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Abstract

Biomechanics of cells have been identified as an important factor relating to their functionalities. Conse-
quently, the need for sensitive measurement methods for mechanical analysis on the nano- and microscale is
high. Micro-cantilever resonators can have a large impact in material determination at the nanoscale. When
adding a material, the resulting shift in resonance frequency is associated with its mass and stiffness proper-
ties. The goal of this project is to exploit the contribution of higher flexural modes on the determination of
both the density and Young’s modulus of an added polymer on a micro-cantilever.

The identification of mass and stiffness is, in this thesis, restricted to the deposition of a two-photon
polymerized layer on micro-cantilevers. A polymeric material is used, since cells are complex systems with
viscoelastic properties, where polymers are less complex and mimic biological matter very well. Two config-
urations are investigated: an added polymer near the tip of the cantilever and a polymeric layer near the base
of the beam. Experimentally and theoretically derived multi-modal analysis are linked, to decouple the mass
and stiffness properties.

The added polymeric layer affects the resonance frequency of the system, which is found to be location
and mode related. Decoupling of the mass and stiffness properties based on the modes with the largest
frequency shift, lead to different outcomes compared to considering modes with the largest deflection and
curvature at a specific location. The use of higher modes does affect the outcomes of the decoupling of mass
and stiffness. Whether it leads to an increase on accuracy is yet elusive.
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Introduction

Nowadays, people are surrounded by large structures such as bridges, skyscrapers and cranes. It is possible
to safely design and build these structures on a macroscale since the mechanical properties of the materials
used are known. These characteristics are often unknown on nano- and microscales. Consequently, the need
for sensitive measurement methods upon these scales is high.

To create a feeling for the impact that a precise measurement of mechanical properties could have, a
medical application could be an example. Mass measurements can be used for differentiation between bac-
teria (Figure 1). Stiffness measurements help to distinguish metastatic from normal cells (Figure 2), even if
no morphological difference is found. When a life threatening disease, such as cancer, is detected in an early
stage, the chances of surviving are higher. A good understanding of the mechanisms of cells is crucial in order
to develop treatment.
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Figure 1: This figure shows a histogram of peak frequency Figure 2: Results of obtained cell stiffness through cyto-indentation
shifts caused by two different bacteria flowing through a res- [2]. The y-axes indicate the number of cells and the x-axes show the
onator [1]. The brown coloured data corresponds to Es- measured Young's modulus. The results obtained from cancerous
cherichia coli and the blue coloured bars to Bacillus subtilis cells are shown in Figure a. and from normal cells in Figure b.

bacteria.

In summary, the determining of mass and stiffness on the nano- and microscales could have a large im-
pact. Several techniques are adopted for measurement at the microscale, but acquiring evidence that con-
firms the results, is difficult. Micro- and nano-cantilever resonators seem to be a promising candidate for
the performance of sensitive measurements, since they have the potential to derive many properties from
an added material at once by analysing the dynamic behaviour of the system [20]. Malvar et al. [9] have
shown that by looking at the first two resonance frequencies of a nanocantilever it is possible to find mass
and stiffness simultaneously. However, from continuum theory it is known that a cantilever beam has many
frequencies and that the effect of deposited material may have a larger influence on other modes of vibration.
It has been shown that higher flexural modes result in a larger mass sensitivity for addition of uniform layers
[21]. Additionally, by combining multiple mode shapes, a more accurate approximation on the location of the
added material can be obtained [22]. However, less is known about the usage of higher modes on measure-
ments on both mass and stiffness. Are specific deposition locations needed to decouple the counteracting
mass and stiffness effect [23] or will a consistent identification of both properties be obtained by looking at
multiple resonant frequencies simultaneously [24]?

The goal of this project is to exploit the contribution of flexural higher modes on the determination of
mass and stiffness properties of a polymeric material on a microcantilever. A microcantilever is used since
many factors affect the response of a cantilever at the nanoscale. The fabrication process entails uncertainties
for example. Furthermore, the identification of mass and stiffness is, in this thesis, restricted to polymeric
materials deposited on cantilevers. Cells are complex systems with viscoelastic properties. Their skeleton
is a polymer network that shapes the cell and provides its mechanical rigidity [6]. Compared to real cells,
polymers are less complex. Moreover, they mimic biological matter very well.

The state-of-the-art for mass and stiffness measurements is introduced via a thorough literature study in
Chapter 1. Chapter 2 elaborates on the different methods for the addition of material. Moreover, it introduces
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asetup for the multi-modal analysis and presents a theoretical model for the decoupling of mass and stiffness.
The third chapter of the present study shows the obtained results. The experimental results are linked to a
theoretical model such that mass and stiffness properties can be extracted simultaneously by minimizing the
error between the theoretical and experimental frequencies in the presence of the polymer sample. Both the
experimentally and theoretically obtained results will be discussed in Chapter 4. Subsequently, the report
concludes in Chapter 5 by giving a brief review on the main findings. During the research process, much
knowledge is gained and the outcomes entail new interesting questions. The relevant recommendations are
given in Chapter 6. More detailed information is included in the Appendices.



Literature review

Much research is done on methods that are able to measure mechanical properties on a microscale. This
literature study will focus on the techniques that are available nowadays to measure stiffness or mass, fur-
thermore discuss the opportunities for the measurement both of stiffness and mass, subsequently elaborate
on the theory behind this and finally propose an approach that will necessitate a thorough research for the
identification of mass and stiffness using multi-modal vibration analysis.

1.1. Measurement methods

1.1.1. Stiffness measurement
The Young’s Modulus is a measure of stiffness, which can be derived by means of multiple techniques. This
section reflects on some of them.

Atomic Force Microscopy

First of all, the stiffness of materials can be determined through indentation. While indenting the surface of
a material, force and displacement are continuously measured [25]. An atomic force microscope [AFM] [2]
could be used for soft materials like cells. A standard AFM is presented in Figure 1.1. The method is based
on bringing the AFM probe, which works as an indenter, close to the material surface. By then indenting
the probe into the material surface and subsequently retracting it from the surface, a force-displacement
curve is created. The Young’s modulus is obtained by converting the force-displacement curve into a force-
indentation curve and by fitting it with an analytical model like the Hertz model [26]. This model registers
the indentation and the loading force, before predicting the contact area as a function of the loading force. It
assumes an infinitely stiff, conical indenter and a soft, homogeneous, infinitely large sample. Therefore, this
model is only appropriate as long as the indentation is smaller than the thickness of the sample [27].

One has to take into account that the material becomes considerably compressed by indenting it for the
procurement of the force curve. When cells are investigated, they could be damaged by the tip. To check
whether the process is non-destructive for the material, the probe should be moved to another spot on the
material. If it shows the same behaviour, it can be concluded that the material has relaxed and fully recovered
after obtaining a force curve. The compression is reversible and does not damage the material. If this is not
the case, fine glass needles can be utilised instead of an AFM probe alternatively [27]. To decrease the risk of
damage to the sample a lot, scanning acoustic microscopy could be an interesting option [28]. In such cases
sound is used to investigate the material properties, instead of indenting a cell with a physical indenter.
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Figure 1.1: An AFM can be used for indentation or for deriving a map of the surface topology of a sample. The setup consists of a laser, a
photodetector, a piezoelectric actuator, a cantilever with a sharp tip on the end and the necessary electronics. The actuator controls the
displacement of the cantilever. When the tip comes close to the sample surface, the cantilever will bend due to forces between the tip
and the sample. The deflection is detected via a laser and a photodetector. Such deflection can be combined with the spring constant of
the cantilever in order to determine the experienced force. [3]

Magnetic twisting cytometry

A sample can be deformed through magnetic twisting cytometry as well. When a functionalised ferrimagnetic
micro bead is attached to the membrane of the sample, it can be subjected to an oscillatory magnetic field.
The resulting torque will cause a deformation of the sample. By optically tracking the oscillatory forcing
and resulting bead motions, the elastic and frictional moduli can be computed. This method is presented in
Figure 1.2.

applied magnetic field

—11]

in-plane displacement

Figure 1.2: Optical magnetic twisting cytometry tests applied to a red blood cell. An applied magnetic field, normal to the magnetization
of the bead, generates a torque on the bound bead. The resulting torque deforms the cell with the resultant rotating and translating
bead. The in-plane displacement of the bead is tracked optically. [4]

Optical tweezers

When multiple micro-sized particles are strategically bound to the surface of a sample, they can be trapped
with optical tweezers [5]. A parallel beam is connected to an upright or inverted optical microscope. The ob-
jective lens of the microscope is utilized to obtain a tightly focussed laser beam. When this beam passes
through a high-refractive-index dielectric medium, the photons emitted from the laser beam undergo a
change in momentum. In other words, micro-sized particles need to have a refractive index that is greater
than that of the surrounding medium. Subsequently, a force is exerted on a micro-particle that pushes it
towards the focal point of the laser beam. The micro-particle then becomes trapped. The beads act like han-
dles and the sample can be stretched by sticking one bead to the surface and moving another bead with the
optical tweezers [3]. Figure 1.3 gives an overview of this method when it is applied to a human red blood
cell. A force ranging from tens to hundreds of pN (10~'2N) can be applied for the deformation of the cell. A
three-dimensional computational model is used to extract the elastic and viscoelastic properties of the cell
membrane from the cell deformation.
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Figure 1.3: Schematic explanation of how a cell is stretched by optical tweezers [5]. Human red blood cells have been directly stretched
using optical traps to maximum forces of 60 pN by recourse to two or three bead attachments on cell surfaces.

Microfluidic optical stretcher

Lasers are also used in a method called microfluidic optical stretcher. This method (see Figure 1.4) utilises
two counterpropagating divergent laser beams, coaxially aligned, which induce optical forces. These forces
provide a stable trapping situation because they balance each other exactly in the middle of the light sources.
Atrapped sample can be deformed by them as well. The strength of the sample can be determined by tracking
the optical deformability which corresponds to the compliance after a certain time [6].

Divergent laser bearjsi

Flow channel

Figure 1.4: Cells flow through a microfluidic channel. When trapped by two counterpropagating divergent laser beams, the cell deforms
as a result of the induced surface force created by the laser beams. The technique is called microfluidic optical stretching. [6]

Micropipette aspiration
Another way to determine the stiffness of a sample can be done by using micropipette aspiration. This tech-
nique uses micropipette suction to draw the sample into a glass tube, while the aspiration pressure and the
leading edge of the sample surface are tracked [29]. The extent of the deformation is controlled by the step-
wise increase in the aspiration pressure and the chosen inner diameter of the glass tube. A stepwise increase
is important, because the sample needs to find a new equilibrium after the increase in pressure has occurred.
The deformation is tracked with an optical microscope. A resolution in the order of pN for the force and nm
(107 m) for the displacement can be monitored [5]. In order to obtain the elastic and viscous properties of a
sample, basic continuum models are used [29]. When analysing a cell for example, the most popular models
assume that the cell is a homogeneous elastic solid or that it is surrounded by an elastic cortical shell.
Microfluidic channel flow assays rely on the same principle [30]. A natural pressure difference enables
samples to pass through channels that are produced by means of photolithographic techniques.

Micropores filtration

Another technique based on the deformability of cells is micropores filtration [31]. With this technique, sam-
ples are artificially pushed through a filter. The required peak pressure can be used as an index of deforma-
bility. The size of the micropores in the filter influence the peak pressure and determine the precision of this
method. The size of the pores needs to be adjusted to the size of the investigated sample. Instead of a two-
dimensional structure, three-dimensional structures can be used as a filter as well [32]. Biological cells are
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able to interact with the cage-like structures. Normal and malignant cells can be distinguished via the ability
to enter these constructions.

Electrostatic pull-in instability

A different way to measure stiffness could be by interpreting it through quasistatic electrostatic pull-in instability[33].
A cantilever and a substrate combined, work like a capacitor when applying a driving voltage between the

two. A critical electric potential will be reached when the driving voltage is increased. At that moment, the
cantilever will snap towards the substrate. The pull-in voltage is affected by the geometry and stiffness of the
cantilever, and the interaction between the substrate and the beam due to the electrostatic load.

1.1.2. Mass measurement
There are well-established techniques for determining mass. This section will elaborate on the currently most
common methods.

Mass spectrometry

For the identification of substances in a material sample, mass spectrometry is widely used. The system is
presented in Figure 1.5 [7]. By ionizing a sample, accelerating the ions and directing them through a mag-
netic or electric field, the sample’s particles will deflect. The amount of deflection depends on the mass of
the particle. By correlating known masses to the sample masses, the atoms or molecules can be identified.
Mass spectrometry facilitates the mass-to-charge ratio measurement of molecular species, but is not able to
perform a measurement on nanostructures and biological assemblies [34].
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Figure 1.5: Mass spectrometry enables mass-to-charge ratio measurements of molecular species. A sample is ionized by bombarding
it with electrons. During this process molecules can break into charged fragments. The ions are accelerated and are subjected to a
magnetic field. The field forces the ions to deflect. Ions with the same mass-to-charge ratio will undergo the same amount of deflection.
A detector is able to detect the ions. By correlating known masses to the sample masses, the atoms or molecules can be identified. The
relative number of ions generated is plotted against their mass-to-charge ratio. This mass spectrum can be compared to characteristic
fragmentation patterns for identification purposes as well.

Nano- and micro-mechanical resonators

Previous research has been done on the measuring of mass using nanomechanical resonators. The most
common configuration is a cantilever resonator - a beam clamped at one end, which is actuated at its first
flexural mode [35]. At a resonant mode, the shape of the vibration is known and the energy is fully commuted
between the kinetic and potential state which results in an unstable system. This phenomenon occurs at the
resonance frequency. Since this frequency of a system is a sensitive function of its mass, the eigenfrequency
changes when material is added. Added mass affects the kinetic energy level, thus resulting in a decrease
in the resonance frequency. An advantage of such a system is that the set-up can be easily scaled down to
increase the sensitivity. As a result, minuscule added masses can be sensed [36]. However, a counteracting
effect is caused by the stiffness of the added material [37]. This affects the potential energy which means that
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the eigenfrequency will increase. Theoretical models often neglect the added stiffness because the effect can
be easily hidden by the mass effect when the adhesive is positioned at the tip of a cantilever. However, when
ignoring the effect of the added stiffness, this can lead to a significant underestimation of the mass depending
on its location [38].

Micro- and nano-cantilever resonators seem to be a promising candidate for the performance of sensitive
measurements, since the resonance frequency is affected by mass and stiffness. Is it possible to disentangle
mass from stiffness by using vibrations to measure both properties at the same time? One equation with two
unknowns cannot be solved. Extra information is needed to decouple the mechanical properties. The state-
of-the-art of the disentanglement of mass and stiffness using micro- and nanomechanical systems will be
examined in the following section.

1.1.3. Micro- and nanomechanical systems - State-of-the-art

The operation modes of nanomechanical resonators are defined in terms of a static and a dynamic mode.
The difference is that the beam is excited in the dynamic mode and not in the static mode. The advantages of
both modes will be discussed in the following subsections.

Static mode

Previous research states that both the location of the adsorbate and an adsorption induced change in surface
stress and stiffness influences the behaviour of a cantilever [39]. The investigation of this impact can be done
in the static mode. A distortion in the cantilever’s profile arises when adding a substance. This is due to
gravitational forces and the adsorption of molecules. The local change in the cantilever curvature designates
the location and spread of the adhesive, but can be used to obtain the difference in surface stress before and
after the deposition of material as well since the cantilever has a free end to allow deformation or bending to
relieve the stress [38]. When material is added to one side of a cantilever, the asymmetry of the system causes
extra surface stresses. Charge reorganization and intermolecular forces affect the stresses likewise [40]. The
molecular interaction between a cantilever and biomolecules can cause a cantilever to bend upwards. This
is shown in Figure 1.6. An optical scanning method combines the optical beam deflection technique with
an automated two-dimensional scanning of a single laser beam by voice-coil actuators. By directing the
laser beam on the cantilever and arranging a two-dimensional linear position detector to collect the reflected
beams, a change in the local curvature of the cantilever surface becomes visible due to the displacement of
the reflected laser beam spot on the detector [41].
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Figure 1.6: Interaction forces between the cantilever and Figure 1.7: This pictures is derived from a FEM simulation by
biomolecules can cause the cantilever to bend upwards. [8] Malvar et al. [9] to investigate the effect of the contact area
In the research a pre-functionalized cantilever was used to on the mechanical coupling between the adsorbate and the
investigate nanomechanical changes at the interface when cantilever. The larger the contact area, the higher the effect

binding with lipid vesicle. on the mechanical coupling will be.

It has to be taken into account that the contact area of the adsorbent and the cantilever’s surface plays
an important role. When a material is laying on the cantilever but is not adhered to it, there will be no extra
resistance to stretching: no stiffness effect will occur. This is visualised in Figure 1.7.

The effect of surface stress on the natural frequencies of a cantilever are investigated in a preceding anal-
ysis [42]. It states that the surface-bulk ratio is an important factor whether the surface stress is negligible
or not. The usage of a cantilever with a thickness in the nanometre range shall be affected more than a
beam that has a thickness in the micrometer range. This will result in a respectively large or negligible shift
in the resonance frequency. Other research is done on a variety of thickness for the added material as well
[37, 43]. Zhang et al. state that for small ratio’s between the adsorbate and cantilever thickness, the mass
effect dominates. Sadeghian er al. [10] stated that this thickness ratio is affected by the density ratio of the
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used materials. The two graphs of Figure 1.8 both show a nonlinear decrease of shift in resonance frequency
at the start, which depicts the mass effect. Subsequently the graphs become horizontal. This indicates an
equal mass and stiffness effect. Thereafter, the slope increases, pointing out that the influence of the added
stiffness overshadows that of the mass. The thickness ratios where these turning points occur are different
for the two used materials.
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Figure 1.8: The relative eigenfrequency shift is plotted against the ratio between the thickness of a uniformly adsorbed layer and a
cantilever [10]. The symbol w; represents the first resonance frequency of a cantilever and w» depicts the resonance frequency after
deposition of the layer. Silicon [Si] has a density of 2330 kgm ™ and a Young’s modulus of 169 GPa. The self-assembled monolayer from
the left blue graph has a density of 675 kgm™3 and a Young’s modulus of 12.9 GPa. The right red graph has a myosin monolayer with a
density of 183 kgm ™3 and a Young’s modulus of 0.7 GPa.

Dynamic mode
By using the dynamic mode, information about the mass, stiffness, location or mass distribution can be ob-
tained. This subsection will elaborate on different approaches found in literature.

Determination of mass

Added mass affects the kinetic energy level: when placing a substance at a point where the displacement is
large, the mass effect is the largest. The largest displacement is obtained at the tip of the cantilever when
observing the first flexural mode. By looking at the shift of the first resonance frequency, the added mass can
be obtained [35]. The relation between these two variables is described via the following equation:

A k ( 11 ) wn
m=—|—-— .
2\ F2 " p2
e\ % fy
In case of a uniform deposition layer of material on a cantilever, the resonance frequency can be derived by,

Afn ~ _l Madhesive 1.2)
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Former research is done on the use of higher modes. By investigating the addition of a uniform gold
layer on the upper side of a cantilever, it was found that the sensitivity (ratio of frequency shift to unit mass
loaded) increases by using higher modes [21]. A comparable study was performed Dohn ef al.[44]: Instead of
using a uniform gold layer, a single gold bead was positioned on a cantilever. Experiments up to excitation
of the fourth mode resulted in an increased mass sensitivity for higher modes compared to the fundamental
bending mode.

Sharos et al. [45] investigated the usage of torsional and lateral modes of cantilevers instead of the flexural
modes. By placing a mass as far as possible from the centreline near the tip of a cantilever, the first torsional
and lateral modes are affected more, in contrast to the first vertical bending mode. Furthermore, because of
this addition, an asymmetric geometry arises. It can cause uncoupled closely positioned resonance frequen-
cies to couple heavily: this phenomenon is called mode veering [46]. Higher flexural modes can be more
sensitive to added mass due to the higher natural frequency and because of veering with a torsional mode.
Nonetheless, is could be hard to determine the exact frequencies of the modes individually when coupling
occurs.
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Determination of stiffness

Nanomechanical resonators were used as mass sensors until around the year 2006. It was then that a positive
shift in resonance frequency was found. The location of the deposition of soft materials seemed to locally
affect the flexural rigidity of the cantilever [47]. The added stiffness influences the potential energy of the sys-
tem. The adsorption induced change in surface stress and added stiffness affect the effective stiffness of the
system. Hence, the increase of resonant frequency becomes significant at locations where curvature arises
during bending. When investigating the shift in resonance frequency for the first flexural mode for example,
the adhesive should be located near the clamping [37].

