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Summary

Microfluidic technologies allow handling and characterizing liquid samples on the micro-
to picoliter scale. Thereby, the viscosity and mass density are key properties of such samples,
because they characterize their flow behavior. The viscosity of a liquid indicates its resistance
to flow, whereas the density quantifies the mass per volume. Molecular transformations, such
as chemical polymerization, protein folding and aggregation, or nucleic acid hybridization,
influence both properties. Therefore, measuring them is fundamental for basic research,
quality control, and process monitoring. Since many, especially biological, samples are only
available in small quantities and/or expensive, reducing sample consumption is essential.
Furthermore, the acquisition time of viscosity measurements nowadays is on the order of
minutes, limiting the characterization of large numbers of samples. Hence, increasing the
time resolution and the throughput is another significant requirement.

It was early noticed that the dynamics of nanomechanical resonators are strongly influenced
by the surrounding fluid. This effect can be utilized to measure the fluid properties, specit-
ically the viscosity and mass density. In this thesis, resonant nanomechanical cantilevers
were, therefore, employed with focus on the application of higher modes of vibration.

First, a suitable method to excite and detect the strongly damped cantilever resonances en-
countered in liquid was realized: Photothermal excitation uses an intensity-modulated laser
to induce cantilever vibration. Its direct and local energy transfer avoids distortions arising in
prevalent excitation methods, such as piezo-acoustic excitation, and results in spurious-free
resonance spectra. To detect the nanometer vibrations of the cantilevers, a second laser was
used in an optical beam deflection configuration. Such optical excitation/detection method
is accurate and robust, however, it is only suitable for transparent liquids. Technical details
about the developed setup are provided in the appendix of this thesis. Due to the small
dimensions of the microfluidic channel containing the cantilever sensors, the influence of
proximate surfaces was investigated. Placing a vibrating cantilever below a critical distance
to a surface induces squeeze-film damping. The magnitude and range of this undesirable
effect on higher mode vibrations was characterized and incorporated in the fluid channel
design. The above findings are generally applicable to atomic force microscopy and nano-

mechanical sensing in liquid.



Next, the ability of the sensor to measure viscosity and mass density of liquids was assessed.
Dynamic properties of the cantilever resonator were derived from resonance spectra and
converted into the surrounding liquid properties, using adapted hydrodynamic models. Mul-
tiple modes of vibration covered a broad frequency range in the order of kHz to MHz. A
stringent temperature control was implemented, due to the high temperature dependency of
the measured parameters. To investigate time-resolved processes, free-radical polymeriza-
tion reactions were tracked and characterized. The shear-thinning behavior of the polymer
solutions, i.e., the non-Newtonian effect of decreasing viscosity with increasing frequency,
was resolved by the instrument. The time to characterize a 5 L sample was on the order of
1 min.

Finally, the setup was optimized for automated high-throughput screening of microliter sam-
ple droplets. The droplets were generated by an automated sampler and separated by fluo-
rinated oil. To achieve the required time resolution, a higher vibrational mode was tracked
using two phase-locked loop demodulators. This allowed to derive the viscosity and mass
density of the liquid surrounding the resonator with a temporal resolution of about 1 ms.
The instrument was able to detect ~1 uL droplets at a rate on the order of 1 s per droplet.
The developed viscosity and mass density sensor opens several possibilities. We recently
initiated the study of stimulus-responsive polymers for glucose sensing and the unfolding
behavior of proteins. This, by solely measuring changes in viscosity after introducing the an-
alyte or inducing denaturation. Future work could involve monitoring of RNA hybridization
and protein aggregation into fibrils.
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CHAPTER 1

Introduction

1.1 Nanomechanical sensing

Sensors that transduce and amplify signals into an observable quantity are of fundamental
importance. The technological revolution triggered by the first optical microscopes eventu-
ally led to the invention of atomic force microscopy (AFM) [1], where a sharp tip attached to
a microcantilever beam is used to scan over a sample surface. The topography of the surface
is reflected in the deflection of the microcantilever that can be measured. Common micro-
cantilevers are ~ 100 pm long, ~ 10 um wide and ~ 1 pm thick — a comparison to the
size of a human hair is shown in Figure 1.1. The potential of such microcantilever sensors
for label-free physical, chemical and biological sensing was early recognized [2].

A general sensor principle is depicted in Figure 1.2a. It contains an input signal (e.g., an
analyte to be detected), a selectivity filter, one or multiple transduction mechanisms and an
output signal. Selectivity is the property of a sensor to exclusively respond to a specific input,
e.g., an analyte or physical quantity. It can be achieved by functionalizing the sensor surface
with a molecule that specifically binds the targeted analyte [3] or by suppressing spurious
effects below the limit of detection, e.g., by preconditioning the sample [4]. The transduc-
tion involves the translation of the measurand, e.g., analyte binding, temperature variation
or fluid property change, into measurable signal that can be subsequently detected and con-
verted into an electrical output signal. Two methods are commonly employed to operate
nanomechanical cantilever sensors: static mode and dynamic mode (Figure 1.2b and ¢). In
static mode, the deflection of a microcantilever, which depends on surface and bulk stresses,
is monitored. Surface-stress is caused by steric effects and electrostatic interactions of ad-
sorbate layers, mostly nucleic acids, proteins or self-assembled monolayers [5]. In contrast,
changes in bulk stress can originate from temperature gradients or arise in bi-material con-
figurations that can be employed as highly-sensitive calorimeters [6]. In this thesis, I will

focus on the dynamic mode operation where the microcantilever is vibrating at resonance.
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Figure 1.1: False-colored scanning electron microscope image of a hair of mine and three
microcantilevers (scale bar: 100 um, image courtesy Ken Goldie).

The frequency of such resonator is determined by its effective stiffness ke and effective mass
Mmegr [3]:
L] Feir

F=5\m = Kefr = ket + Ak, Mefr = M e + Am. (1.1)
€

With k o and m. .¢ being the effective stiffness and mass of the cantilever and Ak and Am
changes in these properties. Besides the fundamental mode of vibration, there is an infinite
number of higher vibrational modes, also referred to as higher harmonics. Figures 1.3a and
b, respectively, show the first three flexural mode of vibration for a microcantilever (clamped
at one end) and a bridge resonator (clamped at both ends). Both are commonly employed
geometries for beam-based sensors [7]. Another important figure of merit, besides the fre-
quency f, is the damping acting on nanomechanical resonators. The sum of all dissipative
effects is quantified by the damping coeflicient ¢ [7]. It is convenient to utilize the quality fac-
tor (), a measure for the number of oscillation cycles during the ring-down of the resonator
(Figure 1.3¢) [4]:

Eefrmmess
Q= P

(1.2)

By employing the principle, that changes in mass will shift the frequency, weighing biological
and chemical molecules, bacteria, yeast cells and viruses at femtogram (air) and nanogram
(liquid) resolution was achieved [5, 8, 9]. Higher modes of vibration thereby provided a
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Figure 1.2: (a) Schematic diagram of a sensor (adapted from Reference [3]). Modes of op-
eration: (b) Static mode (deflection Az) and (c) dynamic mode (amplitude ag, frequency f,

quality factor Q).

higher sensitivity [10]. It is evident from Equation 1.1, that the elastic properties (stiffness)
of adsorbates also influence the frequency. Therefore, adsorption to the resonator surface
will not only increase the mass, but also the stiffness of the resonator, leading to opposing
effects [11]. Measuring not only the frequency but also the quality factor, allows to disentan-
gle the effects of adsorbate mass and stiffness [12]. Furthermore, measuring multiple modes
of vibration allows to determine viscoelastic properties of the adsorbate layer [13]. So far, ho-
mogeneous adsorbate layers were considered. This assumption, however, does not hold for
the adsorption of single particles and layers with partial surface coverage. Because of their
mode shape (see Figure 1.3a), higher modes exhibit a different mass sensitivity along the
cantilever. Therefore, they can be used to account for the position of adsorbent particles and
derive the correct adsorbate mass [14-17]. This principle was for example used to measure
the mass and position of single 500 kDa proteins (attogram) adsorbed to bridge resonators in
vacuum [18]. Another emerging type of nanomechanical sensors is the suspended channel
resonator (SCR). It resembles a hollow cantilever containing a built in microchannel result-
ing in picoliter liquid volumes. Its major advantage is the operation in vacuum, were much
higher sensitivities are achieved [19]. SCRs were employed to measure the buoyant mass of
single cells and biomolecules [19], nanoparticles [20] and amyloid fibril formation [21] at
attogram resolution in liquid. Furthermore, the thermo-mechanical bending of bi-material
microchannel cantilevers was used for infrared spectroscopy [22].

