, in which the energy is radiated away as
an acoustic wave traveling through the liquid [53].

An other form of damping common is microsystems is squeeze film damping, shown in figure C.1b.
Squeeze film damping arises when two surfaces are approximately parallel to each other separated by a small
gap, known as the squeeze film effect. If one of those surfaces moves relative to the other, the fluid is either
sucked in, or pumped out, the gap. The resistance the fluid has to this pumping action is the cause of squeeze
film damping. The compression and expansion driving the pumping action also imposes a certain stiffness,
thus the presence of a squeeze film influences the dynamics of the structure in the fluid near a surface.

These phenomena are nonlinear in nature, however these nonlinear effects were "linearized" in some ex-
periments by the use of random (white noise) excitation [30]. Nonlinear effects of fluid-structure interaction
remains a topic of interest [30, 81], especially during tip-sample interactions in atomic force microscopy.

Perhaps the first study of the dynamics of microsystems in liquids was done in 1827 by Robert Brown.
He observed the random motion of organic and inorganic micro-scale particles in liquids. The origin of this
motion was later, with contributions from Albert Einstein and Jean B. Perrin, discovered to be related to the
atomic nature of matter. This motion is now called Brownian motion.

Brownian motion is the motion imposed to a micro-scale sized object by collision of the atoms or molecules
of a fluid with the object. The kinetic energy of these atoms or molecules is proportional to the temperature of
the fluid. If the object is large compared to the atoms or molecules, meaning that a large number of collisions
occur with the object at an instant, the momentum transferred by the random collisions on all sides of the
object approach a normal distribution and cancel each other out. It could be said that a certain pressure is
action on the object. However, with micro-scale objects, this is not the case. Because the amount of collisions
at approximately the same time is far less than with a macro-scale object, the momentum on each side of the
micro-scale object is not always normally distributed, resulting in a net momentum, and thus motion, in a
certain direction.

The effects of the random Brownian forces can be observed by measuring the vibrations, i.e., the thermal
noise spectrum, of a microsystem in liquid. The equipartition theorem states that the energy of each DOF
of the system (i.e. each mode) is equal to %kB T, where kg and T denote the Boltzmann constant and the
temperature respectively.

A schematic representation of Brownian excitation is depicted in figure C.1c. This form of excitation can
be used during the tuning process of the AFM, to measure some basic dynamic characteristics of the can-
tilever when operating an AFM in liquid [69].
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Figure C.1: Schematic representation of various fluid-structure interaction phenomena

C.1. Theoretical models

Several analytical models have been proposed [2, 82-84] based on the Navier-Stokes equations, and exper-
imentally verified, to describe the effects of the fluidic added mass and the damping related to the drag of
the structure in liquid. These models are only valid for cantilevers however, and the hydrodynamic function
is approximated using the hydrodynamic function derived for a sphere[82, 83], an infinity long cylindrical
beam [2], or a thin blade[84]. Using the same method, analytical models for other structures such as plates
can be derived, given the geometry remains simple.

To achieve a higher accuracy and to enable the modeling of more complex structures, research in finite
element models of the fluid-structure interaction was done. A model developed for cantilever beams [85] was
examined and a model for plates [86]. Both models encapsulate the structure in a three-dimensional bubble
of Navier-Stokes elements describing an incompressible viscous fluid, which is located in a infinite inviscid
potential flow domain.



Acoustics

Acoustics is the branch of physics that deals with the study of all mechanical waves in gases, liquids, and
solids including topics such as vibration, sound, ultrasound and infrasound. The bulk acoustic behavior
of fluids can be described by compressional waves. In solids however, in addition to compressional elastic
waves, shear waves are present, which makes the analysis more significantly more complicated. Apart from
these bulk waves, others waves can be present in domains with boundary conditions. Examples are: capillary
waves, flexural waves, Love waves, and Rayleigh wave.

D.1. Impedance Analogy

For one dimensional systems an analogy can be made to electrical systems, where the voltage and the current
are replaced by the force and the particle velocity respectively. Following from this, the impedance of the
system can be defined as:

Z=—=Az (D.1)
u
where F, 11, z, and A denote the force, particle velocity, specific acoustic impedance, and interface area
respectively.
When a acoustic wave coming from one infinite half-space and traveling to the next, the wave reflection
and transmission at the boundary can be described by the following coefficients:

b 20b—2zpa

= D.2
a zob+ zpa ( a)
2z0b
b 0
=— D.2b
& zob+2zpa ( )
Z0 = CoPo (D.2¢c)

where Rg’, TEE’, zp, ¢p and pg denote the reflection- and transmission coefficient of the of the wave traveling
from material a to b, characteristic acoustic impedance of the material, the speed of sound in the material,
and the density of the material respectively. The characteristic acoustic impedance is a material property,
measured in Rayl, being 1 kg/m?s.