Mass and stiffness

Ramos et al. [47] changed the adsorption position to decouple the effects of stiffness and mass. The added
mass was determined with a deposition location near the free end and the added stiffness was quantified with
an adhesive position near the base. To illustrate the counter effect of mass and stiffness, Figure 1.9 shows the
mass and stiffness effect based on the location of deposited material. Consequently, the flexural rigidity D in
the equation for the eigenfrequency of a cantilever shown in Equation 1.3 [38] depends on the position "x".

SINGLY CLAMPED BEAM
Vibration Mode

Mass Responsivity
—— Stiffness Responsivity

SECOND VIBRATION MODE  FIRST VIBRATION MODE

Figure 1.9: The two pictures show the relation of the mass and stiffness response with respect to the mode shape of a cantilever. It can
be seen in the upper picture, representing the first bending mode, that the stiffness effect is high near the base while the mass effect
overrules at the tip of the cantilever. The lower picture shows the effects for the second bending mode. It demonstrates that the mass
and stiffness effect cancel each other out at the anti-node. [11]
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L denotes the length, W the width and T the thickness of the cantilever (subscript c¢) or adhesive (subscript
a), ¥, is the shape function per mode n and x is the location along the length of the beam. Moreover, the
bending rigidity can be obtained as [38]:

W E2T} + E2T2(x) + 2B, EyTe Ta(x) T2 +2T2(x) + 37T, To(x))
12 E.T,+E,T,(x)

D(x) = (1.4)

Furthermore, research has shown that the shape of the vibration mode affects the shift in frequencies
differently at specific regions [23]. Ramos et al. state that different locations need to be used for the disen-
tanglement of mass and stiffness properties of the added material: At anti-nodes or at the tip of a cantilever
for obtaining the mass. Conversely, at nodes or near the base of the beam for the derivation of stiffness. They
state that the stiffness overshadows the mass effect on nodes, while no positive frequency shift was obtained
at any node up to the third flexural mode. The mass effect is minimized due to the small vibration amplitude
around the node and it is not proven that the stiffness effect is larger than the mass effect.

As mentioned before, the sensitivity of the system will increase on a smaller scale. Horizontal silicon
nanowires' [48] have the potential to be ultrasensitive in mass sensing and stiffness spectrometry. Perfectly

1A nanowire is a nanostructure that has a diameter in the nanometre range, or a length-to-width ratio that is larger than 1000.
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shaped nanowires theoretically vibrate at the same frequency in all planes in flexural vibration. A small im-
perfection in the cross-sections in the wire affect this tendency. As a result, the single vibrational resonance
peak breaks up into two closely spaced peaks with a similar amplitude. The imperfection-induced peaks
correspond to vibrations in orthogonal directions. This splitting of the resonance frequency gives rise to the
decoupling of the mass and stiffness properties of the system. Only two different driving frequencies are used
within this method. A limitation is caused by the boundary condition that the cross-section and thickness has
to be much smaller than the thickness and cross-section of the nanowire itself. Furthermore, the asymmetry
factor has to be small. The nanowires that are used in this experiment, were created via the vapour-liquid-
solid [VLS] technique. This method combines chemical vapour deposition? with a catalytic liquid alloy phase
which speeds up the growth process. Silicon nanowires with a diameter of 100 to 300 nm are produced via
the VLS method [49]. There will always be some imperfections in the initial situation, entailing asymmetry.

Another method for the disentangling of the mass and stiffness properties is proposed by investigating
the quality factor [Q-factor] [50]. The Q-factor depends on the frequency, the width of the cantilever and
the viscosity and density of the surrounding medium. The resonance frequency of the system is affected
by the mass and the stiffness, but the study states that the Q-factor is only influenced by the mass of an
adsorbate. On the basis of this assumption, the determining of the mechanical properties is facilitated. This
method sounds promising, but how the Q-factor is used raises questions. First of all, the Q-factor is a sensitive
parameter. Consequently the variation within the results for two modes in air and three modes in water, is
great (£12.5%). This affects the accuracy and the sensitivity of the analysis. Furthermore, the Q-factor is not
only depending on mass. The resonance frequency and thus the added stiffness affects this parameter as
well. This is shown in the following equations:

1
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An array of dual nanomechanical resonators [51] is proposed in a different study to further improve the
quality of the specificity. By measuring the frequency shift of the beams for two modes and a deposition of
material near the free or clamped end of the cantilever, the mass and stiffness effects are both inspected. Due
to the use of a relatively thinner cantilever (100 nm), the sensitivity of the cantilever near the free end is lim-
ited, while a higher sensitivity and a greater selectivity is obtained near the clamping. By using an array of
cantilevers as described in the method, there could be a chance that coupling occurs between the cantilevers.
This could affect the results and thus cause less accuracy compared to the use of beams separately. The used
cantilevers are in the micro-regime (400 x 100 x 1.0 um, first mode at 300 kHz) wherefore the coupling effect
could be small. By way of contrast other research [52] has used the coupling effect in order to determine
masses of ~17 pg. Their cantilevers were 16 times smaller (25 x 10 x 0.1 pum, first mode at 133 kHz). This sens-
ing method is based on the difference in amplitude of the peaks on resonance frequencies. The advantage of
the usage of an array of dual nanomechanical resonators is that larger datasets can be obtained at once.

Q
(1.5)
{

Mass and position

When obtaining a larger mass sensitivity by introducing higher bending modes, Dohn et al. introduced the
localization of added material by measuring multiple modes [12]. When a particle is placed on a node, its
mass and stiffness contribution will be equal to zero. Controversially, if the material is added on an anti-
node, the influence of the mass and stiffness on the resonance frequency will be maximum. More nodes
and anti-nodes occur at higher flexural modes. Combining multiple modes can therefore approximate the
position of a particle (see Figure 1.10). The result will become more accurate when obtaining more modes
[22].

This approach was expanded by the determining of the locations of multiple particles [22]. The equation
for kinetic energy is made dependent on a population P of particles with mass Am, and M, particles at po-
sition zam,. Small particles are used and therefore it is assumed that they do not affect the mode shape of
the cantilever. As a result, the strain energy is taken to be zero. A minimization method is used to optimize
the locations. Since the point-like gold particles are non-compliant, the measurements are robust. Hanay et
al. measured mass and position of particles by adding them separately (one by one) on a resonator and mea-
suring the frequency shift for four modes real-time [53] to validate the method, they subsequently performed

2Chemical Vapour Deposition [CVD] is a fabrication technique which exposes a substrate to one or more gaseous volatile precursors.
These vapours react and/or decompose on the surface of the substrate. In this way, a desired deposit is produced.
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Figure 1.10: The location of an attached particle can be obtained by using a graph shown in this figure [12]. The mass ratio (Am/my) is
plotted against the position of a particle for all possible locations along a cantilever (z/L). The resulting graphs are different per mode
but they intersect at a specific point. The location corresponds to the real position of the particle and its mass. In this situation, the
intersection is found at z/1.=0.8 and Am/mg ~ 102 and is highlighted with an arrow.

similar measurements using liquid micro-droplets instead [20]. The results were comparable.

Mass and geometric data

The inertial mass, position, size and shape of adsorbates are obtained from experimentally and numerically
derived results from downward frequency shifts of multiple modes [20]. In this case, the shift of the resonance
frequency enables the determination of the added mass like described before. The position is derived from
the maximum or minimum change in the resonance frequencies. When adding mass at a node of a mode
shape, the shift is minimum. Conversely when adding mass at an anti-node, the shift will be maximum. The
shape and size of added material is investigated using the skewness and difference of higher mode peaks for
a doubly clamped beam (first, second, fourth and tenth mode).

Bending modes contain nodes and anti-nodes. Similarly do the torsional mode shapes. By combining the
two type of nodes for the monitoring of frequency changes, more parameters of the added material could be
derived [54]. When a particle is situated at a nodal point of a flexural mode, a shift in resonance frequency
could still occur due to rotational effects. This gives insight in the centre of mass and rotational inertia prop-
erties (size, shape, mass distribution and orientation) of the added material. If a particle is positioned at a
nodal point of a torsional mode shape, a change in the frequency spectrum is provoked by translation inertia
properties only.

1.2. Theoretical model

As depicted in the previous section, added material changes the dynamic behaviour of a cantilever. It re-
sults in a shift in resonance frequency which relates to both mass and stiffness of the adsorbate. The added
mass induces a positive effect on the resonance frequencies, but the added stiffness a negative effect. These
counteracting effects can be disentangled when combining experimental methods for a multi-modal vibra-
tion analysis with an inverse problem of the theory®. The sensitivity and range vary through the cantilever
properties, the surrounding medium, the distribution of the added mass and the accuracy of the theoretical
method. This section will elaborate on some different analytical methods to analyse the dynamic response of
a microcantilever beam.

1.2.1. Analytical model

The Euler-Bernoulli beam theory [55] is often used to model a beam. It is based on the equilibrium of forces
that act on an infinitesimal piece of the beam and assumes the usage of a linear material and small deflections
(u(x,1)). The assumption is plausible when the cantilever is a slender beam, which is the case when the
ratio between the length and the thickness of the cantilever (%) is large enough. The rotational inertia
and the shear deformation are neglected. Furthermore, the inextensionality theory is applied. This principle
states that the length of a beam does not change when bending. The displacements of the beam in x-direction
are equal to zero and the displacements in y-direction are dependent on the location within the system.

3Instead of obtaining natural frequencies from the mass and stiffness of a cantilever, the mass and stiffness have to be obtained from
experimentally derived resonance frequencies.
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Figure 1.11: A side view of a solid cantilever is shown on the left-hand side of the figure. The right-hand side of the figure presents a
mid-section of the cantilever.

The potential and kinetic energy of an Euler-Bernoulli cantilever can be obtained as follows, respectively:
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E represents the Young’s modulus and p is the density of the material. The moment of inertia is I. The
dimensions of the beam are described via L being the length of the cantilever and A the cross-sectional area.
u(x, t) is the displacement function of the beam.

By using Hamilton’s principle [56] it can be shown that the equation of motion of the Euler-Bernoulli beam
is:
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A Timoshenko model [57] could be used as well, particularly when shear deformation and rotary inertia
have to be considered. Another method could be to model the cantilever with adhesive as a lumped parame-
ter system [58].

Rayleigh’s method

Rayleigh’s method [55] is able to find fundamental eigenfrequencies at the point where the maximum poten-
tial and maximum kinetic energy are equal. It is a common used approximation method [37, 38, 47]. The
potential energy (V) of a cantilever of length L due to bending is described by Equation 1.6. The kinetic en-
ergy (T) is formulated as Equation 1.7. As depicted in Appendix C, for an Euler-Bernoulli beam the solution
of the equation of motion is position and time dependent:

inf

u(x,t) =Y ypx)cosr) (1.9)
n=1

When substituting this formula in equations 1.6 and 1.7, and finding their maximum, subsequently the eigen-
frequencies can be determined via the following equation:

W= Vy(x,y)

= (1.10)
T(y(x,y)

This formula is known as the Rayleigh quotient. It can be used for specific eigenmodes. Rayleigh’s method
assumes the use of a conservative system. Therefore, energy losses are not considered. The more precise one
can predict the bending mode shapes of a system, the higher the accuracy of the method will become. The
shapes are mostly determined via displacement. In general, displacement based formulations are derived
from the potential energy and therefore are approximated too stiff. As a result, the eigenfrequency founded
by Rayleigh’s quotient will be slightly higher compared to the exact eigenfrequency. (Conversely, stress based
formulations are derived from complementary energy and therefore too compliant.)
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1.3. Summary
Many methods for stiffness or mass measurements exist. Microcantilever resonators are a promising tool
since they give rise to more information on the material properties. Research is done in many aspects and
possibilities of these resonators. Combining multiple resonant modes enables the derivation of for example
mass, position, volume and stiffness of an added material. It has been shown that higher modes (up to the
fourth bending mode) result in a larger mass sensitivity. By combining multiple mode shapes a more accurate
approximation on the location of the added material can be obtained. Less is known about the stiffness: Will
a multi-modal vibration analysis lead to a higher sensitivity of mass and stiffness disentanglement as well?
To disentangle mass and stiffness, experimentally derived resonance frequencies need to be linked to
theoretical models. Different models exist with their own assumptions and boundary conditions. For the
decoupling, independent equations for different modes are solved. On the macroscale, Amabili ef al. [24]
were able to extract tensile force and stiffness in tie-rods from ancient monumental masonry buildings by
looking at four to six resonant frequencies simultaneously. The method shows a consistent identification
of the tensile force where the use of three or four modes is already rather exact. It would be interesting to
investigate whether a system on the micro and nanoscale has a comparable dynamic behaviour.

1.4. Research Question

Throughout the literature review it has become apparent that not much is known yet about the effect of higher
modes on the mass and stiffness sensitivity of a cantilever beam. On the micro- and nanoscale it has been
shown that the use of higher modes lead to a larger mass sensitivity, but the mass could be overestimated
when stiffness is not taken into account. Therefore, the research question of this Master’s thesis becomes:

e What is the effect of using multiple modes simultaneously for the decoupling of mass and stiffness, via
a multi-modal analysis of a clamped-free micro-cantilever?

The dynamic response of the cantilever needs to be examined before and after the deposition of material.
The sub-questions that are entailed by the proposed research question are:

e In what way can a material with known mass and stiffness properties be positioned on a microcan-
tilever?

e Which method can be used to perform a multi-modal vibration analysis on a microcantilever?
e What theoretical model should be used for an inverse method in order to decouple mass and stiffness?

e Does the accuracy of the approximation of added mass and stiffness relate to the amount of modes that
are used?

The following two chapters will elaborate on the experimental and theoretical methods of this approach re-
spectively.






Approach: Experiment and theory

This chapter elaborates on the procedure of this research. Different methods for each step of the process will
be proposed. The complete approach is explained in the schematic in Figure 2.1, which matches with the
following listed procedure:

1. Select a bare cantilever

2. Measure the dimensions of this beam (Section 2.1)

3. Perform a multi-modal analysis (Section 2.3)

4. Deposit material (Section 2.2)

5. Perform a multi-modal analysis

6. Measure the dimensions of the added material

7. Insert the experimental results in a theoretical model (Section 2.5)
8. Run the model

9. Derive the mass and stiffness of the added material
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Figure 2.1: This image shows the coarse process steps of the method. Initially, a cantilever has to be selected. The resonance response
has to be measured. Subsequently, a material needs to be deposited on the cantilever. The frequency response of this system has to be
obtained as well. Both frequency spectra have to be evaluated by a computational model. eventually the mass and stiffness properties
of the added material should be the final result.

15



16 2. Approach: Experiment and theory

2.1. Experiment: Cantilever dimensions

Since the dimensions of each cantilever vary slightly, they need to be obtained accurately. This can be done
with a scanning electron microscope [SEM] (JEOL JSM-6010LA). The SEM [3] employs fast-moving electrons
to image a sample, whereas ordinary optical microscopes make use of visible light. The resolving wavelength
of electrons used in an ordinary SEM is ~ 1nm while the wavelength of visible light is in the range of 400 to
700nm, consequently the resolution of an SEM is much better. Figure 2.2 shows the working principle of an
SEM.
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Figure 2.2: The main components of a scanning electron microscope [SEM] are shown in this schematic drawing. The electron gun
produces the electrons which are subsequently accelerated by a high electric potential. The magnetic lenses ensure the focus of the
beam on the specimen. The scanning coil enables the scanning over the sample surface. Electrons from the beam that collide with
electrons in the object are knocked out of their usual orbits. These secondary electrons can be traced with detectors that are placed in
the sample chamber. Images are generated depending on the contrast in the magnitude of the signals obtained while scanning. The
whole process takes place in vacuum since air molecules can cause the electrons to scatter. This would affect the quality of the picture.
[3]

An SEM works within a vacuum environment since electrons can interfere with molecules in air. This will
lead directly to a lower quality of the picture from a sample. When investigating a non-conductive material
with an SEM, electrons will interact with the sample. The sample will get charged. When operating with
voltages around one kV and a short working distance', a non-conductive sample will be visible. Nevertheless,
the quality will be affected. One way to terminate this problem is by adding a conductive layer over the
sample. This can be done with a sputter coater (SC7620, Emitech). An Argon gas flow (Zero Grade: 99.999%)
is used as sputtering gas to eject material from the solid gold/palladium (Au/Pd) target (80/20%). Electrical
power adds energy to the Argon particles to excite them to a higher energy state. The plasma that arises
is used to bombard the target. Ions with an energy larger than the surface binding energy are able to eject
atoms from the target and land on the sample. It is possible to add a sputtered layer of for instance gold,
silver, gold/palladium or copper. Figure 2.3 shows the relation between the settings for the plasma current
and the thickness of the sputter layer in time.
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Figure 2.3: This graph shows the sputter rate as a function of the plasma current for different targets.[13]

1 The working distance is the distance between the objective and the sample
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When analysing biological materials, the deposition of a conductive layer with a sputter coater can be
inconvenient. Samples can be air dried to enable their investigation, but this could lead to shrinkage of the
sample. An environmental SEM is an often used method which allows a lower vacuum environment in the
specimen chamber. Saturated water vapour conditions makes examination of biological samples possible.
Alternatively, liquid substitution could be used to allow inspection. Water is replaced with a liquid that has a
low rate of evaporation under high vacuum such that the use of an SEM is possible. [59]

2.2. Experiment: Deposition of material

As mentioned in the introduction of Chapter 1, the tests of this research could be the beginning of an in-
teresting application in the biologic sector. Escherichia coli cells are used in previous research for mass and
stiffness disentanglement with a microcantilever already [47]. The Young’s modulus of this bacteria is 1.3 GPa.
The skeleton of cells consist of polymers. Therefore, polymers have roughly similar material properties and
could be a useful material to add to a cantilever for experiments. In fact, different polymers are combined
with real cells by for example using them as scaffold material in tissue engineering; poly(vinyl alcohol) [PVA]
is used to form hydrogels [60], for example.

A controlled deposition of material is essential for this research. It is challenging to perform this at the
microscale. Widely used additive manufacturing [AM] methods are selective laser sintering [SLS] and fused
deposition modelling [FDM]. These methods do not have the accuracy that is needed to add the small masses
that are desired in this research. Since the cantilever on the chip is fragile, direct-write techniques are more
adequate compared to traditional AM processes. Direct-write methods are more promising and can be di-
vided into four groups: dispensing, flow-based, particle beam and laser techniques [61]. In literature, an
often used dispensing method is dipping; a cantilever is dipped in a suspension [62]. The ink-jet technique
[47, 63] is a regularly used flow-based method. This procedure uses a pulse voltage to drive a piezoelectric
transducer. It causes a pressure pulse which results in a droplet being forced through the nozzle. The volume
is adjustable since the amount of droplets can be controlled. Malvar et al. use a different technique called
electrospray ionization [ESI] [9]. This method can be classified as a particle beam method. A nanoparticle
solution is guided by ion optics through three chambers with decreasing pressure. In the first chamber, an
aerosol is created under high voltage. In other words, fine liquid droplets with nanoparticles in it are directed
to the second chamber. Subsequently, the solvent of the particles evaporate due to a high temperature. The
droplets become smaller and therefore get highly charged. Finally, the droplet separates from the ions, leav-
ing a stream of nanoparticles directed to the sample.

Laser-based additive micro fabrication enables the addition of material on the micro- nanoscale. A laser
beam is able to polymerize photoresist that is sensitive to UV light locally. By using two-photon polymer-
ization? a high accuracy can be accomplished. This method is utilized in former research [64] to fabricate
probes on microcantilevers for the use of atomic force microscopy.

This section will elaborate on techniques that are available in the department of Precision and Microsys-
tems Engineering within the faculty of Mechanical, Maritime and Materials Engineering of Delft University
of Technology: dipping, ink-jetting and two-photon direct laser writing.

y
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Figure 2.4: The thee investigated deposition methods are dipping (a.), the ink-jet technique (b.) and 3-D direct laser writing (c.).