Fluid surrounding the resonator also alters the effective mass m.g and damping c and, there-
fore, changes its dynamic properties. Such fluid loading depends on the viscosity and mass
density and is usually considered an undesired effect because it decreases the mass sensitivity
[23]. However, employing this effect for fluid characterization has recently drawn increasing
interest [24] and is discussed in Section 1.3.



CHAPTER 1. INTRODUCTION
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Figure 1.3: First three flexural resonant mode shapes of common nanomechanical sensor ge-
ometries: (a) Singly clamped cantilever, fixed on the right-hand side, and (b) doubly clamped
bridge resonator, fixed on both ends. (c) Ring-down curve of a resonator with a quality factor
of 10 (fast decay) and 100 (slow decay).

The challenge to actuate and detect nanomechanical cantilever vibrations on the order of
1 A to few 100 nm, led to the development of various techniques. The most straightforward
way is to use thermal fluctuations (kpT'), which drive the resonator to a certain amplitude
depending on its stiffness kg and the ambient temperature 7. According to the equiparti-
tion theorem, (ag) ~ +/kpT ke [4], root-mean-square amplitudes (ag) on the order of
nanometers (k. = 1073 N/m) to picometers (ke = 102 N/m) are expected. Because the
signal-to-noise ratio can be improved by increasing the amplitude, different techniques to
drive resonators are used. The most common method is piezo-acoustic excitation, where a
vibrating piezo placed close to the resonator transfers mechanical energy. However, it was
realized that the indirect energy transfer also excites resonances of the surroundings, lead-
ing to so called spurious resonance peaks that can mask the response of the cantilever [25].
Therefore, direct cantilever excitation methods were investigated: Thermal methods, where
vibration is induced by thermo-mechanical means, employ resistor (Joule) or laser (photo-
thermal) heating to drive the resonator [7]. Figure 1.4 compares a resonance peak recorded
in water driven by photothermal excitation and piezo-acoustic excitation. Event though the
piezo-acoustic spectrum is of high quality, spurious distortions are still visible. In contrast,
the photothermal excitation matches the model with high accuracy. Other direct excitation
methods include electrostatic, magnetomotive (Lorentz force) and magnetic excitation [7].

The detection methods can be divided into optical and electrical techniques [4, 7]. Optical
detection is very robust and accurate, however, the surroundings need to be transparent at
the employed laser wavelengths. The most widely used technique is the optical lever (optical
beam deflection), where the reflected laser beam is used to measure the angular displace-

ment of the resonator. Interferometric detection (e.g., Fabry-Perot interferometers [26] and
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Figure 1.4: Resonance peak recorded using (a) photothermal and (b) piezo-acoustic excita-
tion. The thin black line represents a harmonic oscillator model. The residuals between the
data and the model are shown in the top panel.

laser Doppler vibrometers [27]) using a coherent light source has a higher resolution but
also increased complexity [4]. Furthermore, integrated waveguides were employed, where
the light coupling efficiency was correlated to the deflection of the cantilever [7]. Electrical
detection methods are based on capacity, piezoelectricity, piezoresistivity and conductivity
[7]. The challenge entailed by these methods is their implementation in liquid, where elec-
trical insulation is crucial [28].

1.2 Fluid properties

1.2.1 Definition

A variety of properties are required to entirely characterize a fluid. Transport properties as
the viscosity and thermal conductivity quantify transport of momentum and energy. Ther-
modynamic properties include the mass density, temperature, etc. and account for proper-
ties such as the mass per volume and mean molecular velocity [29]. Here, I will focus on
the viscosity and mass density of fluids, because of their major impact on the dynamics of
nanomechanical resonators. The definition of the mass density is [29]

Am

PE M AT (13)
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Table 1.1: Viscosity and mass density of some liquids at 7" = 293 K [32].

Liquid Viscosity  / mPas  Density p / g/cm?

Water 1.002 0.998
Methanol 0.792 0.586
Ethanol 1.203 0.789
Glycerol 1460 1.261

where V and m are volume and mass of the fluid and V the continuum limit, i.e., the smallest
volume where a fluid element still has a sufficient number of molecules, that its properties can
be considered unaffected by molecular fluctuations. The unit of the mass density is kg/m?.
The dynamic viscosity 7 (simply referred to as viscosity in this thesis) of an incompressible,
Newtonian fluid is constant and relates an applied shear stress o to the resulting rate of shear
strain 4, i.e., the rate of deformation [30]:

(1.4)

3
Ml
219

Because the units of strain rate and shear stress, respectively, are [§] = s~ ! and [0] = N/m?
the unit of viscosity is N-s/m? or Pa-s. It is important to consider that the viscosity of fluids
is highly temperature dependent. It decreases for liquids, whereas it increases for gases with
increasing temperature [31]. Therefore, the subsequent discussion assumes the temperature
to be constant. Viscosities and mass densities of some common liquids at 293 K are tabulated
in Table 1.1.

For a more descriptive definition of viscosity, a fluid is placed between two surfaces of area A,
separated by a distance d, and a shear force F}, is applied to the upper surface (Figure 1.5a).
For small separation distances d, this will result in a linear velocity gradient du,(z)/dz that
is equal to the strain rate 4 . Furthermore, the shear stress equals the force per area, thus,
o = F,/A. Due to the no-slip boundary condition, the fluid in vicinity to the surface has
the same velocity, i.e., u,(0) = 0 [31]. Rewriting Equation 1.4 leads to

F, dug(z)

_ T , 1.5
o= =N (1.5)

It can be seen from this relation that flow only occurs (u; > 0) as long as a finite force is
applied (F; > 0). Furthermore, the higher the viscosity the more force is required to reach
a certain flow velocity, therefore, the viscosity is a measure for the resistance of the fluid to
flow. A similar situation is shown in Figure 1.5b, where the bottom surface is conducting an
in-plane oscillatory motion at frequency f. Due to the no-slip boundary condition, the fluid

is coupled to the surface. The decay length of the velocity is called viscous boundary layer §
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(a) (b)

moving surface, A

fluid

stationary surface, A oscillating surface, A ‘—’f

Figure 1.5: (a) Flow velocity of a fluid sheared between two surfaces, the z-origin is at the sta-
tionary surface; adapted from [30] (b) Flow velocity above a surface oscillating at frequency
f at maximum deflection; ¢ is the viscous boundary layer [31].

and indicates the distance from an oscillating surface, where the flow velocity dropped by

1/e [33]. The viscous boundary layer is a function of the fluid viscosity 7 and density p and

5= ]—L. .
mpf (1.6)

For frequencies encountered with nanomechanical resonators the boundary layers are rang-

the frequency f [31]:

ing from 18 um (1 kHz) to 0.6 um (1 MHz), and, thus, are comparable to commonly em-
ployed cantilever dimensions.

1.2.2 Viscosity of solutions

A solution is defined as a liquid (solvent) containing dissolved particles (solutes). The vis-
cosity of such a solution depends on the concentration, size and shape of the dissolved com-
ponents as well as on interactions between them. The ratio between solution 7 and solvent

viscosity 7g is termed relative viscosity 7,

= L. (1.7)
1o

For non-interacting suspensions of hard spheres, the relative viscosity was derived by Ein-

stein [34]. It only depends on the volume fraction ¢ occupied by the particles,

nr = (14 [nly), (1.8)

where [n] is called intrinsic viscosity and equals 2.5 for spherical particles. Due to the as-

sumption of non-interacting particles, this relation is only valid for very small volume frac-
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Figure 1.6: Models to describe the relative viscosity of suspensions by Einstein (Equa-
tion 1.8), Batchelor (Equation 1.9), and Krieger-Dougherty (Equation 1.10).

tions ¢ < 0.03. Batchelor derived the higher order term, validating the equation for volume
fractions ¢ < 0.10 [34]:
me = (14 [n]e + 6.20%). (1.9)

An empirical expression valid for arbitrary particle shapes and concentrations was presented

_[n]@m
Ny = (1 — (P) , (1.10)
Pm

where ¢, corresponds to the maximum-packing volume fraction, ~ 0.64 for spheres. Fig-

by Krieger-Dougherty [34]:

ure 1.6 shows a comparison of the above equations. In the low-concentration regime (¢ <
0.1) they coincide well. However, at higher concentrations, deviations become substantial.
Even though, these models were derived assuming a suspension of solid particles, they are
routinely applied to polymer and protein solutions. Modified Krieger-Dougherty models
were, e.g., applied to describe the concentration-viscosity behavior of globular proteins [35].
Furthermore, the intrinsic viscosity [7] of dilute polymer solutions can be empirically related
to the polymer molecular weight MW by the Mark-Houwink equation [34]: [] = CoMW®1,
where Cp and (' are parameters depending on the polymer-solvent system. To estimate the
molecular weight MW, a dilution series of the polymer is usually measured and fitted with

one of the above models to determine [7)].
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Figure 1.7: Normalized viscosity of a Newtonian (red curve) and a non-Newtonian Maxwell
(dashed blue curve) fluid plotted against the shear-rate.