The practice of selecting the characteristic impedances of the materials in such a way that the reflections
are minimized is called impedance matching. In practice this done by selecting the impedance of the ma-
terials in between the piezo and the target material, to be in between the characteristic impedance of these
materials.

D.2. Attenuation

Acoustic attenuation is a measure of the energy loss of sound propagation in media. Most media have ma-
terial damping and are therefore not ideal media. When sound propagates in such media, there is always
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thermal consumption of energy caused by material damping. For inhomogeneous media, besides media vis-
cosity, acoustic scattering is another main reason for removal of acoustic energy. Acoustic attenuation of a
plane wave is described by:

Pax _ o-aoenf)?ax (D.3)
po
Where pax, po, alphay, f, and Ax denote the pressure amplitude at a certain traveled distance Ax, the
initial pressure, the damping of the material, the frequency of the wave, and the traveled distance of the wave
until it reached pressure pax. pax determines the size of the backing material, meaning using a backing
material for low frequency transducers would result in very large backing material.



Morphological Analysis

The following page in this chapter show the criteria taken into account during the morphological analysis
and the back of the envelope calculations made to support the actuator selection.
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2 Especially in a liquid environment, where quality factors are already low, an increase in damping from the mounting would lower
the quality factors even more. Energy loss through the mounting should be reduced

3 The robustness of the mounting denotes how quickly the sample will be displaced by a disturbance, e.g., when bumping into the
sample after mounting, or an initial flow of liquid when flooding the cell

4 The difficulty in fabrication. Some components might be easily fabrication because automated fabrication techniques are required
(CNC, laser cutting, lithography), the processes are generally more expensive though, this will be reflected in the cost criteria.

> Sample preparation, switching samples, etc.

6 Initial (fabrication) cost, cost per sample (fabrication), maintenance

7 https://en.wikipedia.org/wiki/Gauge block#Wringing (NL: Eindmaat)




Design details

E 1. Material Selection
E1.1. Back Mass

The back mass material is chosen to be as heavy as possible for a certain length. As shown in equation E1 and
E2, the mass of the back mass is proportional to its acoustic impedance. Since length does not only influence
mass, but also resonance frequency. The candidate materials are shown in figure E1. Stainless steel is chosen
as material due to its relatively low cost compared to its acoustic impedance, and because its a common used
material in machine shops.

inzi (E1)
2 2f
B z
m:pLzﬁaz (E2)

E.1.2. Acoustic Horn

For optimal energy transfer the acoustic impedance of the material for the acoustic horn should be in between
the piezo (35 MRayl) and silicon. The candidate materials, being selected on their chemical resistance to
fresh water, are shown in figure E2. Based on this figure, the cost and the chemical resistance of the materials,
Titanium has been chosen as material for the acoustic horn.

E1.3. Environment Chamber

The initial material selection was done on level 2 of CESEdupack with extended durability properties to find
suitable materials for further investigation. An excellent chemical resistance to common weak acids, weak al-
kalis, aqueous solutions and disinfectants is required. Furthermore a service temperature range from —10°C
to 200 °C is required to allow the possibility of heating the environment chamber, also known as bake-out
(temperatures typically between 150 °C to 300 °C 1), allowing the system to achieve a higher vacuum at a faster
rate. The materials where filtered by the requirements shown in table E1 and E2. The resultant materials are
shown in table E3.

These materials are not all suitable though. Ceramic foam is permeable, which makes it unsuitable to
contain liquid or vacuum. In addition, the ceramics will be difficult to manufacture. Which leaves stainless
steel, PTFE and gold. Due to its chemical inertia gold would be the ideal material, it is rather expensive how-
ever. A way to limit the cost would be to gold plate another material which would provide structural integrity
and has a low permeability. The choice between stainless steel and PTFE depends on the priority of the user.
If the setup, will mainly be used for experiments with different liquid chemicals, PTFE or a similar polymer
will be favorable over stainless steel due to its high chemical resistance to an extreme wide variety of chemi-
cals. If however the setup will mainly be used for experiments in vacuum and with different kinds of gasses,
a type of stainless steel will be a better option, due to its low outgassing, permeability and excellent chemical
resistance to pure oxygen. Figure E3 shows the acoustic impedance of the different material candidates. The

LCERN Design rules for vacuum chambers
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Figure E1: Acoustic impedance back mass candidate materials

blue dashed line indicated the acoustic impedance of water (1,5 MRayl). From these results PTFE is chosen
as the material for the environment chamber because of its excellent chemical resistance, relatively low out-
gassing (compared to other polymers) and its characteristic impedance close to that of water, which allows it
to absorb vibrations from the liquid.