2Two-photon polymerization is explained in section 2.2.3.
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2.2.1. Dipping

Dipping is a fast and easy deposition method. Ilic et al. [62] have immersed cantilevers with an immobilized
antibody layer on the surface into a solution of antibodies. Cells were able to attach to the surface. Loose
cells were removed by rinsing the samples with deionized water and dried with nitrogen. Since the cells that
were bounded on the surface of the beams were distributed randomly, it is difficult to link the experiments
to a theoretical model. Moreover, a known volume should be added. This can be achieved by acquiring a
small droplet of a solution using an arbitrary cantilever chip and depositing it on top of the beam that will be
investigated for this research. Consequently, multiple deposition locations can be investigated and it will be
easier to determine the added volume.

First, experiments are performed with a micro-manipulator (MiBot BT-14, Imina technologies). This mo-
bile micro-robot has a holder in which an arbitrary cantilever chip is mounted. By melting perforated labo-
ratory film (Bemis, parafilm "M") on a microscope slide (VWR, Super Premium Microscope Slides, BS 7011),
a droplet with a large contact angle could be obtained. The arbitrary cantilever is penetrated into this droplet
with the MiBot.

~~objective

mount
chip. ™

water droplet \ VL
parafilmre ]

MiBot
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|

Figure 2.5: This photograph shows the setup for dipping. A 3-D printed head is mounted on the arm of the MiBot. A chip with cantilever
is attached to the mount with glue. Using the MiBot underneath a microscope, enables a clear view on the process via a computer screen.

2.2.2. Ink-jet technique

In literature, an often used method for the deposition of material on microcantilevers is the ink-jet technique
[47]. The device that is able to work with this technology in high precision and with different materials is
expensive (around €50,000,=; supplier Microdrop Technologies [63]). In this section, the use of desktop
printers and a controllable separate nozzle are investigated. The nozzles of the ink-jet printer are around
25pum and are able to create droplets with a diameter of 35 um.

Desktop printer [Epson Stylus SX235W]

Mechanical Engineering Bachelor’s students from Delft University of Technology have developed an ink-jet
device based on an EPSON desktop ink-jet printer [Epson Stylus SX235W] [65]. When interchanging the ink
cartridges with one containing other fluids, the principle is the same but the price tag (around €238, =) is
much smaller than the machine from Microdrop Technologies. Would it be possible to print polymers as
well?

Polystyrene beads with a diameter of 5 um were used for initial investigations, but the nozzles got clogged
(more information can be found in Appendix D). Besides particles, fluids can be printed as well. The viscosity
of the material needs to be low enough to be pushed through the nozzles of the printhead to print. (Atten-
tion still has to be paid towards clogging!) When heating up a polymer, the viscosity gets lower. However,
source material has to be chosen wisely such that it does not affect the material within the system. The car-
tridges of the printer are produced from plastic, which would melt as well when heating the product inside.
Therefore, a polymer that is soluble could be an option. Alcohol, acetone, and water are often used solubles.
Unfortunately, alcohol evaporates fast which could lead to a higher risk of clogging. Acetone is a good solvent
for plastics volatile as well. This soluble is inconvenient to use since the cartridges and components of the
nozzles are fabricated from plastics. Consequently, water remains as an interesting solvent for this research.

An example of a polymer that is soluble in water is Polyvinyl Alcohol [PVA]. This material can be dissolved
in deionized water by heating it up to 70°C. By using high flow rate filter paper for filtration, impurities
can be removed [66]. PVA is already used to mimic tissue and muscles [67]. Another example is Poly(3,4-
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ethylenedioxythiophene) Polystyrene Sulfonate [PEDOT:PSS]. PEDOT itself is not soluble in water, but the
combination with PSS enables the molecule to bind with the water molecules. Other examples [68] are Poly-
acrylic acid [PAA], Polyacrylamide [PAM] and Polyethylene glycol [PEG]. PEDOT:PSS (Aaldrich Chemistry,
1.3%wt dispersion in H,0) was chosen to work with since a solution of it in water was available. The vis-
cosity of water is lower then PEDOT:PSS. Therefore, the PEDOT:PSS (1.3%wt) was diluted with water (1 ml
PEDOT:PSS (1.3%wt) : 8 mL H,0).

EPSON

Figure 2.6: The Epson Stylys SX235 desktop printer that is used for ink-jet based experiments.

Desktop printer with stepper motor
To enable a more accurate deposition of material, a different group of Bachelor’s students had modified a
newer version of an EPSON desktop printer [EPSON XP-235]. By adding a stepper motor to the platform
underneath the printhead, the usage of an extra dimension was enabled. The exact print location could be
obtained through printing a large droplet near a calibration scale. Subsequently adding the sample that has
to be imprinted and take a photograph of this setup. The image is investigated in a self-written program
[Drop-On-Demand] to determine the x and y offset. The x offset is adjusted within the print job file and the y
offset is adjusted by the stepper motor.

However, the use of a new type of printer entails new settings and components. Usually, a higher resolu-
tion in printing is obtained with smaller nozzles or different settings for the piezo-element for instance. The
solution was therefore diluted further further (1 ml PEDOT:PSS (1.3%wt) : 9ml H,0).

Separate nozzle

Quantified Air B.V. is a small company in the Netherlands. They have build their own ink-jet printer: One
nozzle (30um) is combined with a stage (XY) and can be fully manually controlled. A stroboscope and
camera enable the sight on the sample and the droplet. The nozzle can be controlled manually. Its rise
time, fall time and pulse voltage can be adapted to the needs of the experiment. A schematic of the setup is
presented in Figure 2.7.

syringe

nozzle

camera
strobe . —

light "“a = xy-stage

Figure 2.7: The setup of the ink-jet printer with one nozzle only. The upper part with the nozzle, camera and strobe light can be moved
up and down to control the distance between the nozzle and the sample.
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2.2.3. Two-photon Laser Direct Writing

Laser Direct Writing [LDW] techniques use a laser beam to polymerize a photosensitive material, locally. Two-
photon polymerization enables the fabrication of structures with accuracy in the range of micrometres to
nanometres. This principle requires that the sum of the energy of two photons is equal to the energy that the
photo initiator needs for a transition from the ground to an excited state. Such a photo-induced excitation
of the molecules causes a chemical reaction, initiating polymerization: reacting monomer molecules form
polymer chains. The relation between this two-photon absorption and the laser intensity is quadratic [69];
the three dimensional voxel® relates to a squared point-spread function. Figure 2.8 a. [14] shows the shape
of the focus point of the laser, with a darker red area representing a higher intensity. The corresponding two-
dimensional graph is shown in b. where the squared excitation intensity is plotted against x. When comparing
this to the energy that is needed to excite the photosensitive material, Figure 2.8 c. shows that only a specific
volume in the focus point of the laser has enough energy that is higher than the polymerization threshold.
The voxel is highlighted with a purple colour. In Figure 2.8 d. it can be seen that the resolution of writing
corresponds to the width of the quadratic function of the laser intensity at this threshold. The resolution of
the writing increases when decreasing the laser power (Figure 2.8 e.).
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Figure 2.8: The focal point of a laser beam is shown in picture a. A darker red area represents a higher intensity. The corresponding
two-dimensional graph is shown in b. where the squared relation between the excitation intensity and x can be seen. FWHM is the
abbreviation for Full Width at Half Maximum. The purple colour in graph c. shows the polymerized volume caused by the laser in a
resin. As can be seen in subfigure d., the width of the graph at the polymerization threshold corresponds to the writing resolution. When
the laser intensity is decreased in subfigure e., the resolution increases [14].
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The machine that is used for this LDW process is a Photonic Professional FT (Nanoscribe GmbH) [Nano-
scribe]. It uses a near-infrared [near-IR] laser beam with a wavelength of 780 nm. It has to be mentioned that
the used photosensitive resin needs to be transparent to this near-IR such that the resin outside the voxel
does not have much effect on the intensity of the laser (no fading). By deflecting the laser beam with mirrors
and adjusting the focus, writing in three directions (Figure 2.9) is enabled.

Figure 2.9: The solidified resin can form a structure as shown in this picture. This is only possible when writing in three (x, y and z)
directions is possible [14].

Usually, structures are build on top of a glass plate. Previous experiments showed that the technique is
capable to write on other structures. Micro-optical structures were drawn on optical fibres [70] and tailored

3A voxel can be seen as a volumetric three-dimensional pixel [61].
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probes were fabricated on silicon cantilevers for AFM utilization [64, 71]. Hence, the addition of material on
a cantilever for this research, must be possible.

The setup of the Nanoscribe consist of a lens, glass substrate and detector among other things. The NIR
laser is focussed through the lens and is directed upwards on a glass substrate. A detector collects the re-
fracted light. By changing the position of the lens to create a smaller or larger distance between the lens
and the glass substrate, software can calculate the location of the glass substrate. An interface can be found
which enables writing on the substrate. There are two printing configurations for the Nanoscribe: Dip-in
Laser Lithography [DiLL] [64] and Immersion [70, 71]. When using the DiLL configuration, the photoresist is
situated between the lens and the glass substrate. Writing is done on the bottom side of the glass plate which
enables the fabrication of structure heights larger than the working distance. In the conventional mode, im-
mersion oil is placed between the objective lens and the glass plate to increase the numerical aperture of the
lens. The photoresist is placed on top of the substrate. Hence the manufacturing of structures takes place on
the upper side of the glass, limiting the structure height to be smaller than the working distance.

In this research the goal is to write on a cantilever beam. If the beam blocks the laser to propagate further
towards the detector, the DiLL mode will entail a risk of damaging the lens. The system will not be able to
detect the location of the glass substrate and could break the cantilever with the objective. For this reason the
immersion configuration is used in this method. Figure 2.10 shows the used setup. The supporting substrate
of the cantilever is 300 um high which is larger than the working distance (190 um). Therefore, the chip has to
be turned over such that the cantilever is situated within the working distance of the Nanoscribe. Due to the
fact the the cantilever lies on top of its support, a piece of glass is placed in between Nanoscribe’s substrate
and the chip’s substrate. In this way, a distance is created between the cantilever and the glass substrate such
that writing on the cantilever is possible.

NIR laser

photoresist

cantilever chip

iece of glass
[ = lpglass sgbstrate

oil
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Figure 2.10: The setup of a cantilever in the Nanoscribe can be seen in this figure. The glass substrate is placed in a holder above the lens.
A piece of glass is mounted on top of the substrate to create a known distance between the cantilever and the glass substrate. The chip is
placed up-side-down on the glass piece such that the cantilever is not supported. The dimensions are exaggerated to create more clear
overview.

A camera enables a view on the situation from below. By adjusting with the focus of the lens, the laser can
be focused on the surface of the cantilever. Unfortunately, the cantilever blocks the laser and the system is not
able to find the interface of the cantilever automatically. This has to be performed manually (see Appendix
A).

To obtain a better adhesion state, a low pressure plasma system (Femto standard Femto-UHP corrosive
gas version, Diener Plasma-Surface-Technology) with an oxygen gas flow is used to clean the cantilevers. Gas
atoms are excited to a higher energy state from which plasma arises. The plasma breaks the organic bonds
of the contaminants from the surface. The oxygen is able to bind with the released hydrogen and carbon
molecules. Due to the gas flow, the contaminants are removed from the sample chamber. [72]

Table 2.1 gives an overview of the resins that Nanoscribe GmbH. offers. Since IP-L 780 has the highest
resolution and a low shrinkage, this photoresist is chosen.

Many steps need to be performed for the fabrication of a structure on the cantilever. It begins with the
preparation of the glass substrate (Thermo scientific, Menzel-Glédser, deckgldser 30 mm #1.5, selektiert 0.17
+ 0.01 mm). The glass needs to be cleaned with acetone (EMSURE), subsequently with di-propanol (Hon-
eywell Riedel-de Haén, =99.8%) and finally it needs to be blow dried gently. This is important for the mini-
mization of contaminants. After the cleaning process, the substrate can be put in a specific holder. A small
piece of glass (thickness 80 um) can be taped to the glass substrate, after going through the same cleaning
steps. The piece should be attached at a location off centre such that the system will be able to find an inter-
face in the beginning of the writing process. Meanwhile, the cantilever chip needs to be cleaned with oxygen
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Table 2.1: An overview of the available IP photoresists from Nanoscribe. [18]

Form Pre-bake / Post-bake Resolution Shrinkage

IP-Dip
Index-matched resist formula to serve as | Liquid  No / No High Medium
immersion and photosensitive material
IP-L 780

Highest-resolution resist formula

IP-G 780

High-viscosity resist for complex 3-D Sol-gel? Yes / No High Low
writing trajectories

IP-S

Index-matched medium-resolution resist
for smooth surfaces and fast structuring
of large 3D parts

Liquid No/No High Low

Liquid No/No Medium Low

& In materials science, the sol-gel process is a method for producing solid materials from small molecules.
The process involves conversion of monomers into a colloidal solution (sol) that acts as the precursor for
an integrated network (or gel) of either discrete particles or network polymers [73].

plasma. Subsequently, it can be placed on the small glass piece. Afterwards, the photoresist should be added
such that the cantilever is immersed. A droplet of immersion oil needs to be added on the downside of the
glass substrate thereafter. When this procedure is completed, the holder can be placed in the Nanoscribe
system. The glass interface will be found by the system automatically, but the surface of the cantilever needs
to be found using the command "ManualControl’ (see Appendix A). Subsequently the structure can be build
on the beam. When the sample holder is taken out of the Nanoscribe, the photoresist needs to be cured in
propylene glycol monomethyl ether acetate [PGMEA] (Sigma-Aldrich, 299.5%) for 25 minutes and hereafter
in di-propanol for 5 minutes. Finally, the setup can be blow dried gently.

2.2.4. Material properties
The cantilever that was used for the experiments is made of silicon, with a coating of aluminium on top to
enable the detection of movement. The ink-jet deposited material is PEDOT:PSS. The photoresist IP-L 780
is deposited on the cantilever via the Nanoscribe system. The material properties [37, 74-76] of all used
materials are listed in Table 2.2.

Table 2.2: The material properties of the used materials are listed in this table.

Material Young’s Modulus [GPa] ~ Density [kgm ™3]

Silicon 169 2330
Aluminium 69 2700
PEDOT:PSS 0.9 +0.2 958

IP-L 780 1.3-2.152 1000 - 1200 2

& The material properties depend on the used laser power
and exposure time.
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2.3. Experiment: Cantilever multi-modal measurements

2.3.1. Actuation

A wide variety of actuation methods exists: magnetic, piezoelectric base, photo-thermal, acoustic and elec-
trostatic actuation are few examples. Piezoelectric excitation has the advantage that no modification to the
chip is needed.

The setup that is used for the excitation of the cantilever consist of a printed circuit board [PCB], a spring,
piezoelectric actuator (0.5 mm thick, Piezo Systems Inc.) and a piece of PDMS (125 pum thick, Shielding Solu-
tions) as can be seen in Figure 2.11 [15]. The chip is placed on the actuator with PDMS in between to obtain
better contact between the chip and the actuator. In this way a more efficient excitation energy transfer is
received.

Figure 2.11: The setup shown in this figure [15] is used for the clamping and actuation of the cantilever. A spring is used to keep the
cantilever chip in place on top of a piezoelectric actuator. In between the actuator and the chip, a piece of PDMS is placed for an
increase in contact.

2.3.2. Detection

In order to measure the frequency response of the system, the amplitude of the deflection needs to be mea-
sured. Since the dimensions of the cantilever are in the microscale range, the deflections are small. The
velocities will be larger and therefore easier to distinguish from noise. Measurement methods are shown in
figure 2.12.
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Figure 2.12: A variation of detection methods to measure the deflection of a beam [3]. (a) Optical detection. (b) This method uses a
Scanning Tunnelling Microscope tip to measure the change in tunnelling current caused by a variation of distance between the tip and
the surface. (c) Piezoresistive material has a changing resistance due to the strain that is caused by bending. (d) The cantilever and
a parallel plate act like a parallel-plate capacitor. Deflection is detected because of the changing distance between the two parts. (e)
Optical interferometry. The distance affects the interference pattern.
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Optical detection methods do not affect the sensitivity of the sample and do not add complexity to it.
Optical beam deflection and homodyne laser interferometry are the most commonly used detection methods
for measuring the deflection of a beam [77]. A Micro System Analyzer [MSA] (Polytech, MSA-400) uses a laser
Doppler vibrometer [LDV] to obtain the velocity and displacement of a sample. When directing a laser beam
on a test object, the incident light is scattered by the movement of the sample. As a result, the backscattered
light has a change in frequency and phase, corresponding to the characteristics of the motion of the surface.
Comparing this with reference light, it provides the vibrational velocity and displacement at one point of the
sample. By analysing multiple points of the test object when exciting at specific frequencies, the operational
deflection shape can be calculated for each frequency. When investigating these deflection shapes, the peaks
of the frequency spectrum and the corresponding phase information should be considered likewise. The
deflection shape does not always correspond to a mode shape since it can be influenced by joining shapes.
The operational deflection shape is a large advantage of the system since Virtual Network Analysers and AFM
systems cannot give this information.

The MSA system at TU Delft uses a Helium Neon laser with a wavelength of 633 nm within the fibre optic
interferometer (Polytec OFV-512). The laser spot size diameter goes down until 3 pum. The used setup for the
beam detection is roughly sketched in Figure 2.13.
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Figure 2.13: The setup that is used for the detection of the frequency response is visualised in this figure. A laser Doppler vibrometer
[Polytech, MSA 400]is used to measure the velocity and displacement of the sample, which is placed underneath the lens. A vibrometer
controller [Polytech, OFV-5000], junction box [Polytech MSA-400], computer [Polytech, DMS] regulate all the electronics.
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2.4. Experiment: Cantilever parameters

The previous sections elaborated on all the steps of the experimental process of this research. Therefore,
all the requirements for a cantilever can be listed. First of all, multiple modes have to be detected. The
LDV system at Delft Technical University has a bandwidth of 1 MHz. The stiffness of the cantilever has to be
low enough to measure at least five flexural modes. A shorter cantilever has a larger stiffness accompanied
by a higher eigenfrequency ([10]). Furthermore, the surface of the cantilever has to be reflective since the
movement is measured with a laser beam. For example silicon nitride has a low reflectivity, which results in a
small signal-to-noise ratio [62]. Additionally, the thickness of the support chip needs to be large enough such
that a minimal effect on the clamping of the cantilever is obtained [78]. Finally, the added material has to
adhere to the cantilever surface.

AFM probes are commercially available within a wide range of resonance frequencies and dimensions.
Often a layer of for example aluminium is added in order to improve the reflectivity for measurements. Be-
cause of these reasons, AFM probes can be competent for this research. These cantilevers are produced from
mono-crystalline silicon wafers. The material is built in a <100> plane. All production steps are performed
such that the cantilevers point in the <110> direction. Appendix B elaborates on the fabrication of the probes.
The CONTR probes from NanoWorld have a resonance frequency at 13 KHz and a reflective aluminium coat-
ing. The properties are listed in Table 2.3. The support chip has dimensions 1.6 mmx3.4 mmx0.3 mm and the
aluminium coating has a thickness of 30 nm. The reflectivity of the cantilever is increased by a factor of 2.5
because of this coating [19].

Table 2.3: This table lists the properties of the cantilever that is chosen for this research [19].

AFM tip

Shape Standard

Height 10 - 15um

Radius <8nm <12 nm guaranteed
AFM cantilever

Shape Beam

Length 450 pm 445 - 455 ym
Width 50 um 45 - 55um
Thickness 2pum 1.5-2.5um
Force constant 02Nm™' 0.07-04Nm™!
Resonance frequency | 13KHz 9-17KHz
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2.5. Analytical Model: Modal Analysis

The Euler-Bernoulli beam theory is used for the theoretical model of this research. The corresponding shape
function is derived in Appendix C [55] and is assumed not to change due to adhesives. The model presumes
a slender beam which requires a length,thickness-ratio larger than ten. (For the used cantilever, this ratio is
equal to 225.) The rotation inertia and shear deformation are neglected. A uniform rectangular cross-section,
small deflections and linear elastic material properties are assumed. Damping is neglected, as are the effects
of any surrounding fluid, such that Rayleigh’s quotient can be used to obtain the theoretical values of the
resonance frequencies.