1.2.3 Non-Newtonian fluids

So far the viscosity 7 of a given liquid at a certain temperature was assumed to be a con-
stant. However, experiments have shown that the viscosity of many solutions varies with
the applied shear rate 4. To account for this, the viscosity is redefined as a function of the
shear-rate:

(1.11)

Fluids showing such complex behavior are termed non-Newtonian and the corresponding
field of research is called rheology [30, 34]. The behavior originates from the fact, that such
fluids have a certain elastic component, in addition to their viscosity. Thus, they exhibit a hy-
brid behavior between an elastic solid (Hookean) and viscous fluid (Newtonian). The shear-
rate-viscosity behavior can become arbitrarily complex and depends on many parameters.
Comprehensive literature is available for the interested reader [30, 34]. A commonly ob-
served behavior of many dilute polymer [30, 34] and protein [35] solutions is shear-thinning,
where the viscosity decreases with increasing shear-rate. Figure 1.7 compares a Newtonian
to a shear-thinning (non-Newtonian) fluid, described by the Maxwell model. A Newtonian
fluid can be modeled by a dashpot that dissipates energy independent of shear-rate (constant
viscosity). The mechanical equivalent of a shear-thinning fluid, is a dashpot coupled to a lin-
ear elastic spring (Maxwell model), possessing a relaxation time 7, which characterizes the
frequency-onset of shear thinning. At low frequencies (47 < 1), the energy is dissipated by
the dashpot leading to a high viscosity. In contrast, at high frequencies (47 > 1), the spring
is deformed and the dashpot is bypassed leading to less dissipation, i.e., lower viscosity. As a
rule of thumb, the higher the molecular weight and the aspect ratio of a solute, the higher its
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concentration and the higher the applied shear-rate, the more likely it is to encounter non-
Newtonian effects. Pure solvents and small dissolved molecules usually display Newtonian
behavior over large frequency ranges. For example solutions of glycerol are widely accepted
to be Newtonian and therefore used as viscosity standards [36]. However, at very high fre-
quencies obtained with vibrating nanoparticles (20 GHz), there are recent indications for
the onset of the non-Newtonian regime of glycerol [37].

To relate steady-shear viscosity data to dynamic oscillatory viscosity data (compare Fig-
ure 1.5a to b), the empirical Cox-Merz rule can be employed. It states that the steady-shear
viscosity 77(*y) is equal to the dynamic oscillatory viscosity n* (27 f) [34, 38]:

n(y) = n* (2 f). (1.12)

It was observed that Equation 1.12 only holds for dilute polymer solutions [39] and moder-
ate molecular weights [40]. Large deviations were also observed at high protein concentra-
tion [35]. Nevertheless, it remains an important relation to compare data from steady-shear
and oscillatory shear measurements and is, e.g., applied to compare cantilever-rheometer to
steady-shear rheometer data [41].

1.3 Fluid property sensors

Microfluidic implementations of viscosity and density sensors become increasingly impor-
tant [42]. First and foremost, they reduce the sample volume required for a single measure-
ment, making them suitable for rare and/or expensive samples, as encountered in many bi-
ological applications. Besides the reduced sample consumption, microfluidic viscometers
have the advantage of a small thermal inertia [43], facilitating a fast temperature equilibra-
tion. Furthermore, shear forces acting on the fluid are small due to the small amplitude
of vibration and, thus, shear heating of the sample, encountered in macroscopic viscome-
ters [36], is negligible. Interfacing with other microfluidic sensors can be facilitated and the
rate of exchange of liquid samples, i.e., homogeneous sample distribution in the measure-
ment fluid channel, scales inversely with the dimensions. Finally, using micrometer sized
resonators allows to access the high-frequency regime, which allows to extend the range of
rheological measurements or to increase the measurement speed.

The viscosity and mass density of the fluid surrounding a microcantilever has a large impact
on its dynamic properties. The putative drawback of such fluid damping, however, attracts
increasing interest for fluid characterization [24]. Early literature reported characterization
of the frequency and quality factor of cantilevers immersed in fluids of known properties
[44-46]. Even the hydrolysis of DNA was monitored, though without deducing quantitative
viscosity values [47]. The emergence of comprehensive fluid dynamic models, introduced
and discussed in Chapter 2, entailed many experimental studies. For a given cantilever, the

10
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Table 1.2: Liquids and solutions’ characterized using cantilever based Newtonian viscosity
and density sensors. The measured viscosity 77 and density p ranges are indicated.

Reference Year  Characterized liquids n/mPas p/g/mL
Cakmak et al. [48] 2014 blood plasma — —
Heinisch et al. [49] 2014 glycerol', acetone-isoprop. 0.93-216 1.00-1.24
Bircher et al. [50] 2013 glycerol', polyacrylamidef 1.0-20  1.00-1.18
Cakmak et al. [51] 2013 glycerolT, plasma, serum 0.95-3.02 1.0-1.1
Hur et al. [52] 2013 glycerolf 1.0-600  1.0-1.26
Rust et al. [53] 2013  glycerol’, DNAT 1.0-1.7  1.00-1.03
Xu et al. [54] 2013 toluene 0.40-0.56 —
Paxman et al. [55] 2012 glycerol, ethanol 1-45 0.7-1.2
Youssry et al. [56] 2011 dodecane, silicone oils 1.67-553  0.75-1.00
Hennemeyer et al. [57] 2008 glucoseT, fructose’, sucrosef 0.9-20 —
Schilowitz et al. [58] 2008 hexadecane, dodecane 28.7-55.6 0.86
McLoughlin et al. [59] 2007  poly(ethylene glycol)® 0.93-2.25 1.00-1.03
Wilson et al. [60] 2007  glycerol® 1.0-2.4  1.00-1.04
McLoughlin et al. [61] 2006 ethanol 0.8-2.6 0.8-1
Papi et al. [62] 2006 glycerolf — —
Boskovic et al. [63] 2002 acetone, CCly, butanol 0.31-2.5 0.79-1.60
Bergaud et al. [64] 2000 ethanol 1.35 0.79

models basically relate the dynamic properties of the cantilever (frequency f and quality

factor Q) to the surrounding fluid properties (density p and viscosity 7):

Hydrodynamic model

(f,Q) (1, p)- (1.13)

Table 1.2 gives a literature overview on viscosity and density sensors using flexural vibrations
of microcantilevers. Only papers that derived viscosity and density values from the resonator
characteristics, and not vice versa, were considered. Furthermore, it is emphasized that also
partially immersed cantilevers [65], doubly clamped beams [66-69], lateral (in-plane) [70]
and torsional modes [71] and suspended channel resonators (SCRs) [72] were used for the
same purpose. Table 1.2 confirms the general acceptance of glycerol solutions for viscos-
ity sensor calibration and a trend towards complex samples, such as polymers, DNA and
blood. The instrumentation details for the cantilever viscosity and density meters, including
employed excitation and detection methods and required sample volume, are provided in
Table 1.3. Recording thermal noise or piezo-acoustic spectra directly from an atomic force
microscopy setup, was the most popular method in the early literature reports. Yet, because
this was not suitable for higher viscous samples or macroscopic cantilevers and introduced
spurious resonances, respectively, magnetomotive (Lorentz force) and magnetic excitation

11
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Table 1.3: Excitation and detection methods and sample volume V' for cantilever based vis-
cosity and density sensors (OBD: optical beam deflection).