E2. Required Vacuum Level

Figure E4 shows the influence of pressure on the damping of a system immersed in air. At ambient pressure
and above the dominant damping is determined by viscous damping. When lowering the pressure the damp-
ing slowly decreases until the first critical pressure. Here the damping is determined by molecular dynamics,
also known as free molecular flow. When the pressure is decreased further the damping significantly drops
until the second critical point is reached. At this point free molecular damping can be neglected and material
damping is the dominant damping in the system. This critical value is a function of the size, shape, and mode
of the resonator. The critical pressure has been measured to range from 10~2 mbar to 10> mbar for microsys-
tems [53]. The minimum vacuum level is therefor chosen 1073 mbar to be sure the system operates in the
structural damping regime.

E.3. Liquid Cell Resonances

To evaluate the effect of the acoustic impedance match of PTFE to the water in the liquid cell on the liquid
cell response a FEA was done. Figure E5a shows the liquid cell as modelled. An impedance boundary was
imposed on all boundaries except the top. Assuming that the impedance mismatch between glass and water
is so high this can be modelled as a hard wall. Figure E5b shows an bar chart of the found damped natural fre-
quencies and quality factors of the liquid cell assuming each mode to behave as a 1 DOF oscillator described
by the universal oscillator equation:

@ +2 (w+1—0
wnq ]wn -
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Figure E2: Acoustic impedance acoustic horn candidate materials

where w, wy, { denote the frequency, the undamped natural frequency, and the damping respectively and
assuming the vibration response g = §e/“’. From the solution to this equation, the damped natural frequency
/Rl fei P+ feigh?
and quality factor can be derived. fygamped = fuV/1—{? = Rifeigl, and Q = % = fzg{—fmg}fg It is shown
in figure E5b that, although there are a large number of eigenfrequencies, they are heavily damped. This
analysis assumes the vibrations transferred from the liquid to be fully damped out in the PTFE environment
chamber.

E4. Optics
E.4.1. Optical System

Figure E6 shows the optical system of the setup. The effect of the environment chamber on the optics of the
laser Doppler vibrometer is calculated using geometrical ray optics. The involved parameters shown in figure
E6, and table E4%, and E5® are: Mopjectiver Sobjective» Dy FOVobjectiver Mair» Nglasss Mmedium, £, and i denote the
objective lens magnification, the working distance in air, the objective lens diameter, the objective field of
view, the refractive index air, the refractive index optical window, the refractive index medium, the optical
window thickness, and the chamber height respectively. The results are shown in table E6. s, Acovered, and M
denote the new working distance, the area covered by the top flange, and the new magnification.

FE.4.2. Optical Window Thickness

The minimum thickness of the optical window can be derived from Roark’s formula for deflection of a round
clamped plate? (equation E3). Figure E7 shows a schematic of the situation.

2Mitutoyo Microscope Units and Objectives Catalog no. E14020
3nttp://www.engineeringtoolbox.com/refractive- index-d_1264.html
4Roark Table 11.2, page 457, and Roark Table 11.2-10b, where ro = 0, page 488
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Table E1: Chemical resistance requirements

Chemical Durability
Water (fresh) Excellent
Water(salt) Excellent
Wine Excellent
Acetic acid (10%) (vinegar), CH3COOH Excellent

Acetic acid (glacial), CH3COOH Acceptable, Excellent
Citric acid (10%), HOOCCH2COOH(OH)CH2COOH  Excellent

Hydrochloric acid (10%), HCL Excellent
Nitric acid (10%), HNO3 Excellent
Phosphoric acid (10%), H3PO4 Excellent

Sulfuric acid (10%), H2SO4

Sodium hydroxide (10%) (caustic soda), NaOH
Sodium hydroxide (60%) (caustic soda), NaOH
Petroleum (gasoline)

Turpentine, C10H16

Acceptable, Excellent
Excellent
Acceptable, Excellent
Excellent
Acceptable, Excellent

Vegetable oils Excellent
White spirit (Stottard solvent) Excellent
Acetaldehyde (Ethanal), CH3CHO Excellent
Acetone (propanone) CH3COCH3 Excellent
Ethyl alcohol (Ethanol), CH3CH20H Excellent
Formaldehyde (40%) (Methanal), CH20 Acceptable, Excellent
Glycerol (Glycerin), HOCH2CH2CH2(OH)CH20H Excellent
Methyl alcohol (Methanol), CH30H Excellent
Chlorine gas (dry), CI2 Excellent

Oxygen gas, 02 Acceptable, Excellent

Table E2: Thermal requirements

Temperature Range

Service temperature —10°C to 200°C

3ApK

40 max

Imin = a (E3)
where tmin, a, Ap, K, and 0 nax denote the minimum window thickness, the window radius, the pressure
load, the safety factor, and the maximum allowable stress in material®.