2.5.1. Modal analysis of a cantilever beam
The cantilever is modelled as shown in Figure 2.14. The length L, width W and thickness T are derived via an
SEM.
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Figure 2.14: Solid cantilever side view and cross section

The following equation can be used to calculate the eigenfrequencies of a clamped-free beam.

Q An |EI 21
=12\ pa 2.1)
In this equation the roots of the frequency formula are represented by A (the value can be found in Appendix
C) with a subscript n suggesting the mode number. The Young’s modulus of the material is depicted with E
and the moment of inertia is described by I (1 = Wl—sz). Density is p and the cross sectional area is introduced
viaA(A=WT).

The inverse method is used to calculate the Young’s modulus of the cantilever. The density of silicon can
be assumed constant for each beam with a value of 2330 kgcm™3. The +30 nm aluminium layer is neglected.
The resulting E is different for each beam. Experimentally derived resonance frequencies are used to solve
Equation 2.1 over E. A Young’s modulus is found for each mode shape. The mean value is used for further
calculations.

2.5.2. Modal analysis of a cantilever beam with added polymer

An example for a situation of a cantilever with adhesive is shown in Figure 2.15. In this schematic, the added
material is shown on an arbitrary location. Since the adsorbate’s thickness (7,) is a function of x along the
length of the beam, the statements in this section hold for every situation. A subscript ¢ is added to the
symbols regarding the cantilever and a subscript a to symbols concerning the adsorbate.

The variables L,, W,, T, and x; are obtained by SEM pictures. W, should have the same value as W,.
The flexural rigidity D of the system is changed due to the adhesive. Within this function, T, is a function of
x. Over the length of the beam it is zero, except for the location of the adhesive from x; to xs+L,, where it is
equal to T,. Equation 2.2 [79] shows the relation of flexural rigidity to the system properties.

W E2T} + EATA(x) + 2E.Eq T, To(x) (2T? +2T2(x) + 3T, Ta(x))
12 E.T.+E;Ty(x)
The effect of the adhesive on the resonator is investigated via Rayleigh’s quotient. The potential and ki-

netic energy of the system per oscillation cycle are given by Equation 2.3 and 2.4 respectively [37]. The symbol
a is a random value for the amplitude of the displacement. [38]

=_f D(x )( w”(xo)) ()dx 2.3)

D(x)= — (2.2)
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Figure 2.15: Solid cantilever with adsorbate side view and section
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The Rayleigh quotient can therefore be obtained as
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Via an optimization method, the density and Young’s modulus are obtained by minimizing the error be-
tween experimentally derived resonance frequencies and theoretically determined eigenfrequencies. Chap-
ter 3.4 elaborates on this.






Results

This chapter presents the experimentally derived results. Four different samples are examined: two with an
adhesive near the tip and two with added material near the base of the cantilever. The frequency spectra are
obtained with a resolution of ~1.22 Hz and show the mean value of 30 measurements.

3.1. Deposition of a polymer by various methods

3.1.1. Dipping

As is shown in Figure 3.1, the beam first pushed the droplet but did not enter immediately. In Figure 3.1 e. it
is shown that the beam enters the droplet. When withdrawing, no water came along with the beam. It can be
concluded that the beam was hydrophobic. To improve this setup, the chip should be cleaned with oxygen-
plasma ! (Air or Argon plasma treatment) before mounting it on the micro-robot. In this way, the surface
could become slightly hydrophilic.

When applying an oxygen plasma treatment on the cantilever, organic bonds will break and it becomes
more likely for contaminants to fall apart. The less impurities present on the surface, the more hydrophilic
it becomes. However the passivation process will start again when the cantilever gets in contact with air
and all its pollution. The preparation process takes time and the cantilever chips can easily be demolished.
Additionally, it will be hard to control the added volume.

a,‘b, c.-
d,- e. f. -

g.

Figure 3.1: These pictures show how a cantilever is dipped into a droplet of water. Figure a. shows a cantilever that is approaching the
edge of a droplet. It touches the droplet in b. and pushes against it in c. and d. In e. the cantilever has enough force to break through the
surface stress and enter the droplet as shown in f. When retracting the cantilever from the droplet as visualised in g., h. and i., one can
see that no liquid is withdrawn by the cantilever. The surface is hydrophobic.

10, plasma treatment is explained in Chapter 2.2.3

29
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3.1.2. Ink-jet printing of a water-soluble polymer

When placing a cantilever beam underneath the printhead, a lucky shot was needed to hit the cantilever with
the droplets. One of the results, after many tries, is displayed in Figure 3.2. The first hit formed the added
material near the clamped side of the cantilever. The second hit was located near the tip. This shows that
it is difficult to deposit material on a precise location. Hence it is a challenge to control the added volume.
Additionally, the amount of droplets that were placed can not be derived from this picture.

Figure 3.2: EPSON Stylus SX235W desktop printer.

A more accurate deposition of material was obtained with an EPSON XP-235 dekstop printer with a step-
per motor (see Appendix D) but the location was still hard to determine. Since the concentration of PE-
DOT:PSS is low, a lot of droplets are needed. These are too small and therefore not visible with the naked eye.
This makes it hard to obtain and control a precise localization with the Drop-on-Demand system. Further-
more, the exact amount of printed droplets can not be seen in real time, which makes it difficult to obtain
the added mass and it affects the repeatability of the method. On the other hand, the material properties of
PEDOT:PSS are known and the substance is slightly conductive which makes an evaluation with an SEM pos-
sible. If camera’s would be added to the printer for real life tracking of the droplets, the device would become
even more promising for future research.

b.a d.

Figure 3.3: Droplets of a solution of PEDOT:PSS in water (1 mL PEDOT:PSS (1.3%wt) : 10mL H»0) are deposited on a cantilever. The
most left picture a. shows the situation with one added droplet. Photos b., c. and d. show 4, 7 and 10 droplets respectively.

d. Ca

The usage of the ink-jet printer with one nozzle only [Quantified Air B.V]] resulted in the addition of a
controlled number of droplets. The droplets have a volume of +15pL. The determination of the location is
more precise with this method. As can be seen from Figure 3.3a., the first droplet is deposited on the beam.
Unfortunately it remained hard to add one droplet exactly on the centreline of the cantilever near the tip.
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3.1.3. Two-photon polymerization

The first result derived with the Nanoscribe is shown in Figure 3.4. It can be seen that the added polymer is
not laying exactly on the centreline. Figure 3.5 shows a camera view on the cantilever while it is inside the
Nanoscribe system. Here, the localization of the added material is optimized and accurate.

Figure 3.4: The first result derived via two-photon polymer- Figure 3.5: The Nanoscribe system contains a camera to en-
ization is shown in this figure, obtained via an optical micro- able sight on the writing process. This picture is taken with
scope. A well shaped blue cube can be seen. The colour is this camera after the polymerization process while the can-
due to the light of the microscope. tilever chip was in the system. The location and shape of the

result are visible.

3.1.4. Discussion on deposition methods

Table 3.1 lists the advantages and disadvantages of the investigated deposition methods. Where dipping did
not lead to usable results, the ink-jet method with one nozzle (Quantified Air B.V.) and the two-photon poly-
merization with the Nanoscribe both show promising results.

Since the experimental results have to be linked to a theoretical model, it is important to know the shape
of the adhesive. Since any shape can be produced by the Nanoscribe, the approximation of it will be more
precise than the droplet-like shape produced by the ink-jet technique.

The two-photon polymerization method involves risks. Within the many steps for the Nanoscribe, the
cantilever has to be handled carefully. Cantilevers break easily. If this happens, it cost time and money.

To validate the method, the material properties of the adhesive need to be known. PEDOT:PSS is used for
the ink-jet technique and IP-L 780 within the Nanoscribe. The properties of both materials can be found in the
literature. The downside of IP-L 780 is that the properties depend on the used laser power. A polymerization
process is sensitive to different factors: humidity, efficiency of the photoresist, the exposure time, the laser
power and the temperature of the environment. Nanoscribe GmbH services state that there are no strong
variations in the needed laser power as long as there is a stable surrounding temperature. Despite these
promises, variations in all the factors should be kept to its minimum.

The cantilevers are clamped in a setup for the actuation. This clamping entails damping which influences
the resonance frequency. The chip can remain clamped in the system when ink-jetting material on the can-
tilever. This minimizes the effect of the clamping on the measurements. For the addition of material with the
Nanoscribe, the chip has to be taken out of the setup.

An important factor in science is the repeatability of an experiment. When each experiment differs a lot,
it will be hard to draw conclusions from statistics. The concentration of PEDOT:PSS in the solution is very
low resulting in a variation of concentration per droplet. When using the Nanoscribe system, an array of
cantilevers can be attached on the glass plate. Multiple experiments could be performed under exactly the
same conditions, contributing to the repeatability.

Additionally, the location of deposition of material is controlled manually for both methods. The ink-jet
printer allows sight on the sample under an angle. This makes it difficult to determine whether the cantilever
is underneath the nozzle or not. Although the resolution of the camera is good enough to accurately deposit
material at a location, obtaining the exact wanted position is hard. The Nanoscribe allows to use a low laser
power to localize the focus point of the laser beam. Hence the location can be obtained more accurately.

Altogether, the ink-jet method gives rise to easy and fast results. However, further testing was not feasible
at the moment due to additional costs and also time constraints.

The use of the Nanoscribe is currently difficult because little research is done on the addition of the ma-
terial on a cantilever at the TU Delft. The experiments will take more time in the beginning since much
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Table 3.1: The advantages and disadvantages of the three experimentally investigated deposition methods are listed in this table. Because
of the control of the shape and location of the polymerized structure, two-photon polymerization is chosen to be the method to continue
with.

Method Advantages Disadvantages

No results are obtained due to the hydrophobic surface of the cantilever.

¢ Easy & fast method

e PEDOT:PSS is slightly con- * Risk on clogging

ductive
¢ Risk on contamination
¢ Chip remains in the clamp-

ing of the setup
¢ Material properties depend-
* Shape control ing on laser intensity
* Deposition location control e Risk on damage due to

many handling steps

knowledge has to be collected. Nevertheless, the controlled manufacturing of shapes and the need for large
datasets make the usage of the Nanoscribe interesting. Without potentially having coupling between beams
when using arrays of resonators [51], this method is promising for the investigation of mass and stiffness
effects. Hence it has been chosen as the deposition method for this research. All presented results in the
coming sections are derived with added polymers via two-photon polymerization.
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3.2. Polymer location

Two different locations for the deposition of a two-photon polymerized layer are used in this research: near
the tip and near the base. In total, four samples are investigated (tip;, tip,, base; and base;)?. A side- and
topview of two samples are shown in Figures 3.6 and 3.7, and 3.6 and 3.7. All the pictures are taken by an SEM
and the polymer has a fake yellow colour. The SEM pictures for other samples can be found in Appendix F.1.

SEl 5kV x1,200 10pm  —

SEl 5kV

Figure 3.6: An SEM picture of the adsorbate on sample tip;.
The cantilever tip is pointing to the right. It can be seen that
delamination has occurred on the upper layer near the end.

SEI 5k\|" %1,800 10pm  —

Figure 3.8: An SEM image from the side of the adsorbate on a
coloured sample near the base (basey).

3.3. Modal analysis

Polymeric layer near the tip
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-
o
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Figure 3.7: An SEM picture of sample tipj. The added polymer is
located near the tip of the cantilever.

Figure 3.9: An SEM picture of sample base;. The added polymer
is located near the base of the cantilever, highlighted with a yellow

colour.
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Figure 3.10: This figure shows the frequency response of a bare cantilever represented by the blue line. An added layer IP-L 780 (+
50x50x3 pum) is deposited near the tip, highlighted with colour. (sample tip;)

2In the raw measurement data, tip; corresponds to sample 20.2, tip, to 20.10, base; to 20.4 and base; to 20.7.
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Table 3.2: The values for the frequency shift of caused by a polymeric layer near the tip of a cantilever are listed in this table.

Mode number \ 1 2 3 4 5

f before [kHz] 13.13 83.23 233.9 459.1 759.7
f after [kHz] 11.21 79.34 230.7 458.7 765.3
A f [kHz] -1.92 -2.89 -3.2 -0.4 +5.6
Af[%)] -14.62 -3.51 -1.37 -0.09 +0.74

From Figure 3.10 and Table 3.2 it can be seen that the addition of material near the tip results in a decrease
of the resonance frequency for the first modes. However, the fifth mode shows a change in sign: a positive

shift arises.

Polymeric layer near the base

According to literature, an adsorbate located near the base of a cantilever should results in a positive fre-
quency shift. As can be seen from the graph in Figure 3.11 this holds for the first four modes when added a
polymeric layer near the base. The fifth mode shows a decrease in resonance frequency.>
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Figure 3.11: This figure shows the frequency response of a bare cantilever represented by the blue line. The picture on the right depicts
the same cantilever with a false-coloured added cube IP-L 780 (+50x50x3 um) near the clamping. (sample basey)

Table 3.3: Sample base;

Mode number | 1 2 3 4 5

f before [kHz] 13.31 84.07 236.1 463.7 767.4
f after [kHz] 13.7 85.62 238.7 464.4 761.1
Af +0.39 +1.55 +2.6 +0.7 -6.3
A f[%] +2.93 +1.84 +1.10 +0.15 -0.82

Comparison of observations on both locations

The added polymeric layer affects the frequency shift which is found to be mode related. The total shift
comes from the combination of the influence on both kinetic and elastic energies. Ramos et al.[23] used the
relation between the deposition location and the frequency shift contribution to assign different regions for
the derivation of mass or stiffness. Figure 3.12 shows the relation between the deposition location and the
shift in resonance frequency per mode, for an added polymeric layer. As can be seen, the contribution on the
frequency shift per mode depends on the location of the added polymeric layer.

3The derived frequency shifts for other samples can be found in Appendix F.1
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Figure 3.12: The relation between the deposition location and frequency shift per mode is shown in this graph. The thinner the line, the
higher the mode. The dotted red lines represent the locations from the experiments of this research.

A deposition position near the clamping results in a large stiffness effect on the frequency shift for the
first mode. The higher the mode, the lower this effect. This is similar for a location near the tip, but then
the mass effect decreases at higher modes. This is exactly what was found for the samples introduced in
the previous two sections. Their locations are highlighted with the dotted red lines. However, Figure 3.13
shows that the last anti-node at higher modes, move towards the location of the centre of mass from the
polymer, introducing curvature. Consequently, the absolute stiffness effect is expected to increase at higher
modes. The same holds for a polymer located near the base, as can be seen in Figure 3.14. In this case, both
deflection and curvature increase at higher modes.

tip,
mode 5
mode 4
mode 3

» mode 2

Figure 3.13: In this figure, the location of the centre of mass Figure 3.14: In this figure, the location of the centre of mass
is compared with the operational deflection shape per mode is compared with the operational deflection shape per mode
for sample tip;. for sample base; .

By looking at the absolute values for the deflection and curvature of each mode shape (Figure 3.15 and
3.16, respectively), it can be seen that for any location, specific modes give rise to the largest absolute effect
on mass or stiffness effect.
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Figure 3.15: The squared deflection of mode shapes 1 to 5 is plotted against the location on a clamped cantilever in this figure. It can be
seen that the deflection near the base increases at higher modes. The deflection near the tip decreases at higher modes.
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Figure 3.16: The squared curvature of mode shapes 1 to 5 is plotted against the location on a clamped cantilever in this figure. It can be
seen that the curvature near the base increases at higher modes. Furthermore, higher modes induce a larger curvature on an added layer
near the tip.

In summary, when investigating what mode needs to be used on a specific location for the derivation
of mass or stiffness, the relation between the deposition location and the frequency shift contribution (like
Ramos et al.[23]) or the relation between the deposition location and the absolute deflection or curvature can
be used. The following section uses both approaches for the disentangling of mass and stiffness properties.
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3.4. Disentangling of mass and stiffness

The shift in resonance frequencies due to the added polymer as found in the previous section, needs to be
linked to theory to derive the density and Young’s modulus of the polymeric layer. All the presented outcomes
in this section are found by minimising the root mean square [RMS] error:

N
RMS error = Z (ftheoreticali - f(-zxperimentali)2 (3.1)

1
N3

3.4.1. Validation

Within this research, theory en experiments are linked with the intention to decouple mass and stiffness
effects of an adhesive. In the end, the results need to be validated. They need to be compared to mechanical
properties of IP-L 780 from literature. Lemma et al. investigated the Young’s modulus and density of this
material [76].

The investigated polymer by Lemma et al. was produced with a scan speed of 100 ums~! and a laser power
output differing form 8.8 to 16 mW. These settings deviated from the ones in this research. A scan speed of
10000 pums~! and a laser power output of 204.5 mW were used. The ratio of the intensity over exposure time
from literature is 0.088 to 0.16, compared to 0.02045 in this research. These values are not similar. Not only do
the laser intensity and scan speed influence the result: Humidity and temperature affect the polymerization
process as well. Therefore, the results in the coming section will be compared to the whole range of 1 to 2 GPa
for E and 1000 to 1200 kgm =3 for p.

3.4.2. Decoupling of mass and stiffness based on the frequency shift contribution

Ramos er al. [23] state that the mass of a material should be determined by a deposition at a location where
a negative frequency shift occurs: near the free end of a cantilever. The stiffness properties should be quan-
tified via a position where a positive change in frequency arises: near the base. Therefore, the density of the
polymeric layer in this research is calculated from a given value as discussed in section 3.4.1 for the stiffness
for a layer near the tip of a beam. Similarly, the Young’s modulus of the added polymer is computed from a
density value from literature for samples near the base. Figures 3.17 and 3.18 show that the first mode for a
polymer located near the tip gives a density value that has a low sensitivity to the Young’s modulus. The first
mode for a cantilever with a polymeric layer near the base gives a Young’s modulus that seems to have a low
sensitivity to the density.*
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Figure 3.17: The left graph shows the p of the added material of sample tip; per mode, that corresponds to a Young’s modulus of 1 (blue
line), 1.5 (orange line) or 2 GPa (yellow line). The right graph shows the corresponding error between the experimental and theoretical
values that is minimised. The grey area represents the values from literature. The dashed lines are added to guide the eye.

4The graphs for the other samples can be found in Appendix E2
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Figure 3.18: In the left graph, the values for E can be obtained from corresponding densities of 1000kgm™3 (blue line) and 2000 kgm™3
(orange line) per mode. The grey area represents the values from literature. The minimum difference found on the experimental and
theoretical values are shown in the graph on the right. The dashed lines are added to guide the eye.

3.4.3. Decoupling of mass and stiffness based on the absolute deflection and curvature
The relation between the deposition location and the absolute deflection or curvature can be translated into
participation factors. They can be calculated for mass and stiffness per mode via the following equations,
respectively:

L
participation factor ¢ = f T (x)y%dx (3.2)
0
L 2 2
. 0y
participation factorg;sess = | Ta(X) o2 dx (3.3)
0

Since T, is a function of x, the participation factors will change for different deposition locations.

Figure 3.19 shows the participation factor per mode for a polymeric layer deposited near the tip of the
cantilever. The influence of the mass is largest for mode 1 and the stiffness affects the system the most at
mode 5.
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Figure 3.19: The two graphs show the normalized participation factors for sample tip; per mode. The left figure gives insight in the
participation of mass and the graph on the right-hand side shows the influence of stiffness. The dashed lines are added to guide the eye.
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Table 3.4 shows the outcomes of the combination of different modes for the determination of the density
and Young’s modulus. It can be seen that the combination of modes with a large participation factor, lead to
more feasible results when comparing them to the literature.

Table 3.4: Two modes of sample tip; are used to derive the values in this table. The RMS error is minimized to find p from one and E
from another mode. It can be seen that combinations of modes with a high participation factor give feasible results.

mode mode | p [kgm™3] E [Pa]
(p kgm™®) (B)

1939.18 2.85E+09
1938.57 1.83E+09
1938.03 9.57E+08
1943.84 1.15E+10
1618.41 2.45E+09
1581.27 1.53E+09
1535.17 4.08E+08
3570.89 3.26E+09
11462.4 1.66E+10
-247.176 3.76575
-247.17 1.00
-247.17 1.00
-247.17 1.0017
-430.97 1.00083
-430.97 1.00002
-430.97 1.00
-430.97 1.00
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For an added polymer near the base of the clamped-free beam, the influence of both the mass and stiff-
ness is the highest at mode 5. This is shown by Figure 3.20.
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Figure 3.20: The two graphs show the normalized participation factors for sample base; per mode. The left figure gives insight in the
participation of mass and the graph on the right-hand side shows the influence of stiffness. The dashed lines are added to guide the eye.