Reference Year  Excitation Detection V/uL
Cakmak et al. [48] 2014 magnetic vibrometer 10
Heinisch et al. [49] 2014 magnetomotive magnetomotive —
Bircher et al. [50] 2013 photothermal OBD 5
Cakmak et al. [51] 2013  magnetic diffractive 150
Hur et al. [52] 2013 piezoelectric piezoelectric —
Rust et al. [53] 2013 magnetomotive magnetomotive 10
Xu et al. [54] 2013 magnetomotive Wheatstone bridge —
Paxman et al. [55] 2012 thermal noise OBD 100
Youssry et al. [56] 2011 magnetomotive vibrometer —
Hennemeyer ef al. [57] 2008 thermal noise OBD —
Schilowitz et al. [58] 2008 piezo-acoustic =~ OBD 4000
McLoughlin et al. [59] 2007 thermal noise OBD —
Wilson et al. [60] 2007 piezoelectric piezoelectric —
McLoughlin et al. [61] 2006 magnetic OBD —
Papi et al. [62] 2006 — OBD 100
Boskovic et al. [63] 2002 thermal noise OBD —
Bergaud et al. [64] 2000 piezo-acoustic ~ OBD 50

is quite common nowadays. For precise determination of the frequency and quality factor, it
is essential that the excitation method does not introduce spurious resonances. Optical de-
tection methods, such as optical beam deflection, vibrometers or diffractive techniques, still
dominate. But electrical and magnetomotive read-out techniques are on the rise to overcome
the restriction to transparent samples entailed by optical detection. Furthermore, reports
on rheological measurements of non-Newtonian liquids using cantilevers, recently became
available in literature [73-77]. Besides the challenge of formulating fluid dynamic models
accounting for non-Newtonian behavior, rheological samples mostly are highly viscous and
non-transparent. This entails a complete redesign of the experimental setup and makes mi-
croscopic cantilevers, which have a smaller dynamic range, less suitable.

Besides microcantilevers there is a variety of other methods to determine the viscosity and
partially the mass density of fluids in microliter volumes. Among others, they comprise
MEMS plate [78,79], membrane [80], tuning fork [81], shear-mode [82], and opto-mechanical
[83] resonators; beads trapped by magnetic [84] and optical [85, 86] fields and attached to
cantilevers [87]; pressure gradients across micro-channels [88-90] or between parallel flows
[91-93]; fluorescent probes [94] and image-analysis based approaches [90, 95].

Last but not least, it is important to consider commercially available instruments. Dur-

ing the past years, viscometers have shown a sharp decrease in sample volume required

12
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for a measurement, indicating an increasing demand for such techniques. They comprise
the following principles (the minimal sample consumption of the considered instruments
is < 1 mL and is indicated): Rolling-ball viscometers, MINIVIS II (400 p:L, Grabner In-
struments) and Lovis 2000 M/ME (100 L, Anton Paar), capillary viscometer, Viscosizer
200 (50 pL, Malvern), rectangular-slit viscometers, m-VROC (>20 uL, RheoSense) and m-
VROCi (100 pL, Malvern), vibrating piston viscometer, VISCOlab 5000 (75 pL, Cambridge
Viscosity), and dynamic light scattering, DWS RheoLab II rheometer (~ 4004L, LS Instru-

ments).

13
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1.4 'Thesis overview

The goal of this thesis was to evaluate resonant nanomechanical cantilevers for fluid charac-

terization applications. Therefore, the following aspects were investigated:

14

Chapter 2 reviews the theoretical background on cantilever dynamics in vacuum and
under fluid loading. Furthermore, the harmonic oscillator theory, which describes
resonant behavior, is summarized.

Chapter 3 reports the implementation of photothermal excitation in the developed
setup. It is able to excite higher-mode vibrations of microcantilevers in liquid, with-
out introducing spurious resonance peaks. Heating effects are assessed by solving the
heat equation using finite element analysis and are compared to measured values. The
efficiency of the excitation is analytically calculated and compared to the measured
resonant behavior of the cantilever.

Published in Micro Nano Lett. 8, 770 (2013) [96]

Chapter 4 evaluates the behavior of the microcantilever resonators in microfluidic
containers. Placing the resonator close to a solid surface introduces squeeze-film
damping, caused by the fluid confined in between. The magnitude of the effect on
higher-mode vibrations is measured and discussed.

Published in EPJ Tech. Instrum. 1, 10 (2014) [97]

Chapter 5 shows the application of the microcantilever sensor for fluid viscosity and
mass density measurements with microliter sample consumption. Furthermore, free-
radical polymerization reactions were monitored in a time-resolved manner. The
shear-thinning properties of the polymer solutions were resolved by the sensor.
Published in Anal. Chem. 85, 8676 (2013) [50]

Chapter 6 presents a method to characterize the viscosity and mass density with high
temporal resolution. To screen 1 pL sample droplets at a high rate on the order of
1 Hz, a two-phase flow configuration was employed.

Chapter 7 concludes the thesis and gives an outlook and perspective on applications

of the instrument.

Appendix A provides technical details on the developed setup to excite and detect
resonant microcantilever vibrations using photothermal excitation and optical lever
detection. Furthermore, protocols for sensor preparation and fluid cell fabrication as

well as a brief overview on the developed software are given.



CHAPTER 2

Theoretical Background

Abstract

This chapter provides an overview on the underlying theories employed in this thesis. First,
the harmonic oscillator theory is introduced, which describes resonator data. Next, the
Euler-Bernoulli beam theory is derived and reviewed. Finally, theories describing hydro-
dynamic forces acting on cantilevers under various conditions are summarized. It is em-
phasized that in the theoretical models the angular or radial frequency w (unit: rad/s) is
used, whereas the temporal frequency f (unit: Hz) is usually measured. They are related by
w=27f.

2.1 Harmonic oscillations

Countless experiments and theoretical studies have shown that the dynamic response of
nanomechanical resonators can be described by a harmonic oscillator model with good ac-
curacy [98]. Therefore, this section gives an overview on the theoretical background of the

harmonic oscillator, which was used to describe the measured data.

2.1.1 Simple harmonic oscillator

The potential energy F,o; of a one degree of freedom (1 DOF) harmonic oscillator described
by an effective or equivalent mass m.¢ connected to a linear elastic spring k. is given by [99]

1

Epot(z) = ikeffz2a (2.1)

where z is the displacement from the equilibrium position (2 = 0). A schematic of such
simple harmonic oscillator (SHO) is shown in Figure 2.1a. By calculating the gradient of the

15
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Figure 2.1: Schematic of a (a) simple harmonic (SHO) and (b) driven damped harmonic
(DDHO) oscillator. A point mass m is attached to a linear elastic spring k. Damping is
modeled by dashpot « and the equilibrium position (z = 0) is indicated by the dotted line.

2
potential energy F' = —%’;(Z) and comparing to Newton’s second law F' = meff%gt), the

equation of motion in absence of damping and any external forces can be formulated:

d?z(t
meffdt(Q) + keez(t) = 0. (2.2)
Inserting the following ansatz z(t) = age’“t?), with a being the amplitude of vibration,
leads to the well known solution for the eigenfrequency or natural frequency of the harmonic
oscillator:
Keft

Meft

2.1.2 Driven damped harmonic oscillator

Introducing a damping force, quantified by coefficient y = % for @ > 1, which depends on
the eigenfrequency wy and the quality factor (); and a periodical driving force Fy,iy. extends

Equation 2.2 to

d?z(t dz(t ,
Meff < dt(2 ) + di ) + w%z(t)) = Five(t) = Fpe™?. (2.4)
By inserting the same ansatz as above z(t) = ape! @9 into Equation 2.4 and separating

the real and imaginary part, the following relations are found:

(wg — w2) sin ¢ + yw cos ¢ = 0, (2.5)
Fy

. (2.6)
AQMeff

(w% — wz) cos ¢ — ywsin ¢ =

16
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To obtain the steady-state amplitude ag, Equations 2.5 and 2.6 are squared, added and solved
by inserting the trigonometric identity sin? (x) + cos? (x) = 1 [99]:

do(w) = Fo/meg _ Fo/meg . 2.7)

\/(wg —w?)” + (yw)’ \/(wg —w?)?y (%)2

The amplitude response at different quality factors () is shown in Figure 2.2a. Atlower quality

factors the peak amplitude decreases and its position shifts towards lower values. The point

of maximal amplitude is called resonance frequency wg and can be found by solving % =

2
07 / 1

Note that for weak damping (y < wg or ) > 1) the eigenfrequency and resonance fre-

quency coincide wgr ~ wy.