E5. Influence of Glue on the Acoustic Impedance

The glue with which the actuator components are glued together also influences the energy transfer of ac-
tuator. If the glue layer was significantly thick the reflection and transmission coefficients as discussed in
chapter D hold. However, the closer the thickness of the glue gets to a infinity thin layer, the more this theory
falls apart. The influence of the glue on the impedance of the total system is dependent on the thickness
of the glue relatively to the wavelength of the wave being transferred through the glue. This relation can be
described with the equation for the input impedance of transmission line [87-89]:

o t
Zioad _ Zoglue Zotitanium + Zoglue tanh (2” )

Aglue@] MHz

(E4)

Z0titanium  <0titanium Z0glue * Zotitanium tanh (271 L )

A’glue@l MHz

where Zjpad, Zotitanium and Zoglue, /1—[ denote the impedance of the glue and titanium acoustic horn

glue@1 MHz

lumped together, the characteristic impedance of the titanium and glue, and the thickness of the glue layer

5http: //glassproperties.com/references/MechPropHandouts.pdf 31-08-2017, slide 3
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Table E3: Results of the material selection of the environment chamber

Material Acoustic Impedance (MRayl)
Polytetrafluoroethylene (Teflon, PTFE) 0,931 - 1,09
Ceramic foam 0,953 - 1,44
Brick 52-7,48
Sandstone 5,82 -7,84
Concrete 6,04 - 7,84
Cement 7,66 - 9,21
Limestone 9,49-11,9
Borosilicate glass 11,7-12,1
Marble 11,8-14
Granite 11,9-14,4
Silica glass 12,2-12,8
Slate 12,8 - 15,8
Soda-lime glass 12,9-13,3
Glass ceramic 13,9 - 16,1
Silicon 18-19
Bronze 24,7 - 30,3
Brass 27,1-30,2
Silicon nitride 30,4-32,4
Aluminum nitride 31,5-33,9
Copper 31,6 - 36,4
Boron carbide 32,5-34,3
Zirconia 34,7 - 38,8
Nickel-based superalloys 35-44)9
Silicon carbide 35,5-38,1
Alumina 36,5-39
Stainless steel 38,3 -40,8
Gold 38,6 - 39,6
Nickel-chromium alloys 41-43
Nickel 41,1 - 44,2
Tungsten carbides 98,5 - 105

Table E4: Objective lens parameters

Mobjective (Mm) 5 20 100
Sobjective (MmM) 37.5 20 13
D (mm) 23 24.4 22

FOVgpjective (mm)  1.28 032 0.06

Table E5: Refractive index media

Medium Refractive index

Glass 1.5
Air 1.000293
Vacuum 1.00
Water 1.333

normalized by the wavelength at 1 MHz respectively. This equation is shown in figure E8b. To evaluate the
influence of the glue in practice the thickness of two samples where measured, found in table E7. Their
influence, as shown in figure E8b is negligible.
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Table E6: Results of optical analysis
Objective 5% 20x 100x
Nmedium Air  Vacuum Water Air Vacuum Water Air Vacuum  Water
s (mm) 37.89 37.89 38.80 20.43 20.43 21.48  13.48 13.48 14.66
Acovered (%) 0.00 0.00 0.00 1827 1828 1053 31.40 3141  22.84
M 5.05 5.05 5.16  20.37 20.36 21.20 102.79 102.79 109.04

Table E7: Measured layer thickness of the conductive glue

Sample Bare (mm) (+ 0.002) Glued (mm)(+ 0.002) Glue thickness(um)(+ 4)

1 15.225 15.241
2 14.933 14.951

16
18
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5 Barchart liquid cell eigenfrequencies vs. quality factor
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Figure E5: Determining the influence of PTFE on the modes of the liquid cell
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Additional Measurements

Figure G.1 shows the response of the CONT cantilever measured with the Polytec.

G.1. Additional Measurement Data Contact Mode AFM Probe (CONT)

Response CONT cantilever
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Figure G.1: Frequency response of the CONT cantilever measured with the Polytec system
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