It can be seen from Table 3.5 that for all combinations, every mode for the determination of stiffness result
in a Young’s modulus that is not far off from literature values. However, higher modes do give a value that is
more reasonable for the density.
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Table 3.5: Two modes of sample base; are used to derive the values in this table. The RMS error is minimized to find p from one and E
from another mode. It can be seen that combinations of modes with a high participation factor give feasible results.

mode mode | p [kgm™3] E [Pa]
(E) (p)

4 5 1101.21 9.31E+08
5 4 1101.19 9.31E+08
3 5 1043.58 8.63E+08
5 3 1043.58 8.63E+08
3 4 935.289 8.5E+08
4 3 935.289 8.50E+08
2 5 903.011 6.99E+08
2 4 614.322 6.95E+08
1 5 630.182 3.82E+08
2 3 2.00648 7.39E+08
1 4 2.00646 4.01E+08
1 3 1.33765 7.39E+08
1 2 5.35025 6.87E+08

3.4.4. Comparison between both approaches

The relation between the deposition location and the frequency shift contribution is used to obtain the mass
and stiffness properties shown in Table 3.6. Table 3.7 presents the obtained Young’s modulus and density
per sample, using the relation between the deposition location and the absolute deflection or curvature. The
outcomes are feasible, when comparing them to the values from literature. The densities that are found from
the samples with a polymeric layer near the tip, are similar for both approaches. The Young’s moduli for
samples with an added polymer near the base differ.

Table 3.6: This table presents the resulting Young’s modulus and density for an approach where the relation between the deposition
location and the frequency shift contribution are used.

‘ tip; tipz base; base,
0.38 1.24

E [GPa]
o lkgm~3] | 1939.18 1389.42

Table 3.7: This table presents the resulting Young’s modulus and density for an approach where the modes with the largest participation
factor for mass and stiffness are combined per sample.

‘ tip; tip2 base; base;

E [GPa] 2.85 4.23 0.93 2.21
plkgm™3] | 1939.18 1389.42 1101.21 2445.11

When inverting the procedure and filling in the outcomes from the above tables in the theoretical model,
the shift in resonance frequency can be obtained. These theoretically obtained changes in frequencies are
compared to the experimentally derived frequency shifts in Figure 3.21. It can be seen that there is an error
between the outcomes for both methods, which seem to be smallest at the modes that are combined to derive
the material properties.



3.4. Disentangling of mass and stiffness 41

Added polymer near the tip Added polymer near the tip

-
(=]
b3

o
-

o
-
4
|
e

'
]

"
-
=]
-

-+ -tip, experimental
+ -tip, theoretical

IS

(45 « -tip, experimental P
' + -tip, theoretical '

mode1 mode2 mode3 moded4 modeb b.

)
o

A resonance frequency [%]
A resonance frequency [%]

mode1 mode2 mode3d moded4 modeS

®

Added polymer near the base Added polymer near the base

(=71
ey
w

-+ -base, experimental
+ base, - abs defl. and curv.
e W base, - A f contribution

. -+ -base, experimental
+ base, - abs defl. and curv.
b3582 - A f contribution

=
-
o

w
v
Erd

&

=]
“w
|

o
!

-

'
]

A resonance frequency [%]
%]
> s
&

A resonance frequency [%]

mode1 mode2 mode3 moded4 modeb d. mode 1 mode 2 mode 3 mode 4 mode 5 mode 6

Figure 3.21: These graphs show experimentally and theoretically derived resonance frequency shifts per mode. The dashed lines are
added to guide the eye. For subfigure a., the theoretical outcomes are obtained from a density of 1939.18 kgm ™3 and a Young'’s modulus
of 2.85 GPa. The outcomes shown in subfigure b. are derived via a p of 1389.42 kgm™2 and an E of 4.23 GPa. The samples with an added
polymeric layer near the base showed different outcomes for both approaches: The density and Young’s modulus via the modes with
the largest absolute values for deflection and curvature (red points) in c. are 1101.21 kgm™> and 0.93 GPa and in d. are 2445.11 kgm ™3
and 2.21 GPa, respectively. The yellow points are based on modes with the largest frequency shift contribution and show the resulting
change in frequency from a density of 630.18 kgm ™3 and a Young’s modulus of 0.38 GPa in subfigure c. and a density of 1623.91kgm™3
and a Young’s modulus of 1.24 GPa in subfigure d.

Therefore, a similar graph is made where more than two modes are combined for the derivation of the
material properties. Figure 3.22 shows the results per sample when combining the first three, four or five
flexural modes. The error does not decrease when increasing the amount of modes.

Table 3.8: This table presents the material properties of the polymeric layer for an approach where the RMS error for a combination of
all the measured modes is minimised.

| tipy tip, base; base;

E [GPa] 1.26211 1.17651 0.857667 2.00314
p lkgm~3] | 711.407 505.435 1031.62 2250.61
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Figure 3.22: These figures show experimentally and theoretically derived resonance frequency shifts per mode. The theoretical values
are obtained by combining the first three, four, five or six flexural modes. The lower modes resulted in infeasible values compared to the
values from the literature. The dashed lines are added to guide the eye.



Discussion

During the experiments and the processing of the results, many obstacles were encountered. This chapter
will debate on the used method and remarkable outcomes.

4.1. Deposition of a polymer

When investigating the deposited polymeric layer for all the four samples, it can be seen that delamination of
layers and difficulties with the adhesion on the cantilever surface occurred.

a. b.

Figure 4.1: Delamination of layers occurred in sample tip; (a.), base; (b.) and base (c.). It can even be seen that the polymeric layer is
not fully adhered to the cantilever surface for sample basey (c.)

By fabricating the adhesive from lines drawn side by side, polymerized regions can be cross-linked. Dur-
ing the polymerization process, material slightly shrinks. Accordingly, cross-linking can cause an increase of
in-plane shrinkage on the whole drawn structure, which can lead to residual stress causing an out-of-plane
bending moment for multiple stacked layers. The writing process is followed by the developing process in
PGMEA and di-propanol. Afterwards, while drying, the surface tension of the chemicals can be larger than
the adhesive forces between the polymerized structure and the substrate. The fluids will stimulate delamina-
tion of the sheets. If this happens, the out-of-plane moment comes in. This effect can be seen from sample
tip; as well (Figure 3.6 on page 33).

. . ‘-/
Voxel lines Single-layer sheet

Figure 4.2: This image visualises the effect of shrinkage on voxel lines on the left-hand side. This causes a bending moment when
multiple voxel lines are manufactured parallel and adjacent. [16]

Since an adsorbate induces surface stress to the resonator, it affects the resonance frequency [39]. For
sample basey, this surface stress will be lower because of the delamination.

43
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4.2. Multi-modal analysis

4.2.1. Difference in amplitude of the peaks before and after deposition of material

The dynamic behaviour of microcantilever resonators is sensitive to many parameters. Deviations in the di-
mensions of the beam and impurities or cracks in the material will influence the results. Additionally, external
aspects like the ambient temperature and pressure, and the humidity of the environment affect the perfor-
mance of the system. As can be seen in the frequency response curves presented in Chapter 3, the amplitude
of the peaks before and after deposition of material differ. Since the ambient temperature, pressure and mois-
ture in the cleanroom of the TU Delft (SO class 7) are controlled, the affect is assumed to be negligible. The
differences between peaks are explained through the effect of the clamping-induced damping and the laser
spot orientation.

The magnitude that is measured depends on the cantilever slope in each mode. Therefore, the positioning
of the laser is influencing the magnitude: when pointing the laser beam at the node of a flexural mode, the
magnitude will be zero. This is showed experimentally in Figure 4.3. In the same manner, torsional modes
will not be visible when measuring along the centreline of the cantilever as can be seen in Figure 4.4. The
location of the peaks remained constant since the density of measured points on the cantilever surface was
high enough and no aliasing occurred.

a)
30|
oy
£
= 201
2
2
S 10 |
E |
ol — ‘
[ 0.2 04 06 0.8
Frequency [MHz]
b.) _
30 |
)
E |
= 20| |
L1
k-]
£
g 10

]
[1) 0.2 04 0.6 0.8
Frequency [MHz]

Figure 4.3: The location of the laser influences the results. As can be seen in picture a.), the fifth flexural mode is visible while the fourth
flexural mode is not. Figure b.) on the other hand shows the fourth mode while the fifth mode is invisible. It can be concluded that the
laser is pointed directly on a nodal point of an invisible node.
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Figure 4.4: When the laser is not directed at the centreline of the cantilever, torsional modes will arise in the results. They are visible in
picture a.). The difference with a measurement on the centreline is shown in picture b.). The peak that is pointed out with the most left
red arrow is a combination of the first torsional mode and the second flexural mode. The red arrow in the middle shows the location of
the first torsional mode and the most right arrow clarifies the second torsional mode.

While the laser spot orientation influenced the amplitude of the resonance peaks only, clamping leads to
a shift of the peaks as well. This is due to an increase in damping, induced by the clamping. To investigate the
impact of the clamping, one cantilever is clamped for ten times: the beam was clamped, measured and taken
out of the setup for each time. The Q-factor is determined the PSV with software from Polytech: It curve-fits
the selected peak with the —3 dB method!. This enables the determination of the quality of the peak in a
consequent way for all measurements.

The effect of the clamping is visualised with normal distribution plots of the deviation in Q-factor as
shown in Figure 4.5. The deviations in Q-factor are low, indicating that the clamping entails a constant damp-
ing.

Normal distribution of the Q-factor per flexural mode

—Mode 1
—Mode 2
Mode 3
—Mode 4
Mode 5

d 50 . ‘I{‘JO 1 50 ZIdID 25E| . SﬁO 350 i 400 450 500
Frequency [kHz]

Figure 4.5: Tests on the clamping effect resulted in normal distributions of the Q-factor per mode as shown in this figure.

In this research, the variation in resonance frequency is important: it needs to be as low as possible.
Figure 4.6 shows the normal distribution of the results from the clamping test. The standard deviation for
the first resonance frequency is ~1.48 Hz. This amount increases when investigating higher flexural modes.
Regardless of the variance in Q-factor for the second mode, the standard deviation of the resonance frequency
is low. Comparing the variations to the measured frequency shifts in Chapter 3, the clamping effect was small
compared to the changes in resonance frequency caused by an adsorbate.

1The —3 dB method divides the resonance frequency, by the width of the frequency peak three decibels under the maximum peak height.
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Figure 4.6: A normal distribution on the resonance frequency of a cantilever beam is shown for five bending modes. The variation
increases for higher modes.

The raw data and whisker plots of the test can be found in Appendix I.

4.2.2. Differences in the resonance frequency shift between samples
Clear changes in the frequency response of the samples were measured. Figure 4.7 and 4.8 show the shift in
frequency per mode for sample near the tip and base, respectively. It can be seen that the largest positive
frequency shift contribution occur for thicker samples. A similar effect was shown by Sadeghian ef al. [10]
on uniform layers (Figure 1.8 on page 8), where the influence of the stiffness overshadows the mass effect for
higher thickness ratios between the deposited layer and the cantilever.
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Figure 4.7: The frequency shift of two samples tip; and tip, caused by an adsorbate on similar locations but a different thickness are

compared in this graph.
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Figure 4.8: The frequency shift of samples base; and basey is shown in this figure. The changes caused by a polymer on similar locations,
are compared in this graph.

The differences in stiffness effect for a polymeric layer located near the base, is influenced by the writing
direction during the two-photon polymerization process as well. The adhesive in sample base; consists of
voxel lines in the direction of the width of the cantilever, that make up the layers forming the adsorbate. In
sample basey, these strokes are directed in the length of the cantilever. When thinking of a mat which is used
to roll sushi, one could imagine that it is easy to roll it in the direction perpendicular to the bamboo slats. The
stiffness of the material does not affect the system. On the other hand, it would be hard to roll up the mat in

the direction of the bamboo. This should be considered when comparing the results from sample base; and
base;.

Ll

d.

Figure 4.9: The writing directions during the two-photon polymerization process are shown in this graph. Sample tip; (a.), tip2 (b.) and
base; (c.) are written in the direction of the width of the cantilever. Sample basey (d.) is written along the length of the beam.

C.

4.3. Theoretical model

In the model, it is assumed that the mode shapes do not differ after the addition of the polymeric layer. From
Figure 6.43 it can be seen that the shapes slightly differ in amplitude. The nodes seem to be on the same
location, but more points of the cantilever should be measured for a correct statement on this. From the
available data is seems that the assumption on the mode shape will not affect the results considerably.?

2The mode shapes from other samples can be found in Appendix L
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Figure 4.10: The experimentally derived mode shapes for Figure 4.11: The experimentally derived mode shapes for
sample tip; are shown in this figure. A blue coloured line rep- sample base; are shown in this figure. A blue coloured line
resents the shape obtained for the bare cantilever and the red represents the shape obtained for the bare cantilever and the
line shows the shape of the cantilever with a polymeric layer red line shows the shape of the cantilever with a polymeric
near the tip. layer near the base.

4.4. Decoupling of mass and stiffness

The disentanglement of mass and stiffness is done via three approaches: Via the frequency shift contribution
of modes, via the absolute deflection and curvature of modes on the deposition location and via the com-
bination of more than two modes. None of the methods resulted in a convergence to specific density and
stiffness values. Although certain combinations of modes lead to infeasible results compared to the litera-
ture, a validation method for the exact properties of the samples is needed to make statements regarding the
accuracy of the methods.

Aresearch by Cross et al. was presented in the Introduction of this report. Within this research, the Young’s
modulus of multiple cells was determined via indentation: By indenting the samples a force,distance-curve
is obtained, from which the Young’s modulus can be obtained. In Appendix J, an experiment on obtaining a
force-distance-curve on IP-L is described. Unfortunately, this did not lead to usable results.

All the derived material properties via the different methods, varied between the samples. External pa-
rameters as for instance temperature, humidity, laser intensity and exposure time, influence the two-photon
polymerization process. The more the surrounding variables vary, the higher the likelihood for different
power needs. Since the four introduced samples did not arise from the same batch, there is a chance of slight
differences within the material properties. Furthermore, the difference between sample base; and base;, can
be explained through the writing direction as mentioned before. The effective stiffness is higher for a writing
direction along the length of the cantilever. The effective stiffness is influenced by the adhesion as well. The
theoretical model assumes a perfect contact between the polymeric layer and the cantilever surface. This
cannot be quantified for the experimentally polymerized layers. Figure 4.12 shows possible configurations of
the contact area, which influences the measured effective stiffness. Chen et al. [39] linked the adsorption-
induced surface stress to the distortion in the cantilever’s profile that arises when adding a substance. SEM
pictures of the cantilever profiles before and after the deposition of the polymeric layer can be found in Ap-

pendix K.
a I b.u ““““l“ C.

Figure 4.12: The quality of the adhesion of the polymeric layer on the cantilever surface is unknown. It could be the case that the layer is
only adhered to the cantilever via the bottom of a voxel as shown in subfigure a. However, a contact area as shown in subfigure b. and c.
are possible as well. Sample base, had shown detachment from the surface at many locations. Maybe the contact area will look like as
sketched in subfigure d.?
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Conclusion

The research question of this thesis is:
What is the effect of using multiple modes simultaneously for the decoupling of mass and stiffness,
via a multi-modal analysis of a clamped-free micro-cantilever?

It can be concluded that the use of higher modes does affect the outcomes of the decoupling of mass and
stiffness. Clear differences in feasible and infeasible results were obtained. What method will lead to an in-
crease on accuracy, is yet elusive.

When reviewing the deposition method, it is shown that the usage of two-photon polymerization enables
an accurate deposition location and control over the shape. However, the contact area is more difficult to
control, due to the risk on delamination caused by cross-linking. The fabrication steps and the design of the
structure can be adjusted such that the chance on delamination is minimised. Furthermore, little is known
about the adhesion between silicon and IP-L 780.

The setup for the multi-modal vibration analysis combining piezoelectric actuation, clamping and laser
Doppler vibrometry worked well. A high signal-to-noise ratio was obtained by using an average of 30 mea-
surements. The clamping seemed to have a constant effect on the system: The variation in Q-factor and
resonance frequency was small. The resolution of the measurements were small enough to certainly obtain
the frequency shift induced by the polymeric layer.

The experimentally derived results were linked to theory to enable disentangling of mass and stiffness. A
combination of an Euler-Bernoulli beam with Rayleigh’s method was used for this. The outcomes gave a good
indication of mass and stiffness properties compared to the values derived from the literature.

Since the resulting material properties can be linked to literature values only, no statements can be made
regarding the accuracy of each combination of modes in various methods. Certain combinations of modes
led to infeasible results such as negative density values. Therefore, higher modes definitely do have an affect
on the disentanglement of mass and stiffness. Variations in thickness of samples, deposition locations on the
cantilever and the quality of the adhesion between the added polymer layer and the cantilever surface have
shown to influence the resonance frequencies.
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Recommendations

After a thorough processing of the experimentally derived results, recommendations arose for further re-
search.

First of all, the two-photon polymerization with the Nanoscribe has proven to be a promising method for
material deposition on micro-resonators. The process steps are optimized and the results of this research has
shown interesting effects. For stronger statements on the cause of the frequency shift, more data needs to
be obtained. Hence, experiments with batches of cantilevers are recommended. When writing on multiple
beams within a batch, the process parameters will be exactly the same, minimising the errors. The positioning
and alignment are performed manually. When a simple holder can be developed that is attachable to the
substrate, the alignment will be similar for each experiment.

As elaborated on in Chapter 4, delamination of the polymerized structure occurs if the adhesion force
between the structure and the substrate is not large enough. By treating the substrate with chemicals, the
adhesion can be improved. Nanoscribe GmbH recommends a treatment as described in Appendix M. On
the other hand, this phenomenon could be used for other purposes as well. For example in a research of
Bauhofer et al.[16] it is used for shape morphing. Biomimetic sheets e.g. for drag reduction can be produced
in this way. Additionaly, it would be interesting to investigate the adhesion force of a polymerised IP-L 780
structure on glass and silicon firstly, but other materials as well. This has not been quantified but could lead
to insights useful for the fabrication of hydrophobic surfaces for example.

Furthermore it would be interesting to investigate the effect of the thickness ratio’s on the frequency shift
per mode. This is done for uniform layers only. Different lengths of layers will influence the frequency re-
sponse as well, therefore further research in that area is recommended as well.

This research investigated the addition of material near the base and near the clamping of a resonator.
What will the influence of other deposition locations be? Likewise, will similar effects occur when using
different deposition materials? And an experiment on an added polymer with a writing direction along the
length of the cantilever near the tip of the beam would be interesting. This would reveal more information
about the accuracy of the measurements.

The indentation experiments did not lead to useful results. For stronger conclusions, a force, distance-
curve needs to be obtained with an AFM probe with a blunt tip. The polymerization process is sensitive
to many parameters. The values found in literature give an approximation on the order of magnitude of
the material properties only, since the environmental parameters and the writing settings deviated from the
parameters and settings for the experiments in this research. When obtaining the exact stiffness properties of
the material that is added on the cantilever, statements can be made according to the accuracy of the method.

During the polymerization of IP-L 780, the double bonds from C=C bonds of the monomer are used for
the cross-linking such that a polymer arises. RAMAN shifts give insight in amount of C=C bonds at 1635
cm™ 1. Raman spectroscopy [80] uses the vibrational modes in a system to identify molecules. Red laser light
is trained onto a material and interacts with the molecule. A change in the polarizability' of the molecule pro-
vokes a specific energy transaction, which correspond to the Raman bands. The energy level of the incident
photon is shifted up or down with respect to the scattered photon. This energy shift in terms of wave num-
bers (cm™') is calculated through the wavelengths of the incident and Raman scattered photons. The energy

Y polarizability is an important fundamental property of particles. They determine dynamical response of a bound system to external
perturbations, and provide valuable insight into internal strong interaction structure.”[81]
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transactions are induced by specific molecular vibrations and can therefore be used to identify molecules.
The peak for a non-polymerized resin at this location will diminish after polymerization. Hence it forms a
reference value [82] that could be used to compare different samples. Since a sputtered layer of conductive
material is necessary for the examination on the dimensions of the added structure with an SEM, it is hard to
compare the samples of this research. When using an ESEM, this option remains.