By rearranging Equation 2.5 and using the relation {7 = cotz we obtain
2,2
Wy — w
cot(¢) = —2L——. (2.9)
Yw

Using cot(z) = tan (7 (n+ 3) — 2) and identifying n = —1 by applying the boundary
condition ¢(w = 0) = 0, leads to the solution for the steady-state phase-lag:

2 2 2 _ 2
$(w) = arctan YY) T L rctan QM T (2.10)
Yw 2 wow 2

The phase response at different quality factors () is plotted in Figure 2.2b. The phase-lag be-
tween the drive and the oscillator at the phase-turning point w = wy is — 7, i.e., at resonance
the oscillator lags behind the excitation by 90°.

In summary, harmonic oscillations are entirely characterized by their radial eigenfrequency
wo and quality factor Q. Thereby wo = 27 fo and Q@ = = for @ > 1. fo is the eigenfre-
quency and vy is the half-power bandwidth of the resonance peak, both having the unit Hz.
At the eigenfrequency wy most energy is absorbed by the resonator. () is a measure for the
energy dissipated per oscillation cycle [98]:

Eresonator
=2n—— 2.11
Q=2m ABou. (2.11)

where Eresonator and A Ey e, respectively, are the average energy stored in the resonator and
lost per oscillation cycle.

17
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Figure 2.2: Steady-state amplitude (a) and phase (b) response of a driven damped harmonic
oscillator for quality factors (Q of 1, 3, 10, 30 and 100. The dotted vertical line represents the
eigenfrequency wy and the dashed line in (a) the resonance frequency wg, describing the
peak maximum.

2.2 Undamped microcantilever dynamics

2.2.1 Euler-Bernoulli beam theory

The next section gives a detailed description of the Euler-Bernoulli equation governing dy-
namic cantilever behavior. A schematic representation of such beam is given in Figure 2.3a.
Countless experiments and theoretical studies confirmed that cantilever beams with mi-
crometer and even nanometer dimensions can be described by classical continuum mechan-
ics [98]. The most extensive analytical approach to describe dynamics of vibrating beams is
the Timoshenko model, however, if assumptions (a) - (c) below are met, the Euler-Bernoulli

beam theory is recovered [100]. It is subsequently derived under the following assumptions:

(a) The cantilever aspect ratios L/band L/h are large (L > b, h),

(b) The deflection W is far smaller than any cantilever dimension (W < h, b, L),
(c) The cantilever material is linear elastic,

(d) Intrinsic dissipative effects c( are negligible,

(e) The cross section is uniform along the beam,

(f) The cantilever material is homogeneous.

Figure 2.3b shows a schematic of a cantilever beam of thickness h, width b and length L. An

external force per unit length F' causes a shear force V' and bending moment ) to act on

18
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Figure 2.3: (a) Schematic of a cantilever beam of length L, width b and thickness h. (b)
Longitudinal cross section of the same cantilever, indicating an infinitesimal element dx of
the beam where shear force V' and bending moment M are acting. The deflection function
W (z,t) of the cantilever is indicated (panel (b) adapted from Reference [101]).

each element of length dz. Balancing the forces (3 F' = 0) and moments (> M = 0) and
neglecting higher order terms leads to [101]:

oV 82W (z,t)
— G+ F = (2.12)
OM
V=" (2.13)

where j1. = p.bh is the linear mass density, with p. being the mass density of the cantilever
material and W (z, t) the deflection function of the cantilever beam. The basic form of the
Euler-Bernoulli beam theory relates the bending moment M to the curvature of the beam

under the assumption of small deflections [101]:

O*W (z,t)

M = B(@)L(2)—5 5,

(2.14)

where E is the Young’s modulus, a material constant, and I, the area moment of inertia. The

area moment of inertia of a beam of rectangular cross section in z-direction is given by [98]

h/2  b/2 3 |1/2 bh3
I, = / 22dA :/ szydz _z0 = —. (2.15)
A —hy2.J—b)2 3l pp 12
Combining Equations 2.12, 2.13 and 2.14 leads to the equation of motion:
L E(x)I (@M i (@M —F (2.16)
07 AT Hl g = 5 '
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with F = —coawa(f’t)

—_—————
Fe

+ Fext. (2.17)

F represents intrinsic dissipation by damping coefficient ¢y, which correlates with the beam
velocity, and Fey, is an arbitrary external force. Because of approximation (d) (see beginning
of this section) and absence of external forces, the total force equals zero, F' = 0. Fur-
thermore, due to assumptions (e) and (f), the Young’s modulus, the area moment of inertia
and the linear mass density become independent of z, i.e. E(x) = F, I,(z) = I, and

pie(z) = .. Consequently, Equation 2.16 can be simplified to

4 2
LW | PW ()

BlL.— 1 e — =0, (2.18)

Equation 2.18 can be solved by separation of the variables into a temporal ¥(¢) and spatial
®(x) term [101]. The ansatz for the temporal function W(t) is a harmonic oscillation with

angular frequency wo p,.

W(z,t) = ¢“ont d(z). (2.19)
w(t)
UJ2
Inserting Equation 2.19 into 2.18 and defining 5 = HE 7 leads to
1P W
d0@) _ Keom gy — gigp(z). (2.20)

dz* FEI,
The boundary conditions for a clamped-free cantilever beam are [101]:

B(0) = d'fl;o) ~o, (221)

at the clamped end (x = 0) because translation and bending is constrained.

3P (L
_o0. v=prrTD) g (2.22)
da3

d*®(L)

M =EL~

at the free end (x = L) because it is free to move and, thus, the bending moment M (Equa-
tion 2.14) and shear force V' (Equation 2.13) must be zero. The resulting boundary-value

problem can be solved analytically using the following ansatz [101]:

®(x) = a1 cos(Bpz) + az sin(Brz) + as cosh(Bpz) + aq sinh(B,x). (2.23)
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Figure 2.4: The eigenvalues [3,, L for a clamped-free cantilever beam found by solving for the
positive roots of cos(/5L) cosh(SL) + 1 (solid line). The dashed line represents the asymp-
totic solution cos(L) for large 5 L. The first four eigenvalues are indicated.

The first three derivatives of ®(x) are:

d(I;E:?) = —ay sin(B,7) + ag cos(B,x) + ag sinh(B,x) + a4 cosh(B,x), (2.24)
2
d ;;U(f) = —aj cos(fpx) — ag sin(B,x) + a3 cosh(B,x) + a4 sinh(B,x), (2.25)
3
d Ci:(g@ = ay sin(fBnx) — as cos(Bx) + as sinh(Brx) + a4 cosh(B,x). (2.26)

Applying boundary conditions 2.21 and 2.22 leads to a; = —as3, aa = —a4 and

az _ sin(B,L) —sinh(B,L)  cos(f,L) + cosh(S3,L)
a1 cos(BpL) + cosh(B,L)  sin(B8,L) + sinh(B,L) "

(2.27)

By rearranging and reducing the fractions to a common denominator, the following solution

is found:

sin?(B, L) 4 cos?(B, L) + cosh?(3, L) — sinh?(3, L) +2 cos(B, L) cosh(8,L) = 0,

1 1

(2.28)

which simplifies to
cos(BnL) cosh(BpL) +1=0. (2.29)
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Figure 2.5: Eigenfunctions or mode shapes ®,, of a cantilever undergoing flexural vibrations.
Shown are the first four modes n = 1-4.

Equation 2.29 can be numerically solved resultingin (31 L) = 1.875, (82L) = 4.694, (f3L) =
7.855, (B4L) = 10.996, ... (see Figure 2.4 and Table 2.1). Rewriting the equation allows to
find the asymptotic form for (3, L) > 1

L)~ L) =0, 23
cos(B,L) + cosh(3.I) cos(B,L) =0 (2.30)
with the analytical solutions
1 .
(BpL) =7 <n—2> with n=1,2,3,.... (2.31)

A comparison between the numerically and asymptotically calculated eigenvalues is given
in Table 2.1. Knowing the eigenvalues allows to solve Equation 2.27: as/a; = —0.7341,
—1.0185, —0.9992, —1.0000, . . .. The asymptotic solution of as/a; for n > 1is —1. The
final solution of the eigenfunctions, also referred to as flexural mode shapes is

D, (x) =a; <cos(6nx) — cosh(B,x) + Z—i (sin(Bpx) — sinh(ﬂmr))) , (2.32)
where a; remains undefined as long as no external force is applied. Figure 2.5 shows the
first four solutions using a; = 1. Each mode has n stagnant nodes where ®,, = 0, one at
the clamped end (z = 0) and the remaining ones distributed along the cantilever. The nor-
malized gradient d®,, /dx and curvature d>®,, /dz? of the cantilever is shown in Figure 2.6.
These results give important insights to optimize the laser position on the cantilever used for
detection and excitation. The employed optical beam deflection system utilizes a laser beam
to measure the angular displacement of the cantilever. Consequently, it is sensitive to the
gradient, which is highest at the cantilever tip (x = L, see Figure 2.6a) for all modes [102].
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2.2. UNDAMPED MICROCANTILEVER DYNAMICS

Table 2.1: Numeric and asymptotic solutions of the eigenvalues /3, L of mode n, calculated
using Equation 2.29 and 2.31, respectively. The two functions converge quickly with an error
of A < 1%o for n > 3. The ratio of the modal eigenfrequency wy ,, to the fundamental
eigenfrequency wo 1 as well as the ratio of effective resonator mass me.g to cantilever mass

m.. are shown.