Appendix

A. ManualControl Nanoscribe

How to use Manual Control
As preparation, please open NanoWrite and be sure the system is correctly initialized.
To use the interface finder in manual mode you can

a) Go to the position where the interface is, this if you have observed in previous times where
the interface position is.

b) Once on the region where the interface can be you can use the manual control window,
described below.

1) Press on approach sample. This in case you haven’t approached either manually or
automatically.
2) On the input window (mini script window) write the command ManualControl and click
submit.
@ Nanolwine 18T =

stage to default position...
Clesning up cowpilation cache. .
Imitialization done.

Laser recalidirsred.
AMaximm PowsrSBcaling: 148
Laser recalibreted.
Mapimnm PotarEcalimg: 103
[I'xlt/]_ng -..-. - -
Laser recalibceted.
Manivnm FomerEreling: 144

This will bring a window in which you will find a scale on the upper left side. This controls the
laser power in percentage. At the same time, you also need to click on the button “Shutter
Close/Open” to make it look green as on the next picture. You will see how on the black
screen at the right side the diode voltage increases, if that happens then the laseris on and it
is coming through to the substrate.
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a. Slowly increase the laser power until you see fluorescence. This could not happen if

the focal point of the laser is inside the substrate. If that is the case, please move
downwards with the microscope until seeing the fluorescence of the focal point.

3) Move the microscope up and down near to the interface position. You will notice that the
fluorescence decreases and eventually disappears. This is because the laser spot is going in

the substrate

a. Thatregion where you are going in and out the substrate with the focal point is then
the interface.

4) leave the microscope in a position where the fluorescence starts to get strong, mainly just
after getting out of the substrate.

5) Delete all FindinterfaceAt commands from the script to be loaded.
6) In this way, you can load any job and run it in the position you want.
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B. Cantilever fabrication process

The fabrication process for the used cantilevers is as follows:

1. The AFM probes are produced from monocrystalline silicon wafers. [17] The material is built in a <100>
plane.

2. An oxidation process is performed such that a layer of Silicon Dioxide (SiO,) arises on both sides of the
wafer.

3. A photoresist is deposited on one side.

4. Subsequently a photolithography process is started.

5. After developing the exposed photoresist, a mask is printed in the SiO, layer.

6. 7. 8. Thereafter the same procedure is performed on the other side of the wafer.

9. The SiO, that is not covered by the photoresist is removed via isotropic wet etching.

10. Afterwards, the photoresist is removed.

11. Anisotropic wet etching is performed to remove the parts of the silicon where it is not covered by the SiO;
layer. This is done with potassium hydroxide (KOH) to obtain a high etch rate selectivity.

12. The wet etching step is performed until the SiO; for the tip forming falls down.

13. The SiO; that is left over is removed by isotropic wet etching.

14. One side of the formed cantilever, needs to be protected with a layer of Silicon Nitride (Si3Ny).

15. The other side is anisotropic wet etched such that the required thickness of the cantilever can be acquired.
16 The layer of SisN, is removed by isotropic wet etching (16.).

Silicon SiO, Photo Si,N, Mask Light
wafer - 2 resist - 34 -
1. 2. 3. 4.
5 6. & 8
9 10 11. 12 \
- E— . — - —— & =
E— — — em—
13. 14. 15. 16.

- A& )&

Figure 6.1: The process steps for the fabrication of AFM probes are shown in this figure. [17]
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C. Determining mode shapes
The Euler-Bernoulli theory states that the equation of motion is as follows:

Aazu(x, )
p or?

0*u(x,t)
i =0 6.1)

+EI,

The material density is depicted as p, the cross sectional area is represented by A, E is the Young’s modulus
and I is the moment of inertia. The solution of this equation of motion,

inf
u(x, )=y yu(x)cos(i), (6.2)

n=1

is position and time dependent. In order to separate these variables, the Reduced Order Method [ROM] can be
used.The method only takes a few solution into account, the eigenfrequencies in this case. Every eigenmode
is depicted via modal number n, the frequency of motion is described by w. The displacement function
(¥ (x)) is formulated as

WYn(x) = an cos(Bx) + by sin(f,x) + cpcosh(fB,x) +d,sinh(B,x) , (6.3)

Represents standing waves in the beam centre  Represents the influence of the clamping

in which B, represents the wavenumber. This is a distinct spatial shape of a certain vibrational mode. The

frequency depends on this wavenumber.
EI
2 [Ely
= 6.4
w=py pA (6.4)

In order to calculate the wavenumber, the boundary conditions for a cantilever clamped at x=0 and free at
x=L have to be taken into account. These conditions are

0
Wn(0) =0; au/n(O) =0 o5
2 63 :
SV =0 S5yl =0,

since the displacement and slope at the fixed end are vanished due to the clamping and there is no bending
moment and shear force at the free end of the cantilever. When substituting the boundary conditions in the
displacement function, a system of four equations will be the result:

1 0 1 0 a 0
0 1 0 1 b o 6.6)
—cos(fpl) -—sin(B,L) cosh(B,L) sinh(B,L) c 7)o ’
sin(8,L) —cos(B,L) sinh(B,L) cosh(B,L) d 0
By setting the determinant to zero?, a non-trivial solution will become:
cos(fBnL)cosh(f,L)+1=0 (6.7)
When solving this equation, the roots of Equation 6.4 are
An=PBnL=1.8751,4.6941,7.8548, 2n—1)m/2. (6.8)
From equation 6.3 and 6.5, the displacement function can be updated to
cos(B,L) +cosh(f,L) , . .
Yn(x) = ap | cos(Bnx) —cosh(B,x) — sin(ﬁZL) n sinh(ﬁﬁ:L) (sin(B,,x) —sinh(B,x)) | . (6.9)

With this equation, the five first mode shapes can be plotted. They are presented in Figure 6.2. The more
precise the mode shapes can be computed, the smaller will the error of the resulting eigenfrequencies be.

2Trigonometry: coshz(x) - sinhz(x) =11[83]
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Figure 6.2: The Uy (x),x-graphs represent a side-view of the first five mode shapes (n) of a cantilever. The cantilever is clamped at x=0

and has alength L.
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D. Results desktop printer

Initial experiments were performed with polystyrene beads with a diameter of 5 um. It can be stated that the
used beads are rather big compared to the opening of the nozzle. When making small droplets of a concen-
tration of 1% polystyrene beads in water, with the usage of a syringe (needle with a diameter of 0.15mm)
on a glass plate, it became visible that beads agglomerate. This can be seen in Figure 6.3. This is due to the
evaporation of the water which causes a so-called coffee stain effect. Since the particle are spread quite well,
there is a chance that the particles were correctly mixed with the water. Unfortunately when printing the
solution of beads, the nozzle clogged. This could be due to particles that sediment out of the solution, a too
high concentration of particles or a too large size of the beads.

Figure 6.3: Polystyrene beads of ~ 5um in a water droplet. The agglomeration of beads is clearly visible a. within the droplet and b. on
the edge of the droplet. The agglomeration on the side is caused by the evaporation of the water. The amount of evaporation over the
surface of the droplet is equal, which causes the droplet to shrink. Accordingly, the outer particles are pushed to the inside, resulting in
the "coffee stain effect’.

Figure 6.4 shows the result of 40 small sized droplets of the solution printed on a specific location using
an EPSON desktop ink-jet printer [Epson Stylus SX235W].

Figure 6.5: An AFM picture of 40 small-sized droplets of
PEDOT:PSS printed on glass with an EPSON Stylus SX235W
desktop printer.

Figure 6.4: A white light interferometer picture of 40 small-
sized droplets of PEDOT:PSS printed on glass with an EPSON
Stylus SX235W desktop printer.

Since the desktop printer is a black box, the difference between small, medium and large droplets are
unknown but clear differences are detected. Logically, a variation in current that drives the piezoelectric
nozzles is the cause of the difference in size but the amount of current is unrevealed. A horizontal and vertical
spread of +80 um is visible. The height is not trustworthy because of the use of a white light interferometer
for the evaluation of PEDOT:PSS which is slightly see-through: both the bottom and the top of the droplets
are detected, which distorts the measurement. The same problem was obtained earlier with the polystyrene
beads. An AFM measurement resulted in a height difference of +0.4 um (Figure 6.5). The droplets shown in
the two figures are from the same batch of droplets. The batch is shown in Figure 6.6.
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a.

Figure 6.6: Results obtained when printing 40 small sized droplets of PEDOT:PSS in water printed on a specific location using an EPSON
desktop ink-jet printer [Epson Stylus SX235W]. The scale-bar in picture a. depicts a length of 200 um, for b. to g. it represents 30 pm.

The result for 150 medium-sized droplets deposited on glass using an EPSON desktop printer [EPSON XP-
235], can be seen in Figure 6.7. Compared to the previous printer, the deposition was slightly more precise
with a variation of +60 pm.

Figure 6.7: A white light interferometer picture of 150 medium-sized droplets of PEDOT:PSS printed on glass with an EPSON XP-235
desktop printer.
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E. Results Nanoscribe

a.. b‘. c‘-

Figure 6.8: This figure shows three different results when writing cubes of 50x50 pm with different settings on a glass substrate. Subfigure
a. has too large hatching and slicing distances. Separate voxel lines are visible. Subfigure b. and c. have a too low and too high laser
power, respectively.

Figure 6.9: For the investigation on the right settings, print jobs like the one in this figure were performed. The columns show an increase
in laser power, the rows an increase in scan speed.

Figure 6.10: When writing over a polymerized part, bubbles arise as shown in this figure. By stopping the process, the bubbles often
disappear. The picture is taken by a camera within the Nanoscribe system.
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E. Optimization results

E.1. Modal analysis
Polymeric layer near the tip

SElI 5kV x2,000 10pm

Figure 6.11: An SEM image of a second sample with a polymeric layer near the tip of a cantilever can be seen in this figure. Its thickness
is smaller than that of the cantilever. Contamination on the bottom side of the cantilever is revealed by this picture.

Figure 6.12: An SEM picture of sample tipp. The added polymer is located near the tip of the cantilever.

A different sample with added material near the tip shows the results as can be looked into via Figure 6.13
and Table 6.1. The decrease in resonance frequencies clearly show the mass effect of the adhesive.

Bare cantilever |
Cantilever with IP-L780

mode 3 mode 4 mode 5

GED G670 |

Magnitude [nm)]

4ﬁ0 500 600 700 800 900 1000
Frequency [kHz]

Figure 6.13: The blue line in this figure represents the frequency response of a bare cantilever. A fake coloured orange cube IP-L 780
(+50x50x3 pum) is added near the tip. (sample tipp)

Polymeric sample near the base
Another sample with an adhesive near the clamping shows a clear stiffness effect as well. Clear shifts are
shown in Figure 6.17 and Table 6.2. And likewise in sample base,, a change in sign arises at the fifth mode.
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ﬁpz
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Figure 6.15: This picture shows the side of the added material on the cantilever (sample base). As can be seen, the adhesive forces
between the added layer and the cantilever were not strong enough, resulting in a release of material at multiple locations.

SEI

Figure 6.16: An SEM picture of sample base,. The added polymer is located near the base of the cantilever.
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Figure 6.17: This graph figures the frequency response of a bare cantilever represented by the blue line. The added cube IP-L 780
(+£50x50x3 pm) is deposited near the clamping and highlighted with a fake colour (orange). The material is deposited in lines over the
length of the cantilever.(sample basey)
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Table 6.1: The measured frequencies of sample (sample tip) before and after the deposition of material on beam tip, and the exact
change and the difference in percentage.

Mode number | 1 2 3 4 5
f before [kHz] 11.52 72,99 205.2 403.3 667.7
f after [kHz] 11 72.21 204.6 400.7 660.4
A f [kHz] -0.52 -0.78 -0.6 -2.6 -7.3
Af[%)] -4.51 -1.07 -0.29 -064 -1.09
Table 6.2: sample base,
Mode number ‘ 1 2 3 4 5 6
f before [kHz] 11.19 70.92 199.5 391.7 649.4 970.98
f after [kHz] 12.11  75.06 207.2 399.3 647.1 951.55
A f [kHz] +0.92 +4.14 +7.7 +7.6 -2.3 -19.43
Af[%] +8.22 +5.84 +3.86 +1.94 -0.35 -2.00
mode 5
mode 4
mode 3
mode 2

Figure 6.18: In this figure, the location of the centre of mass is compared with the operational deflection shape per mode for sample
bases.

E.2. Single-mode approach by using literature values
Ramos et al. [47] state that the mass of a material should be determined by a deposition near the free end of
a cantilever. The stiffness properties should be quantified via a position near the base. Therefore, the density
of the polymeric layer in this research is calculated from a given value as discussed in section 3.4.1 for the
stiffness for a layer near the tip of a beam. Similarly, the Young’s modulus of the added polymer is computed
from a density value from literature for samples near the base.

Figure 3.17 shows the corresponding densities of a polymer near the tip for each mode when inserting a
Young’s modulus of 1, 1.5 or 2 GPa in the model. It can be seen that the sensitivity on the first two modes is
rather small. A robust density is found in the first mode. Furthermore, no consistent value for the density can
be obtained when looking at other modes. No specific value for the Young’s modulus can be obtained.

Samples base; and base, are examined by substituting values of 1000 and 2000 kgm™2 for p, the corre-
sponding Young'’s moduli can be obtained. The results for sample base; are shown in Figure 3.18 and the
outcomes for specimen base; in Figure 6.22. For both cases, the sensitivity of E on p increases for higher
modes. The obtained Young’s moduli for beam base; tend to a decrease after mode 4. It is interesting to see
this happening for the results of sample base; after the third mode, linearly. Although this trend is not as clear
for sample base;, the blue curve for a p of 1000 kgm 2 tends to decrease as well.
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Minimizing the RMS error to find p for a givin E- tip1
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Figure 6.19: The left graph shows the p of the added material of sample tip; per mode, that corresponds to a Young’s modulus of 1 (blue
line), 1.5 (orange line) or 2 GPa (yellow line). The right graph shows the corresponding error between the experimental and theoretical
values that is minimised. The grey area represents the values from literature.
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Figure 6.20: The p of the adsorbate of sample tipy that corresponds to a Young's modulus of 1 (blue line), 1.5 (orange line) or 2 GPa (yellow
line) per mode is shown in the left graph. The grey area represents the values from literature. The right graph gives information on the
corresponding error between the experimental and theoretical values that is minimised.
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Minimizing the RMS error to find E for a given p - base1
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Figure 6.21: In the left graph, the values for E can be obtained from corresponding densities of 1000kgm™3 (blue line) and 2000 kgm™3
(orange line) per mode. The grey area represents the values from literature. The minimum difference found on the experimental and
theoretical values are shown in the graph on the right.
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Figure 6.22: The Young’s moduli that are related to densities of 1000 kgm ™ (blue line) and 2000 kgm ™3 (orange line) per mode are shown
in the left graph. The minimum variation found on the experimental and theoretical values are shown in the graph on the right. The grey
area represents the values from literature.
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E.3. Single-mode approach by combining different locations
When using experimentally derived values only, a sample with a polymeric layer near the tip needs to be
combined with a cantilever with a polymer near the base. Figure 6.23 shows fluctuating outcomes as a result.

Minimizing the RMS error to find p from tip sample location and E from base sample position
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Figure 6.23: The outcomes from the combination of samples with a polymeric layer near the tip and samples with an added polymer
near the base are shown in this Figure. The graph on the left-hand side shows the density values per mode, where the graph on the right
shows the corresponding Young's moduli. No convergence was obtained when minimizing the RMS error for three combinations on
mode 5 and are therefore missing.
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E.4. Multi-mode approach by using literature values

The single-mode approach gave reasonable values when comparing them to literature. However, the out-
comes still fluctuated and no conclusion can be made regarding the correct values. It is interesting to see
what happens if multiple modes were investigated simultaneously. Figure 6.24 combines modes like was
done by Amabili et al.. When looking at mode 1 and at a combination of the first five bending modes (mode
1-2-3-4-5), the density has a low sensitivity towards the Young’s modulus and reaches a value close to the
theoretical value. Unfortunately, the density values are not similar.®
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Figure 6.24: This graphs show the results of a multi-mode approach for sample tip;. Young’s moduli of 1 (blue line), 1.5 (orange line) or
2 GPa (yellow line) are used to obtain the density of the added polymer (graph on the left-hand side) and the corresponding RMS errow
(graph on the right-hand side). The grey area corresponds to the values for p from literature.
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Figure 6.25: A multi-mode approach for sample tip, resulted in densities as shown on the left and RMS errors as presented on the left
side of the figure. Young’s moduli of 1 (blue line), 1.5 (orange line) or 2 GPa (yellow line) are used.

3The results from this approach for other samples can be found in Appendix F.3
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Minimizing the RMS error to find E for a given p for increasing number of modes - base1
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Figure 6.26: The graph on the left of this figure shows the Young’s moduli corresponding to densities of 1000 (blue line) and 2000 kgm™3
(orange line). The second graph shows the RMS error.
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Figure 6.27: Densities of 1000 (blue line) and 2000 kgm™3 (orange line) are used for the obtaining of the Young'’s moduli. The correspond-
ing RMS errors are plotted on the right-hand side. The grey area represents the values for E from literature.

E5. Multi-mode approach by combining different locations

The Young’s moduli were obtained from samples with an adhesive near the base and densities were acquired
via tests with added material near the tip in a study of Ramos et al. [47]. Therefore, a different approach is
introduced where the Young’s moduli from beam base; or base, are combined with densities from sample
tip; or tip, by minimising the RMS error. The results can be seen in Figure 6.28.
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Minimizing the RMS error to find p from tip sample location and E from base sample position
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Figure 6.28: A recursive approach between two different samples has lead to Young’s moduli and values for the density of the added
polymer. All the combinations are shown in this figure where the graph on the left shows the values for E and the most right graph shows
the values for p. The grey areas represent the literate values.
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E.6. Raw data of single- and multi-mode approach

Table 6.3: The raw data of single- and multi-mode method for sample tip; is presented in this table. The RMS value is minimized to find
p for a given E.

MULTIMODE METHOD - tip;
Minimizing the RMS value to find p for a given E

E=1GPa E=1.5GPa E=2GPa
mode rho error rho error rho error
1 1938,06 6,06176E-05 1938,36 7,11115E-05 1938,67 7,58763E-05
2 1559,66  8,45413E-05 1580,09 5,74874E-05 1600,26 8,13589E-05
3 1969,12 7,47398E-05 2330,98 7,38474E-05 2688,45 0,000257206
4 956,303  0,000265429 1546,96 0,00024956 2130,44 0,000513102
5 418,802 0,000214853 835,865 0,000752687 1247,86 0,000378489
1&2 1637,64 1423,56 1653,81 1345,38 1669,8 1268,44
1&3 1962 110,264 2244,08 1355,78 2527,98  2520,53
1&4 1035,8 4278,73 1576,07  1593,09 2117,24 732,669
1&5 402,766  7087,87 854,029 4900,83 1258,62  2909,69
2&3 1745,6 2855,01 1922,73  5205,32 2099,15 7500,08
2&4 1100,31 6289,87 1554,75 338,311 2007,5 5307,97
2&5 402,766 13175,5 876,846 8674,18 1267,23  4028,18
3&4 1160,18 9230,01 1705,51 7073,89 2243,79 4985,71
3&5 402,766 14797,8 901,993 14689,2 1312,8 14051,3
4&5 501,211 14454,1 946,488 18864,8 1387,07  23106,1
1&2&3 1750,9 2405,42 1910,21 4247,89 2070,97 6133,84
1&2&4 1067,74 5801,73 1559,36  1242,33 2053,9 4208,82
1&2&5 439 11804,3 848,865 7672,76 1254,17 3833,48
1&3&4 1091,09 7807,25 1642,06 5641,06 2189,91 3991,28
1&3&5 437,631 13048,2 853,196 11932,6 1263,96 11056,6
1&4&5 460,959 12479,1 890,414 15130,1 1315,53 18119,7
2&3&4 1137,15 8315,03 1628,73  5580,86 2119,34 6140
2&4&5 472,044 15107 897,257 15946,4 1318,05 18179,3
3&4&5 470,959 16114 901,549 18309,2 1327,46  20756,1
1&2&3&4 1153,11 7555,7 1634,1 4904,76 2116,58 5337,4
1&2&3&5 453,481 14378,6 863,337 11775,6 1268,6 9912,16
1&3&48&5 474,471 14700,8 903,73 16153,1 1328,6 18057,7
2&3&48&5 485,333  16401,4 910,377 16706,2 1330,96 18094,5
1&2&3&4&5 | 1330,96 18094,5 1330,96 18094,5 1330,96 18094,5
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Table 6.4: The raw data of single- and multi-mode method for sample tip; is presented in this table. The RMS value is minimized to find
p for a given E.

MULTIMODE METHOD - tip,
Minimizing the RMS value to find p for a given E
E=1GPa E=1.5GPa E=2GPa
mode rho error rho error rho error
1 1386,87 1,48347E-05 1387,27 9,91E-06 1387,67 5,27022E-06
2 2330,81 0,000024451 2397,1 4,48977E-05  2462,97 2,93856E-05
3 776,399  3,23809E-05 1153,02 3,42922E-05 1527,21 2,69138E-05
4 427,901 7,18646E-05 611,99 5,52931E-05 794,888 7,07982E-05
5 452,088 0,000228337 599,878 0,000108879 746,712 0,000242386
1&2 1852,28  1209,07 1885,82 1291,98 1919,23  1374,15
1&3 947,431 1086,83 1217,59 411,552 1489,39 241,939
1&4 453,74 2014,68 632,679 1610,21 810,536 1217,22
1&5 460,297 1935,24 606,753 1615,03 752,276  1302,7
2&3 1180,55 2610,36 1476,31 2083,41 1770,25 1562,76
2&4 402,766  3565,58 653,998 3381,2 834,346  3154,17
2&5 466,379 3514,44 613,652 3357,51 759,958 3201,94
3&4 450,094 1453,56 646,645 2251,83 842,069 3041,64
3&5 458,996 1348,73 611,751 2296,54 763,589  3235,06
4&5 446,227 683,405 602,82 340,223 758,436  1345,57
1&2&3 1102,33  2133,9 1371,29  1657,89 1642,28 1312,25
1&2&4 439,468 3202,44 622,229  2901,6 803,84 2620,39
1&2&5 454,157 3160,74 601,77 2935,45 748,43 2723,79
1&3&4 438,407 1911,98 624,997  2126,5 810,482 2516,49
1&3&5 453,925 1847,02 602,334 2189,61 749,803  2714,02
1&48&5 449,066 1621,84 602,303  1295,93 754,595 1470,97
2&3&4 440,917  3009,86 628,062 3133,94 814,052 3374,03
2&48&5 449,461  2829,26 602,778  2658,27 755,146  2730,36
3&4&5 449,274 1191,2 603,254 1800,12 756,295 2710,03
1&2&3&4 445,297  2927,36 631,501 2912,68 816,596 3026,86
1&2&3&5 455,188 2882,18 603,555 2972,71 750,981 3207,2
1&3&4&5 449,953 1677,34 603,814 1905,38 756,739  2504,43
2&3&4&5 450,347 2615,75 604,288 2768,86 757,289  3199,05
1&2&3&4&5 | 604,288 2768,86 604,288 2768,86 604,288 2768,86

Table 6.6: The raw data of single- and multi-mode method for sample base is presented in this table. The RMS value is minimizes to
find E for a given p.

MULTIMODE METHOD - base;
Minimizing the RMS value to find E for a given p
p=1000 p=1200
mode E error E error
1 1,24E+09  3,1E-05 1,24E+09  3,18E-05
2 1,65E+09 3,6E-05 1,66E+09 0,000108
3 1,79E+09  0,00041 1,81E+09  0,00041
4 1,71E+09  0,00035 1,77E+09  0,000574
5
6

1,14E+09 0,00018 1,29E+09  0,000552
5,25E+08  0,00036 7,54E+08  0,000304

1&2 1,6E+09 1050,56 1,61E+09  1054,57
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1&3
1&4
1&5
2&3
2&4
2&5
3&4
3&5
4&5
1&6
2&6
3&6
4&6
5&6

1&2&3
1&28&4
1&2&5
1&3&4
1&3&5
1&4&5
2&3&4
2&48&5
3&48&5
1&2&6
1&3&6
1&4&6
1&5&6
2&38&6
2&48&6
2&58&6
3&4&6
3&5&6
4&5&6

1&2&3&4
1&2&3&5
1&28&48&5
1&3&48&5
2&3&48&5
1&2&38&6
1&2&48&6
1&2&5&6
1&3&4&6
1&3&5&6
1&4&58&6
2&38&4&6
2&38&5&6
2&48&5&6
3&48&5&6

1&2&3&4&5
1&2&3&4&6
1&2&38&5&6
1&2&48&58&6
1&3&48&5&6

1,77E+09
1,7E+09

1,15E+09
1,75E+09
1,7E+09

1,22E+09
1,75E+09
1,34E+09
1,37E+09
1,22E+09
1,65E+09
1,79E+09
1,71E+09
1,14E+09

1,76E+09
1,71E+09
1,18E+09
1,74E+09
1,28E+09
1,35E+09
1,73E+09
1,36E+09
1,42E+09
5,6E+08

6,62E+08
7,58E+08
7,13E+08
6,87E+08
7,79E+08
7,32E+08
8,48E+08
7,96E+08
8,57E+08

1,73E+09
1,3E+09

1,36E+09
1,42E+09
1,42E+09
6,88E+08
7,79E+08
7,32E+08
8,49E+08
7,96E+08
8,58E+08
8,66E+08
8,12E+08
8,71E+08
9,20E+08

1,42E+09
8,66E+08
8,12E+08
8,72E+08
9,20E+08

1433,49
1229,03
265,21
1373,74
635,901
5689,22
1411,58
12795
14287,9
4,44E+04
7,15E+04
8,03E+04
7,54E+04
3,97E+04

1519,35
1062,43
4423,3

1522,3

10251,4
11617,1
1357,46
11917,6
13712,1
10252,7
21720,4
27502,7
17957,2
23445

28634,8
19820,5
32755,9
25919,5
29797,8

1455,26
9305,8
10323
11898,9
12012,2
20329,3
24812,8
17190,3
28376,5
22461,7
2,58E+04
29046,6
23417,2
26536,7
29394,9

12012,2
25987,3
20956,7
23742,8
26296,8

1,78E+09
1,76E+09
1,29E+09
1,77E+09
1,75E+09
1,34E+09
1,79E+09
1,44E+09
1,49E+09
1,22E+09
1,65E+09
1,81E+09
1,77E+09
1,29E+09

1,77E+09
1,76E+09
1,31E+09
1,78E+09
1,4E+09

1,46E+09
1,78E+09
1,47E+09
1,52E+09
7,82E+08
8,68E+08
9,55E+08
9,17E+08
8,89E+08
9,71E+08
9,32E+08
1,03E+09
9,86E+08
1,04E+09

1,77E+09
1,42E+09
1,47E+09
1,52E+09
1,52E+09
8,89E+08
9,72E+08
9,33E+08
1,03E+09
9,86E+08
1,04E+09
1,04E+09
9,99E+08
1,05E+09
1,09E+09

1,52E+09
1,04E+09
9,99E+08
1,05E+09
1,09E+09

1470,18
1379,14
122,635
1498,68
1237,37
4059,7
624,88
10154,2
12024,4
2,97E+04
5,66E+04
6,61E+04
6,40E+04
3,40E+04

1608,41
1424,43
3458,1
1202,61
8141,99
9785,6
1199,66
9917,3
11275
8109,85
17919
23376,2
15387,2
19231,3
24189,6
16729,2
27553,3
21718,6
25382,2

1392,96
7304,59
8598,07
9776,16
9821,92
16667,1
20954,6
14498,8
23865

18814,6
21984,6
24344,8
19507,9
22487,6
24791,3

9821,92
21777,1
17452,9
20115,9
22175,4
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2&3&48&5&6

1&2&3&4&5&6

9,32E+08 26780,6

9,32E+08  24451,5

1,10E+09 22511,8

1,10E+09 20551,4
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Table 6.5: The raw data of single- and multi-mode method for sample base; is presented in this table. The RMS value is minimizes to

find E for a given p.

MULTIMODE METHOD - base;

Minimizing the RMS value to find E for a given p

p=1000 0=1200
mode E error E error
1 3,82E+08 2,9E-06 3,82E+08 3,09E-06
2 7E+08 2,6E-05 7,03E+08 2,34E-05
3 8,58E+08 0,00015 8,82E+08 4,46E-05
4 8,82E+08 0,00014 9,78E+08 0,000247
5 8,12E+08 0,00028 1,05E+09 0,00024
1&2 6,59E+08 700,454 6,61E+08 706,053
1&3 8,3E+08 1070,82 8,52E+08 1123,54
1&4 8,63E+08 1124,1 9,56E+08 1338,51
1&5 8,01E+08 966,915 1,03E+09 1483,78
2&3 8,11E+08 1270,46 8,29E+08 1440,16
284 8,44E+08 1569,93 9,21E+08 2381,13
2&5 7,96E+08 1011,69 9,96E+08 3089,47
3&4 8,72E+08 331,147 9,41E+08 1352,6
3&5 8,26E+08 709,955 9,98E+08 2541,45
48&5 8,4E+08 1360,25 1,02E+09 1323,26
1&2&3 8,19E+08 1274,6 8,38E+08 1403,97
1&2&4 8,57E+08 1489,27 9,42E+08 2113,1
1&2&5 8,03E+08 1078,12 1,02E+09 2646,56
1&3&4 8,71E+08 896,843 9,43E+08 1471,16
1&3&5 8,2E+08 954,639 1,01E+09 2308,83
1&4&5 8,35E+08 1359,29 1,02E+09 1546,51
2&3&4 8,59E+08 1235,9 9,26E+08 2014,17
2&48&5 8,3E+08 1467,05 1,01E+09 2506,56
3&4&5 8,39E+08 1139,84 1E+09 2106
1&2&3&4 8,57E+08 1289,82 9,23E+08 1926,85
1&2&3&5 8,14E+08 1106,85 9,93E+08 2739,2
1&3&4&5 8,38E+08 1204,92 1E+09 2048,34
2&38&4&5 8,34E+08 1308,38 9,9E+08 2590,42
1&2&3&4&5 | 8,34E+08 1308,38 9,9E+08 2590,42
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Table 6.7: This table presents the outcomes of a recursive method between samples tip; and base;. The values for the density are derived
from sample tip; and the Young's modulus from base; .

RECURSIVE METHOD - tip; & base;
Minimizing the RMS value to find p from tip; and E from base;

mode p E error

1 1937,67 382638000 3,01E-05

2 1547,6 707542000 8,45309E-05

3 1947,84 970792000 0,000193883

4 563,366 670755000 0,000314928

5 No convergence within range
1&2 1626,74 666252000 2194,45

1&3 1924,71 933604000 1375,77

1&4 No convergence within range
1&5 No convergence within range
2&3 1700,44 872813000 4112,25

2&4 935,118 818632000 9834,75

2&5 No convergence within range
3&4 1031,91 883315000 10237,3

3&5 No convergence within range
4&5 No convergence within range
1&2&3 1715,15 887152000 3766,26

1&2&4 876,338 804153000 8963,15

1&2&5 No convergence within range
1&3&4 914,99 840537000 9389,9

1&3&5 No convergence within range
1&4&5 No convergence within range
2&38&4 998,035 858606000 10662

2&4&5 No convergence within range
3&4&5 No convergence within range
1&2&3&4 1023,46 864772000 9918,75

1&28&3&5 No convergence within range
1&3&48&5 No convergence within range
2&3&4&5 No convergence within range
1&28&3&4&5 No convergence within range
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Table 6.8: This table presents the outcomes of a recursive method between samples tip; and base,. The values for the density are derived
from sample tip; and the Young'’s modulus from base.

RECURSIVE METHOD - tip; & base;
Minimizing the RMS value to find p from tip; and E from base,

mode p E error

1 1938,21 1,245E+09  4,25E-05

2 1586,55 1,66E+09 0,000254632

3 2625,33 1,911E+09  0,000441721

4 2212,87 2,071E+09  0,000303559

5 No convergence within range
1&2 1657,32 1,609E+09  2392,24

1&3 2450,66 1,864E+09 3910,64

1&4 2142,39  2,023E+09  2914,47

1&5 No convergence within range
2&3 2032,2  1,81E+09 8652,28

284 1939,98 1,925E+09  7934,57

28&5 313,587 789000000 27057,2

3&4 2250,06 2,006E+09  8433,17

3&5 578,049 1,11E+09 33607,4

48&5 674,436 1,194E+09 34187,6

1&2&3 2013,01 1,82E+09 7439,86

1&2&4 2027,61 1,973E+09 7237,54

1&2&5 No convergence within range
1&3&4 2189,97 2E+09 7025,97

1&3&5 362,08 909713000 30359,7

1&4&5 528,945 1,079E+09  28854,8

2&3&4 2073,91 1,954E+09  9427,96

2&48&5 586,64  1,134E+09 31326,8

3&48&5 699,935 1,265E+09  34656,3

1&2&3&4 2065,78 1,949E+09  8380,94

1&28&3&5 452,048 997561000 29292,3

1&3&4&5 705,109 1,268E+09  30435,9

2&3&4&5 739,225 1,298E+09  31361,4

1&2&3&4&5 | 743,621 1,3E+09 28363,8
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Table 6.9: This table presents the outcomes of a recursive method between samples tip, and base;. The values for the density are derived
from sample tipy and the Young's modulus from base; .

RECURSIVE METHOD - tip, & base;
Minimizing the RMS value to find p from tip, and E from base;

mode p E error

1 1386,37 382487000 2,74083E-05

2 2293,14 717318000 4,40976E-05

3 636,188 814688000 8,23338E-05

4 250,065 520063000 7,37943E-05

5 No convergence within range
1&2 1829,97 668574000 1877,39

1&3 846,941 812919000 2375,83

1&4 284,946 530979000 2757

1&5 No convergence within range
2&3 1072,3 817780000 4135,8

2&4 319,827 582272000 5007,48

2&5 No convergence within range
3&4 305,95 635145000 4102,97

3&5 No convergence within range
48&5 158,151 88321100  15454,6

1&2&3 1005,59 817448000 4135,8

1&2&4 273,709 549237000 4623,96

1&2&5 No convergence within range
1&3&4 295,076 617926000 4616,8

1&3&5 No convergence within range
1&4&5 No convergence within range
2&38&4 300,502 626879000 5699,27

2&4&5 No convergence within range
3&48&5 198,128 191021000 15189,8

1&2&3&4 305,846 627493000 5367,57

1&28&3&5 No convergence within range
1&3&4&5 199,485 192547000 13863,2

2&3&4&5 207,429 217202000 148423

1&28&3&4&5 | 208,728 218569000 13651
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Table 6.10: This table presents the outcomes of a recursive method between samples tip, and basep. The values for the density are
derived from sample tipp and the Young’s modulus from basey.

RECURSIVE METHOD - tip, & base;
Minimizing the RMS value to find p from tip, and E from base,

mode p E error

1 1387,07 1,244E+09  2,50183E-05
2 2419,08 1,666E+09  0,000071409
3 1394,74 1,823E+09  8,46838E-05
4 653,663 1,614E+09 0,000693843
5 356,125 677078000 0,000376499
1&2 1893,24 1,611E+09 2378,73

1&3 1375,46  1,791E+09  1531,17
1&4 670,504 1,606E+09  2506,79

1&5 372,458 701645000 3630,32
2&3 1646,62 1,789E+09  3558,74

28&4 701,948 1,633E+09  3583,46

28&5 424,372 857982000 13984,1

3&4 719,845 1,687E+09  5065,25

3&5 475,939 1,055E+09 21230,1

4&5 471,919 1,082E+09 20846,9
1&2&3 1529,28 1,792E+09  3192,7
1&2&4 665,476 1,619E+09  3650,61
1&2&5 382,728 759212000 11705,7
1&3&4 668,378 1,671E+09 4555,14
1&3&5 440,767 955823000 18061,4
1&4&5 461,435 1,04E+09 18212,4
2&3&4 692,01 1,672E+09  5342,58
2&4&5 471,237 1,071E+09 20161
3&4&5 500,298 1,165E+09 21241,3
1&2&3&4 697,252 1,672E+09  4924,12
1&2&3&5 456,138 999842000 17739,8
1&3&4&5 502,496 1,166E+09 18920,2
2&3&4&5 509,17 1,187E+09 20172
1&2&3&4&5 | 508,638 1,187E+09  18293,6
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E7. Participation factors

Table 6.11: The participation factors for mass, per mode, for all samples. The numbers are normalised with respect to the largest value.

| Tipy Tipz Base; Basey
Model | 1 1 0,000838 4,50E-04
Mode 2 | 0,53916687 0,131975 0,026234 1,44E-02
Mode 3 | 0,28969517 0,101607 0,16393 9,17E-02
Mode 4 | 0,17844911 0,393984 0,48654 2,79E-01
Mode5 | 0,17339689 0,565632 1 5,92E-01
Mode 6 | - - - 1

Table 6.12: The participation factors for stiffness, per mode, for all samples. The numbers are normalised with respect to the largest

value.

Tipy Tipy Base; Base;
Mode 1 | 3,3659E-07 1,34E-06 0,001131 0,000524
Mode 2 | 0,00039346 0,00125  0,029499 0,014147
Mode 3 | 0,01822561 0,043946 0,158422 0,07812
Mode 4 | 0,19367958 0,319268 0,437553 0,216802
Mode5 | 1 1 1 0,477374
Mode6 | - - - 1
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E.8. Combining modes with the largest participation factor

1Participation factor for mass near the tip F;articipation factor for stiffness near the tip
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Figure 6.29: The participation factors for sample tip;, normalised with respect to the largest value, are shown in these graphs. The figure

on the left-hand sides shows the weighting factors regarding the mass and the figure on the right shows the participation factors per
mode regarding the stiffness. The dashed lines are added to guide the eye.

Table 6.13: A recursive approach between two modes of sample tip; is used to derive the values in this table.The RMS error is minimized
to find p from the lower and E from the higher mode.

RECURSIVE METHOD - modes tip;
Minimizing the RMS value to find p from lower and E from higher mode
mode mode | p [kgm™>] E [Pa]
(p) (E)
1 5 1939.18 2.85E+09
1 4 1938.57 1.83E+09
1 3 1938.03 9.57E+08
1 2 1943.84 1.15E+10
2 5 1618.41 2.45E+09
2 4 1581.27 1.53E+09
2 3 1535.17 4.08E+08
3 4 3570.89 3.26E+09
3 5 11462.4 1.66E+10
4 5 -247.176 3.76092
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Figure 6.30: The participation factors for sample tip,, normalised with respect to the largest value, are shown in these graphs. The figure
on the left-hand sides shows the weighting factors regarding the mass and the figure on the right shows the participation factors per
mode regarding the stiffness. The dashed lines are added to guide the eye.
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Table 6.14: A recursive approach between two modes of sample tip, is used to derive the values in this table.The RMS error is minimized
to find p from the lower and E from the higher mode.

RECURSIVE METHOD - modes tip,

Minimizing the RMS value to find p from lower and E from higher mode

mode mode | p [kgm_3] E [Pa]

(9] (E)

1 5 1389.42 4.23E+09
1 4 1388.97 3.65E+09
1 3 1387.52 1.81E+09
1 2 1386.06 1.00077
2 5 3859.01 1.34E+10
2 4 3401.71 9.5E+09
2 3 2662.86 3.54E+09
3 4 15.6538 1.00007
4 3 56.0951 5.27E+07
3 5 15.6053 1.00085
5 3 242.637 2.97E+09
4 5 56.0925 1.00002
5 4 550.417 1.33E+09
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ﬁ'articipation factor for mass near the base Pa%rticipation factor for stiffness near the base
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Figure 6.31: The participation factors for sample base;, normalised with respect to the largest value, are shown in these graphs. The
figure on the left-hand sides shows the weighting factors regarding the mass and the figure on the right shows the participation factors
per mode regarding the stiffness. The dashed lines are added to guide the eye.