Mode Numeric Asymptotic A/ %o wWon/Wo,1  Meffn/Me

n BnL BnL =B/B7  =3/(BL)*
1 1.8751 1.5708 -162.3 1.00 2431071
2 4.6941 47124 3.9 6.27 6.18-1073
3 7.8548 7.8540 -0.1 17.55 7.88-1074
4 10.9955 10.9956 0.0 34.39 2.05-1074
5 14.1372 14.1372 0.0 56.84 7.51-107°
6 17.2788 17.2788 0.0 84.91 3.37-107°
7 20.4204 20.4204 0.0 118.60 1.73-1075
8 23.5619 23.5619 0.0 157.90 9.73-1076
9 26.7035 26.7035 0.0 202.81 5.90-10°6
10 29.8451 29.8451 0.0 253.34 3.78-10°6

Strictly speaking, this only applies for infinitely small laser spots, but is considered a good
approximation for spot sizes wyser << L [103]. In contrast, the beam curvature is highest at
the clamped end (z = 0, see Figure 2.6b). The efficiency of photothermal excitation, where a
laser periodically heats the cantilever to induce vibration, is proportional to the beam curva-
ture [104]. Thus, it is most efficient to excite multiple modes simultaneously, by positioning
the excitation laser close to the clamped end of the cantilever.

Next, the undamped eigenfrequencies, also referred to a vacuum frequencies, for each mode

can then be calculated using Equations 2.15 and 2.20:

_(B.L)* |EL _ (B,L)*h | E
won =\ =\ (2.33)

This important relation only requires the material properties and the dimensions of the can-

tilever beam. For a given material the vacuum frequency scales linearly with the thickness
h and with the inverse square of the length L of the cantilever. For higher modes, the vac-
uum frequency correlates quadratically with the eigenvalue (see Table 2.1). Employing the

definition for the spring constant of a cantilever [105],

3EI, Ebh?

3T A (234

efr =
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Figure 2.6: (a) Gradient d®,, /dz and (b) curvature AL / dz? of mode 1-4 of the cantilever.
Shown are the absolute values normalized to 1.

allows to identify the effective mass of the cantilever by comparing wo = \/Kefr/Mefin
(Equation 2.3) to Equation 2.33:

m _ 3pchbL — 3me
effn — (ﬁnL)4 — (BnL)4

(2.35)

The effective mass decreases with the fourth power along higher modes, which is the reason
for the quadratic increase of the vacuum frequencies (see Table 2.1). It is emphasized that
some authors included the eigenvalue 3,, L in the effective spring constant [106], resulting
in a constant effective mass.

In summary, the full spatial and temporal behavior of a cantilever undergoing undamped
flexural vibrations can be described by combining Equations 2.19, 2.27 and 2.32:

Wy (z,t) = aye™ont ( cos(fnx) — cosh(f,x)

sin(B, L) — sinh(8, L)
cos(Bn L) + cosh(p,L)

(2.36)

(sin(B,z) — sinh(B,x)) >

The eigenvalue 3, L is calculated by solving Equation 2.29 and the vacuum frequency wy y,
using Equation 2.33.

2.2.2 Finite element analysis

Finite element analysis (FEA) was used to numerically calculate the undamped eigenfre-
quencies of the employed cantilevers. The cantilevers were modeled as isotropic, linear elas-
tic material using the Solid Mechanics Interface in COMSOL Multiphysics 4.3a. The three-
dimensional models were meshed with 25°000-30’000 elements. The boundary condition at

the clamped end of the beam was set as a fixed constraint. The initial value was a small dis-
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2.3. MICROCANTILEVER DYNAMICS IN LIQUID

Table 2.2: Vacuum frequencies fo,, = woy/27 in kHz calculated analytically (Euler-
Bernoulli, Equation 2.33) and numerically (finite element analysis, FEA). The Young’s mod-
ulus and mass density of silicon are £ = 169 GPa and p. = 2330 kg/m?, respectively.

300 pm X 35 pym X 2 pym 500 pm x 100 pm X 4 pm
Moden  FEA  Analytical A/% FEA  Analytical A/ %

1 294 30.6 3.98 22.2 220 -0.89
2 183.9 191.6 4.17  139.1 1379  -0.85
3 514.6 536.5 425 389.6 386.3 -0.87
4 1008.3 1051.3 427 764.0 7569 -0.93
5 1666.7 1737.8 4.27 1264.0 12512 -1.01
6 2489.4 2596.0 4.28 1889.7 1869.1  -1.09

turbance in the displacement field of 107* m in z-direction. Subsequently, the Eigenvalue
and Eigenfrequency solver nodes were used to calculate the eigenfrequencies and eigenmodes
of the cantilever. The first fifteen eigenmodes are shown in Figure 2.7. Besides the flexural
(out-of-plane) modes considered here, lateral (in-plane) and torsional (twisting) modes were
also identified. A comparison between analytically and numerically (FEA) calculated flexu-
ral mode frequencies is given in Table 2.2. The 300 ym x 35 pum X 2 pm cantilevers have
a tapered end with a length of about 15 pym. This additional mass is not considered in the
analytical model, thus it slightly overestimates the frequencies. Regardless, the deviations
are below 5%. For the rectangular 500 ym x 100 ym x 4 pum cantilevers, the deviations are
in the order of 1%.

2.3 Microcantilever dynamics in liquid

2.3.1 Hydrodynamic forces

It was early noted that the medium a vibrating beam is immersed in, has an impact on its
dynamic behavior [107]. To theoretically describe this behavior, Equation 2.16 from the pre-
vious section is employed with an additional hydrodynamic force term Fiyqro:

PW(a,t)  PW(et)  OW(xt)
Bl T ta—yp,

= Farive(z, 1) + thdro(x; t). (2.37)
The hydrodynamic forces can be decomposed into an inertial and dissipative term [108]:

O*W (x,t oW (z,t
thdro(xvt) = —Hf 815(2 ) — Cy 8(t )7 (2.38)
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Figure 2.7: The first fifteen eigenmodes of a microcantilever (300 pm X 35 um x 2 pm) cal-
culated by finite element analysis. Flexural (out-of-plane), lateral (in-plane) and torsional
(twisting) modes and their corresponding eigenfrequencies are shown, the color coding in-
dicates the RMS amplitude.
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2.3. MICROCANTILEVER DYNAMICS IN LIQUID

where 11 is the co-moving or added fluid mass per length and ¢, the viscous damping co-
efficient per length. 1y is related to the cantilever mass per length 1. by the added mass
coeflicient a,, = fi ¢/ pic. Inserting Equation 2.38 into 2.37 leads to:

O2W (2, 1)

OW (z,t
+ pe(1+ am)T + (co + cv)ﬂ

4
oy W (1)
ot

ozt = Flrive (1'7 t)- (2.39)

Because the intrinsic dissipation is much smaller than the fluid damping (¢ < ¢,) for high
aspect-ratio cantilevers, it is neglected [109]. Usually a complex, dimensionless hydrody-
namic function I" is introduced to describe the inertial (real part, added mass) and dissipa-
tive (imaginary part, viscous damping) hydrodynamic forces [33, 110, 111]. The added mass
¢ and viscous damping c,, per unit length are related to I' by

T
pp =5 peb*R(D), (2.40)
cy = gpfb%%(r). (2.41)

For small dissipative effects (), > 1) the coupling between the modes is weak and each
mode can be described by a harmonic oscillator (see Reference [111] and Section 2.1). Thus,

the eigenfrequency wy, and quality factor (),, can be generally described by

1 1
n b ) -2
W _ (1 + TP %(F)) = <1 + Mf) for Q,>1, (2.42)
wWo,n 4p.h c
4pch
+ R(T)
mpsb (fte + Nf)wn
n = = fi n 1. 2.4
) . or Q,> (2.43)

Because I', as we will see, depends on the frequency w;,, Equation 2.42 is solved by an iterative
process until the results are consistent to a certain precision [112]. To find a solution for I'
the Navier-Stokes equations, characterizing the flow field around the cantilever, need to be
solved. For small vibrational amplitudes in liquid, the linearized incompressible Navier-
Stokes equation and incompressible continuity equation are applicable [113]:

pfa—;‘ — —Vp+n V2, V.u=0, (2.44)
where u is the flow velocity field and p the pressure [114]. Analytical, semi-analytical and
numerical approaches were employed to solve Equation 2.44. An overview on theoretical
models describing the hydrodynamic forces acting on vibrating cantilevers immersed in fluid
is given in Table 2.3. All models adopt the no-slip boundary condition that is assumed to
be valid because slip lengths are in the range of nanometers [115], whereas the dominant
length scale of the flow is in the micrometer range. An indication for the validity of these

assumptions are multiple experimental verifications [46, 64, 112, 116-118].
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Table 2.3: Overview on theoretical models describing hydrodynamic forces acting on a cantilever immersed in a Newtonian fluid. Provided are
mode number and type (flexural: E torsional: T, in-plane: IP); geometrical assumptions (if not otherwise mentioned, ag/h, h/b,b/L < 1);
fluid properties and boundaries (bounded: presence of a nearby solid surface); and special remarks. The models employed in this thesis are
highlighted.

Reference Vibrational modes Geometry Fluid Remarks
Number  Type Viscous Bounded Compressible

Elmer 1997 [119] arbitrary F

Hirai 1998 [120] n=1 F vV String of beads

Kirstein 1998 [121] n=1 F Vv

Sader 1998 [111] n=1 F Vv

Agikalin 2003 [122] n=1 F Vv

Maali 2005 [33] n=1 F Vv

Green 2005 [123] n=1 ET Vv Vv

Van Eysden 2006  [124] arbitrary ET

Van Eysden 2007 [125] arbitrary ET Vv

Dareing 2007 [126] n=1 F Vv Vv pr=0

Tung 2008 [127] n=1 F vV v

Van Eysden 2009 [128] arbitrary ET Vv Vv

Brumley 2010 [129] n=1 E IP 0<h/b< oo v

Clark 2010 [130] n<3 F v

Aureli 2012 [131] n=1 T ap/b~1 v

Aureli 2012 [132] n=1 F ag/b~ 1 v

Grimaldi 2012 [133] n=1 F ap/b ~ 0.1 vV Vv

Facci 2013 [134] n=1 F ay/b~01,b/L~1

Phan 2013 [135] n=1 EIP  ag/b~0.1,h/b~1 Vv
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2.3. MICROCANTILEVER DYNAMICS IN LIQUID

In the following, the dimensionless numbers governing the fluid flow and the hydrodynamic
functions from the employed models by Sader [111], Van Eysden and Sader [125] and Tung et
al. [127] are introduced. The dimensionless number most significant for cantilever vibration
in fluid is the Reynolds number [121, 125, 128],

Re = M, (2.45)

Ny

which quantifies the ratio between inertial and viscous forces. The width of the cantilever
b represents the dominant length scale of the flow, w is the angular frequency, and p; and
ny are the fluid density and viscosity, respectively. It is emphasized that this definition of
the Reynolds number deviates from the common definition Re* = psub/ny, with u being
the flow velocity [114], and is also referred to as "frequency parameter” or "dimensionless
frequency” [129]. Various definitions of Re differ by a factor of 4 [33, 111, 123, 127, 130,
132, 135] or 27 [131, 133, 134]. The Reynolds numbers of microcantilevers in liquid are
Re ~ 10 [111]. However, employing higher modes of vibration f ~ 10° Hz and cantilever
widths b ~ 100 um leads to Re ~ 10°. In the case of macroscopic cantilevers or very high
frequencies, Re — oo and viscous effects become negligible. By comparing the definition of
Re to the viscous boundary layer & (see Equation 1.6) we find that Re = 2(b/6)2. Thus, it
is also a measure of the ratio squared between the cantilever dimensions and the boundary
layer thickness.
A readily applicable formulation of the hydrodynamic function for fundamental mode vibra-
tions of a cantilever was introduced by Sader [111]. It was derived under the same assump-
tions introduced in Section 2.2.1 and by solving the 2D flow field around the cantilever:

Ti(Re/4) = Q(Re/4)Tcirc(Re/4). (2.46)

Thereby, 2(Re/4) is a polynomial correction function provided in Reference [111] and I'¢irc (Re/4)
is the hydrodynamic function for a beam of circular cross section:

4K, (-i z'Re/4>
ViReJiK, <—i\/iRe/4> ’

where K and K are zeroth and first order modified Bessel functions of the second kind

Terc(Re/4) = 1+ (2.47)

and i is the imaginary unit satisfying i = v/—1. As shown in Figure 2.8 the hydrodynamic
function for a cylindrical (Equation 2.47) and rectangular (Equation 2.46) beam vibrating in
the fundamental mode are very similar. Deviations in the range 109 < Re < 103 are below
11% for the real and 5% for the imaginary part. Both, inertial (real part) and dissipative
(imaginary part) forces decrease with increasing Re. Even though, the theory assumes an
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Figure 2.8: (a) Real and (b) imaginary part of the hydrodynamic function for a beam of
circular I'¢jrc(Re/4) and rectangular I'¢(Re/4) cross-section, vibrating in the fundamental
mode immersed in an unbounded fluid [111]. The Reynolds number is defined as Re =

wpb? /.

infinitely long beam, good agreement between theory and experiments was found for aspect
ratios L/b > 4 [116].

Usually, calculating the flow field around the cantilever in 2D (yz-planes, see Figure 2.3a)
is sufficient. However, in case of higher modes (n > 1) [125] or aspect ratios b/L ~ 1
[134], flow along the longitudinal axis of the cantilever must not be neglected. The deviations
become significant for mode numbers n > 2 in liquid [33], thus, the 3D flow field needs to

be solved. To account for these effects a normalized mode number,

b

T (2.48)

tin = (BnL)
is required in addition to the Reynolds number Re. It is a measure for the relative aspect ratio
for a given higher flexural mode of vibration and depends on the eigenvalue (3,,L) and the
geometrical aspect ratio b/ L (width/length). For moderate mode numbers and common
microcantilever aspect ratios (b/L ~ 107!), normalized mode numbers are on the order
of k,, ~ 1. The hydrodynamic function for different normalized mode numbers is shown
in Figure 2.9. Inertial forces (real part) generally decrease with increasing mode number,
i.e, larger x,, whereas dissipative forces (imaginary part) show a more complex behavior.
For k;, — 0 the hydrodynamic function for the fundamental mode I'f(Re/4) is recovered.
Because the calculation of I',; (Re, ky,) is computationally expensive, values were calculated
for a range of 10% < Re < 10* and 0.1 < k,, < 20 and stored in a lookup table [136].
So far, cantilever vibrations in an unbounded, i.e., infinitely extended, fluid were considered.

This, however, is not a valid assumption in many scanning force and sensing applications
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Figure 2.9: (a) Real and (b) imaginary part of the hydrodynamic function I'(Re, ) for
higher flexural mode vibrations of a cantilever immersed in fluid for normalized mode num-
bers ky, = (8,L)b/ L 0f0.1, 1.0, 5.0, and 10.0 [125]. For comparison the hydrodynamic func-
tion I'¢(Re) for fundamental mode vibrations is shown. The Reynolds number is defined as

Re = wpsb?/n;.

where a microcantilever is placed close to a solid surface. To account for the influence of a

proximate surface the normalized gap [123],

H

SaliS]

) (2.49)

is introduced. It quantifies the ratio between the cantilever-surface spacing g and cantilever
width b, i.e., dominant length scale of the flow. Because higher modes were not considered in
the analysis, the hydrodynamic function I' 7 only depends on Re and H. A semi-analytical
formulation based on the extended results by Green and Sader [123] was derived by Tung et
al. [127]. It is emphasized that the definition of H in the hydrodynamic function by Tung
deviates by a factor of 2 from Equation 2.49. Figure 2.10 shows the hydrodynamic function
' (Re/4,2H) for different normalized gaps H. For gaps H > 1 the effect of the surface
diminishes and the hydrodynamic load converges with the unbounded case I'y. For H < 1
a strong increase in dissipation (imaginary part) is predicted. This is due to the fact that fluid
in the cavity between the cantilever and the surface is displaced during each oscillation cycle,
increasing viscous dissipation.