Table 6.15: A recursive approach between two modes of sample base; is used to derive the values in this table. The RMS error is mini-
mized to find E from the lower and p from the higher mode.

RECURSIVE METHOD - modes base;
Minimizing the RMS value to find E from lower and p from higher mode

mode mode

S
T

o kgm~3] E [Pa]

—_ o e NN R WU WU
O W R W U UT W WUl

1101.21 9.31E+08
1101.19 9.31E+08
1043.58 8.63E+08
1043.58 8.63E+08
935.289 8.5E+08

935.289 8.50E+08
903.011 6.99E+08
614.322 6.95E+08
630.182 3.82E+08
2.00648 7.39E+08
2.00646 4.01E+08
1.33765 7.39E+08
5.35025 6.87E+08
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ﬁ'articipation factor for mass near the base Pa%rticipation factor for stiffness near the base
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Figure 6.32: The participation factors for sample base,, normalised with respect to the largest value, are shown in these graphs. The
figure on the left-hand sides shows the weighting factors regarding the mass and the figure on the right shows the participation factors
per mode regarding the stiffness. The dashed lines are added to guide the eye.

Table 6.16: A recursive approach between two modes of sample base; is used to derive the values in this table. The RMS error is mini-
mized to find E from the lower and p from the higher mode.

RECURSIVE METHOD - modes base;
Minimizing the RMS value to find E from lower and p from higher mode

mode mode | p kgm™] E [Pa]

(p) (E)

5 6 2445.11 2.21E+09

4 6 2363.77 2.12E+09

4 5 2283.65 2.09E+09

3 6 2163.59 1.88E+09

3 5 1978.12 1.86E+09

3 4 1359.24 1.82E+09

2 6 1981.33 1.66E+09

2 5 1702.61 1.66E+09

2 4 788.983 1.65E+09

2 3 -1189.74 1.64E+09

1 6 1623.91 1.24E+09

1 5 1136.61 1.24E+09

1 4 -617.796 1.24E+09

1 3 -6713.58 1.24E+09

1 2 -50769.9 1.24E+09
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Combinations of modes within sample tip,', tipz, bas\a‘,l and hase2
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Figure 6.33: The results for the combination of two modes from one sample are shown in this scatter plot. The samples with a polymer
near the tip derived p from the lower and E from the higher modes. Conversely, the samples with base-located polymers used lower
modes to find E and higher modes to find p. The grey area represents the literature values. For the mode combinations within a square,
the modes with a largest mass and largest stiffness effects are combined.

Table 6.17: This table gives a list of statistic values from combinations of two modes from one sample. The mean value, variance and
standard deviation are given for E and p per sample.

| tip, tip, base; base;
mean E [GPA] 2.45 3.94 0.77 1.74
o lkg/m®] | 1938.57  2026.14 919.15 1530.925
standard deviation E [GPA] 5.27 4.07 0.18 0.26
o0 [kg/m3] 3027.095 1020.925105 187.8894895 505.11

Largest participation factor for mass - spread versus location
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Figure 6.34: The participation factor based on mass depends on the location and spread of the added polymer. This graph shows the
modes with the highest participation factors for different locations and lengths. The properties of basey are used to freeze the other
variables.
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Figure 6.35: The participation factor based on stiffness depends on the location and spread of the added polymer. This graph shows
the modes with the highest participation factors for different locations and lengths. The properties of basey are used to freeze the other

variables.

G. Differences between two approaches

Table 6.18: Sample tip; gives the listed results for a density of 1939.18kgm™3 and a Young’s modulus of 2.85 GPa.

Mode number |1 2 3 4 5

f before [kHz] 13.13 83.23 233.9 459.1 759.7
f after experimentally [kHz] | 11.21 79.34 230.7 458.7 765.3
f after theoretically [kHz] 10922 74.336 220.30 448.35 755.89
A f experimentally [%)] -14.62 -3.51 -1.37 -0.09 +0.74
A f theoretically -16.82  -10.69 -5.81 -2.34 -0.50

Table 6.19: Sample tip, gives the listed results for a density of 1389.42kgm™3 and a Young’s modulus of 4.23 GPa.

Mode number | 1 2 3 4 5

f before [kHz] 11.52 72.99 205.2 403.3 667.7
f after experimentally [kHz] | 11 7221  204.6  400.7  660.4
f after theoretically [kHz] 11.023 72.745 206.22 402.02 660.52
A f experimentally [%)] -4.51 -1.07 -0.29 -0.64 -1.09
A f theoretically [%] -4.31 -0.34  +0.50 -0.32 -1.08

Table 6.20: Sample base; gives the listed results for a density of 1101.21 kgm ™3 and a Young’s modulus of 0.93 GPa.

Mode number | 1 2 3 4 5
fbefore [kHz] 13.31 84.07 236.1 463.7 767.4
f after experimentally [kHz] | 13.7 85.62 2387 4644  761.1
f after theoretically [kHz] 13.892 86.093 238.98 464.40 761.33
A f experimentally [%] +2.93 +1.84 +1.10 +0.15 -0.82
A ftheoretically [%] +4.37 +2.41 +1.22 +0.15 -0.79
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Table 6.21: Sample base; gives the listed results for a density of 2445.11 kgm ™ and a Young’s modulus of 2.21 GPa.

Mode number ‘ 1 2 3 4 5 6

f before [kHz] 11.19 7092 1995 391.7 6494  970.98
f after experimentally [kHz] | 12.11 75.06 207.2 3993  647.1 951.55
f after theoretically [kHz] 12.58  76.39 208.69 399.73 647.03 948.32
A f experimentally [%] +8.22  +5.84 +3.86 +1.94 -0.35 -2.00
A f theoretically [%] +12.42  +7.71 +4.61  +2.05 -0.36 -2.33

Table 6.22: Sample base; gives the listed results for a density of 630.18 kgm ™3 and a Young's modulus of 0.38 GPa.

Mode number \ 1 2 3 4 5

f before [kHz] 13.31 84.07 236.1 463.7 767.4
f after experimentally [kHz] | 13.7 85.62  238.7 4644  761.1
f after theoretically [kHz] 13.628 84.997 237.06 462.63 761.32
A f experimentally [%] +2.93 +1.84 +1.10 +0.15 -0.82
A f theoretically [%] +2.39 +1.10 +0.41 -0.23 -0.79

Table 6.23: Sample base, gives the listed results for a density of 1623.91 kgm ™ and a Young’s modulus of 1.24 GPa.

Mode number |1 2 3 4 5 6

f before [kHz] 11.19 7092 1995 391.7 6494  970.98
f after experimentally [kHz] | 12.11 75.06 2072 3993 647.1  951.55
f after theoretically [kHz] 12.047 74.053 204.27 394.68 643.68 949.37
A f experimentally [%] +8.22  +5.84 +3.86 +1.94 -0.35 -2.00
A f theoretically [%] +7.66  +4.42 +239 +0.76  -0.88 -2.23

H. Combining multiple modes

Table 6.24: This table lists the resulting material properties when combining multiple modes and minimising the RMS error.

tip; tips base; base$_2
mode plkgm™] EI[GPa] | plkgm™3] E [GPa] | plkgm™] E[GPa] | p[kgm™] E [GPa]
1 1937,43  0,001003 | 1386,06  0,00100191 | 407726 0,494343 | 1533470  1,51456
1-2 1943,84 11,5426 | 1784,06  1,00002E-09 | -23860,5  0,375545 | -50769,9  1,23531
1-2-3 1588,77  0,486107 | 1896,37  2,46582 -666,833  0,660618 | 1 1,66263
1-2-3-4 1810,09  1,68249 | 558,705  1,30417 807,705  0,793386 | 1143,6 1,76166
1-2-3-4-5 | 711,407 126211 | 505,435  1,17651 1031,62  0,857667 | 2024,6 1,91912
1-2-3-4-5-6 2250,61  2,00314
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I. Clamping effect
Table 6.25: This table lists the measured Q-factors for the first five modes of ten different tests. For each test a cantilever is clamped in
the setup.
Q-factor | Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
Test 1 57,06715 149,6125 252,2812 362,574 420,6389
Test 2 56,70226 157,256 254,1931 355,5145 425,6562
Test 3 56,83816 155,216 259,9775 358,6656 414,1227
Test 4 54,77715  154,5822 248,5249  354,9169 426,3193
Test 5 56,23142  155,0537 255,0452  350,8531 422,8005
Test 6 54,42461  154,4033 254,1803 350,5205 396,9588
Test 7 55,09614 155,4265 256,5395 353,4208 423,7558
Test 8 56,02891 154,8685 254,0294  355,4258 427,7197
Test 9 60,10372  148,72957 257,3773 355,8983 434,5111
Test 10 54,81182 156,2643 257,2454 349,064 412,5177
Boxplot of quality factors due to clamping per mode
450 1 T T 1 T
e i
400 - i
- —
300
£ 250 ST
5
T 200 -
150 -
100
50 C 1 ! 1
mode 1 mode 2 mode 3 mode 4 mode 5

Figure 6.36: This box plot shows the influence of the clamping on the Q-factor for the first five flexural modes. One beam was clamped,
measured and taken out of the set-up for ten times. The Q-factor was determined by Polytech software which is based on a curve fit of

one peak and subsequently using the —3 dB method.
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Deviation of the Q-factor due to clamping
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Figure 6.37: The box plots in this figure clarify the deviations in the Q-factor, due to the clamping. One beam was clamped, measured
and taken out of the set-up for ten times. The Q-factor was determined by Polytech software which is based on a curve fit of one peak
and subsequently using the —3 dB method.

Table 6.26: The resonance frequencies of the first five modes are measured for a cantilever in ten different tests. For each test, the
cantilever was clamped in the setup. The results are listed below.

Resonance frequency | Model Mode2 Mode3  Mode4  Mode5

Test 1 13225,8 83538,8 234774,6 461178,6 762800,8
Test 2 13226,9 83546,2 234733,8 461234,4 762873,2
Test 3 13227,9 83534,1 234660,4 461198,5 7621227
Test 4 13224,7 83537,3 234703,6 461229,4 762797,7
Test 5 13225,8 83538,5 234734,1 461180,6 762751,9
Test 6 13227,4 83533,8 234732 461268,2 763001,4
Test 7 13227,5 83544,1 234834,1 461226,5 762829,4
Test 8 13228,9 83535,2 234782,8 461190,4 762845,6
Test 9 13224,3 83524,1 234771,7 461206,5 762822,8
Test 10 13227,6  83548,9 234753,8 461222,8 762927,5
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Figure 6.38: From this figure it can be seen that the deviation in resonance frequencies due to clamping is low. The spread of the whisker

plots are small. One beam was clamped, the resonance frequency for each mode was measured and afterwards the cantilever chip was
taken out of the set-up for ten times in a row.

Deviation of the resonance frequency due to clamping

13.229 83.55 -
1 ]
13.228 ! e
N 13.227 ’_: 83.54 fo-.
= 13.226 | i
§ 13.225 | 552 :
g Mode 1 Mode 2
% &= 13.2267 kHz o =83.5381 kHz
S u=0.00147708 kHz u = 0.00713707 kHz
@ - 763 ;
S 461.26 : ==
& | 762.8 =
& 461.24 i
461.22 , 82,6
461.2 762.4
461.18 i The2 ;
Mode 4 Mode 5

o=461.214 kHz
u = 0.0279785kHz

o=762.777 kHz
u=0.240726 kHz

234.8 i
234.75 m
234.7 she
Mode 3

o =234.748 kHz
u=0.0474026 kHz

Figure 6.39: This whisker plots show the effect of the clamping on the resonance frequency of the cantilever. One beam was clamped,

measured and taken out of the set-up for ten times in a row.
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J. Validation for the Young’s modulus via an indentation method

Within this research, theory en experiments are linked with the intention to decouple mass and stiffness ef-
fects of an adhesive. In the end, the results need to be validate. A research by Cross et al. was presented in
the Introduction (2?) of this report. Within this research, the Young’s modulus of multiple cells was deter-
mined via indentation: By indenting the samples a force,distance-curve is obtained, from which the Young’s
modulus can be obtained. Layers of approximately 3 um thick were fabricated on the cantilever substrate,
in the same way as the samples were produced. These layers were indented using an AFM system (Nanosurf
FlexAFM) with a contact mode cantilever with integrated tip (NanoWorld, CONTR, ~13 kHz). The stiffness
of the cantilever was calibrated using the inbuilt thermal tune method which is based on brownian motion.
The obtained force,distance-curve during the retraction of the cantilever is shown in Figure 6.40. The Young’s
modulus of the sample can be obtained by fitting the orange part of the curve to a theoretical model described
by Equation 6.10.

§ 10 Force,displacement-curve (withdrawal)
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Figure 6.40: This graph represents the experimental results of an AFM indentation experiment. The orange part of the curve can be
evaluated using the Hertz model. In this way, the Young’s modulus of the sample can e determined.

4
Fierts(0) = B VR(5)%? (6.10)

Ris the radius of the indenter, § represents the indentation depth. The distributor of the cantilevers promises

a tip radius of 12 nm as a maximum. Such dimensions are too small to measure with an SEM. Therefore, this
value is taken as an approximation for R.

2 a2

1 l_vtip 1 Vsample

—= + (6.11)
E Etip Esample

Eyp represents the Young's modulus of the indenter. The cantilevers pointin the <110> direction, correspond-
ing to a Young’s modulus of 169 GPa. The Poison ratio vy for silicon is 0.22 and from literature vsample for
IP-L. 780 is 0.49 [76].

Figure 6.41 shows the experimentally derived force,distance-curves and the curves in which the theoret-
ical stiffness values are substituted for experiments with IP-L 780 and MICA. It can be seen that the mica is
much stiffer than the IP-L 780, but they are both a factor 100 off from the theoretical values. For soft materials
a parabolic relation (or at least non-linear at the start) between F and d is expected. however, this curve is
straight, indicating that the measurements are not correct.

The experiment on MICA was obtained with a non-contact mode AFM cantilever, which is stiffer than
a contact mode AFM cantilever, entailing uncertainties and a lower sensitivity. Furthermore, it was experi-
enced that MICA sticks to the probe resulting in a less accurate measurement (the silicon properties of the tip
become incorrect).

When indenting the IP-L with the probe, a lower stiffness was detected as well. This could be explained
since the probe of the AFM cantilever is hard and sharp. The probe will pierce through the material. Besides
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Figure 6.41: Theoretically and experimentally derived force, distance-curves are plotted in this figure. The red coloured lines represent
the results for a MICA sample, the blue lines show the results for the IP-L 780 sample. Dashed lines give information on theoretical
values.

that, the material was build up of voxel lines. There is a chance as well that a pushed in between these, instead
of exactly on it. The use of a blunt tip would have been more useful.

Both samples have a lot of uncertainties and can not be used for the validation of the material properties
of IP-L.
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K. Cantilever profile
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Figure 6.42: The profiles of the cantilevers before and after the deposition of a polymeric layer are shown in this figure. They are derived
with an SEM. Beam 2 is sample tip;, beam 4 sample base;, beam 7 sample basey and beam 10 sample tipy. Only beam 2 shows a small
distortion due to the polymer.
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L. Experimentally derived mode shapes

Figure 6.43: The experimentally derived mode shapes for sample tip; are shown in this figure. The coloured shapes on the foreground
are after the deposition of a polymeric layer. A red colour relates to a positive displacement of the measured point and the green colour
represents a negative displacement. The grey shapes on the background are obtained from the bare cantilever.
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Figure 6.44: The experimentally derived mode shapes for sample base; are shown in this figure. The coloured shapes on the foreground

are after the deposition of a polymeric layer. A red colour relates to a positive displacement of the measured point and the green colour
represents a negative displacement. The grey shapes on the background are obtained from the bare cantilever.
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Figure 6.45: The experimentally derived mode shapes for sample basey are shown in this figure. The coloured shapes on the foreground
are after the deposition of a polymeric layer. A red colour relates to a positive displacement of the measured point and the green colour
represents a negative displacement. The grey shapes on the background are obtained from the bare cantilever.
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Figure 6.46: The experimentally derived mode shapes for sample tip, are shown in this figure. The coloured shapes on the foreground
are after the deposition of a polymeric layer. A red colour relates to a positive displacement of the measured point and the green colour
represents a negative displacement. The grey shapes on the background are obtained from the bare cantilever.
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M. Improve adhesion

Adhesion to the substrate nanoscribe

In case you have difficulties with adhesion of your structures please carefully read and follow this
short guide.

Making your structures stick

In general you should first make sure, that your structures are programmed such that they have
sufficient contact to the substrate surface due to the writing process. Typically you can do that by
increasing the FindinterfaceAt value. If your structure starts at z=0, values between 0.2 and 1.0 are
recommended, depending on the size of your structure and the tilt of your substrate.
Additionally make sure you are using the correct approach. If you write through a glass substrate,
then InvertZaxis needs to be off and in most cases your structures should start at z=0 {for rigid
resists like IP-G this may differ).

However, if you write on the lower side of the substrate, that is in DiLL mode, then InvertZaxis
needs to be on and again your structures should be written bottom-up (starting at z=0).

In many cases one of the above corrections is necessary if you see that lines move during the
writing process (if the reason is not the layer distance).

Furthermore it is important that your structures have enough mechanical stability. Especially for
very open structures with thin connections it is often necessary to use a higher dose to ensure
stability, i.e., increase LaserPower value, writing several lines instead of just one or decrease
writing speed. For a non-GT system try to use PerfectShapeQuality instead of intermediate or fast.
Additionally please make sure that your layer (or slicing) distance is not too big.

Steps to improve adhesion
If software parameters did not help, you can try 3 different process steps. Start with the first and
add them up if necessary.

Step 1: Clean your substrates using plasma or chemicals

On some substrates like silicon it may be beneficial to add plasma etching to the process of
substrate cleaning. On substrates like glass it may help to clean very thoroughly using Piranha
solution. Please take good care when using aggressive cleaning solutions and ask your safety
officer for proper handling of chemicals.

Ted +49721 GOB2BR 14
Fax +38721 GDEZBRAE
Eil  service@inanoscribe de
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Adhesion to the substrate nanoscribe

Step 2: Silanization of substrate surface

Avery successful way in case of IP resists and with respect to glass and silicon substrates in our
experience has been Silanization. It is supposed to help for metal-oxide substrates as well_ It
renders the surface hydrophobic and leads to a chemical bond between resist and substrate.

Process solution for IP-Resists: Silanization

1. Clean the substrates with a wipes and IPA [you can use acetone before as well)

2. (optional) Subsequently clean them with a plasma etcher (0; or air)

3. Then the substrates need to be submerged in an ethanol (can also be acetone) solution.
About 25ml ethanol mixed with 4 drops of 3-(Trimethoxysilyl)propyl methacrylate.

To avoid evaporation, please remember cover the beaker/petri-dish, e g, with Parafilm.

4. Leave them submerged for at least 5 minutes, but more times usually yields better
adhesion results. We recommend to leave the substrates submerged for several hours, but
overnight is fine, too.

5. After that the substrates should be rinsed under tap water (or distilled / deionized water).
You should observe, that the surface is hydrophobic and therefore the water will not stick
to it.

6. Immediately afterwards blow dry them with nitrogen or air.

Continue with your normal process: glue them onto the sample holder and add a drop of oil /
resist, etc.

A silanized substrate can be used even after a couple of days storage. Just make sure that it will
not be contaminated with dust or moisture.

3-Trimethoxysilyl)propyl methacrylate (CAS: 2530-85-0) can be purchased from Sigma Aldrich
with the order number M6514 or Polysciences Inc catalog number 02476-250. The 25ml bottle is
about 50€. It should be stored in a fridge.

Please read the material safety data sheet of 3-{Trimethoxysilyl)propyl methacrylate before using
it!

Step 3: Adhesion layer of substrate surface

For very problematic large-area cases, we recommend spin-coated adhesion layers, e.g., Tl-prime
that is the commonly used as adhesion layer for positive-tone AZ resists. Please refer to readily
available documentation on process details.

http/fwww.microchemicals.com/products/adhesion promotion/ti prime_html

As another option for such cases we recommend to spin a very thin layer of SU-8, process it, and
flood expose it. Don't forget the post exposure bake, development is not needed though. Make
sure to correct for the layer thickness when finding the interface. SU-8 was found to be very sticky
to all IP-resist.

Revision 5 2of2
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