In the following paragraph, the validity of the assumptions of a continuous, incompressible
fluid and non-turbulent flow are verified. To assess if the continuum hypothesis is valid the

Knudsen number is employed [137]:

Kn = max{)\, )\} , (2.50)
g’ b

31



CHAPTER 2. THEORETICAL BACKGROUND

(a)
103 ---- T(Re)

- —— T4(Re,0.1)
o — T(Re,0.3)
= I(Re,3.0)
[J]
[a'4

1 .

0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
log(Re) log(Re)

Figure 2.10: (a) Real and (b) imaginary part of the hydrodynamic function I'z;(Re/4,2H )
for a cantilever vibrating close to a surface for normalized gaps H = ¢/b of 0.1, 0.3, 1.0,
and 3 [127]. For comparison the hydrodynamic function I'¢((Re/4) in an unbounded fluid is
shown. The Reynolds number is defined as Re = wp sb® /1.

where A* is the mean free path of the molecules in the fluid and either g or b the dominant
length scale of the flow. For Kn ~ 1 the mean free path of the molecules is in the order
of the cantilever dimensions, thus, statistical mechanics need to be employed. However, in
liquid A* ~ 0.1 nm [114] and minimal employed gap sizes g ~ 1 ym and cantilever widths
b ~ 10 pm result in Kn ~ 10~%. Thus, the fluid can be treated as a continuum and the
Navier-Stokes equation is applicable (see Equation 2.44). Furthermore, the Navier-Stokes
equation is usually linearized, i.e., the non-linear convective term considering turbulent flow
is neglected [114]. The scaled Navier-Stokes equations from Reference [138] indicates that
the convective term is negligible for

KC /Re
- 1 2.51
5\ 3 <b (2.51)

where the Keulegan-Carpenter number is defined as [132]

KC= 27r‘ib°, (2.52)

with ag being the amplitude of vibration of the cantilever. Since amplitudes of vibration in
liquid are on the order of ap ~ 1 nm (see Appendix A and Reference [33]), the obtained
Keulegan-Carpenter numbers are very small, KC ~ 10~%. For accessible Reynolds numbers
Re ~ 10°, the product KC+v/Re ~ 0.01 and, thus, the condition in Equation 2.51 is fulfilled
(flow regime A* in Reference [139]). In conclusion, the flow can be assumed non-turbulent
even at high Reynolds numbers, as long as the vibrational amplitudes are very small. Fi-
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nally, the importance of fluid compressibility is assessed. Usually the spacial wavelength of
the beam is much smaller than the wavelength of sound in the fluid. However, at high fre-
quencies the sound wavelength decreases and becomes equal to the spacial wavelength of
the beam. In this case energy is dissipated as sound waves resulting in lower quality factors.
To quantify this effect the normalized wave number [128],

—_— , (2.53)

Csound

is introduced, where cgounq is the speed of sound of the medium the cantilever is immersed
in. Aslongas¢ < K, compressibility can be neglected. Thus, a critical mode number, above
which compressibility becomes significant, can be formulated [128]:

0.596k,  0.178¢sound

— = (2.54)

Tocrit ~~

In water cgoung = 1482 m/s (at T = 298 K [140]), thus critical mode numbers n; ranging
from 23 (500 m x 100 pm X 4 gm) to 33 (350 pm x 35 pum x 2 pm) were found. Such high
modes cannot be measured in the frequency bandwidth of a common optical beam deflec-
tion system which is usually in the order of 1 MHz. In contrast, for cantilevers immersed in
gas, where c4oung is about five times lower than in liquid, compressibility becomes significant

at accessible mode numbers [118] and, thus, should be considered.

2.3.2 Response of higher flexural modes of vibration

Next, the sensitivity of higher flexural modes of vibration to changes liquid properties is dis-
cussed. Therefore, the theory by Van Eysden and Sader [125], introduced in the previous

section, is used to describe the hydrodynamic load and Equation 2.42 to calculate eigenfre-

quencies:
1
m pb T2
n = nll - F/{ , Kn . 2.
o= fon (14 5 LR (0 (R ) 255)
The quality factor was calculated according to Equation 2.43:
20 + R(Tu(Re, 1))
= 2.56
@ Tk (Re, kr)) (2.56)

Table 2.4 shows the calculated eigenfrequencies and quality factors in water for the first five
modes. The fluid loading has a drastic impact and reduces the frequencies by up to 70%
compared to the vacuum frequency. The higher the mode number, the smaller the relative
frequency shift due to the fluid and the higher the quality factor. To visualize the sensitivity
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Table 2.4: Calculated eigenfrequencies f,, and quality factors (), of a microcantilever
(300 x 35 x 2 um?) vibrating at the n-th flexural mode in water ( = 1.005 mPa:s,
p = 998.25 kg/m?). For comparison the corresponding vacuum frequencies f ,, and their
ratios to the eigenfrequencies are provided.

n fn/kHZ Qn fO,n/kHZ fn/fo,n

1 9.3 265 30.6 0.30
2 67.1 5381 191.6 0.35
3 201.1 935 536.5 0.37
4 4144 13.01 1051.3 0.39
5 7152 16.83 1737.8 0.41

of each mode to changes in viscosity and mass density, the gradient of f,, and ,, normalized

to their values in water (see Table 2.4) was calculated:

~ Ofn Ofn

fp = =2 An4+ Z22A 2.

Vf on n+ ap P (2.57)

VQ, = OQn An + 0Cn Ap, (2.58)
an dp

where An = log(10~2 Pa-s) and Ap = 1800 kg/m? are the plotted viscosity and density
range, respectively. Furthermore, the sensitivities S of f,, and (),, are reflected in the partial
derivatives with respect to viscosity and density:

Snf = 8717’ o.f = (")7,0’ Sn@ = 8777’ 0,Q = ap (2.59)

with the following units [S, ;] = Hz/(Pa-s), [S, ] = Hz/(kg/m?), [S, ¢] = 1/(Pa-s) and
[S,.0] = 1/(kg/m?). Figures 2.11 and 2.12 show calculated [125] eigenfrequencies f,, and
quality factors @y, of the first five flexural modes of vibration of a cantilever immersed in a
fluid with viscosity 17 and mass density p. The sensitivities to viscosity (5, , Sy,¢@) and den-
sity (S, 7> Sp,) changes as well as the direction of the gradient V fn are plotted, indicating
whether f,, and @),, rather respond to variations in viscosity or density. For reference the
sensitivities in water are provided in Table 2.5.

Overall, the sensitivity increases for fluids with low viscosity and mass density, e.g. gases, and
with higher mode numbers n. The eigenfrequency f,, (Figure 2.11) decreases with increasing
viscosity and density, but is mainly governed by the density (S, ; > S, r in most conditions).
At lower frequencies, i.e., Reynolds numbers Re, the viscous effects become dominant and
start influencing the frequency (upper right-hand quadrant and at lower modes). In contrast,

higher mode eigenfrequencies, i.e., high Reynolds numbers Re, are weakly influenced by the
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Table 2.5: Calculated sensitivities S of a microcantilever (300 x 35 x 2 um?) vibrating at
the n-th flexural mode in water (log(n) = —3, p = 998.25 kg/m3). Sensitivities of the
eigenfrequency and quality factor to viscosity (.S, r, Sy.@) and density (S, r, S,,q) changes
are shown, respectively.

Mode Sn.f Sy f Sn,Q S0
n kHz/(mPa-s) Hz/(kg/m3) 1/(mPa-s) 1073/(kg/m?)
1 -0.85 -3.74 -1.06 0.34
2 -2.99 -27.73 -2.39 0.63
3 -5.68 -83.16 -3.92 0.92
4 -8.35 -170.13 -5.56 1.18
5 -10.80 -290.64 -7.32 1.43

viscosity. The quality factor (), (Figure 2.12) is, in first approximation, independent of the
density (S, o < 55,0). @n and the sensitivity S, ¢ decrease with increasing viscosity. The
slight increase in (), with increasing density is due to the fact, that the resonator (cantilever
and co-moving fluid) has a higher effective mass.
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Figure 2.11: Sensitivities of the eigenfrequencies: (a) Calculated eigenfrequencies f;, of flex-
ural mode n of a microcantilever (300 x 35 x 2 um?), immersed in a fluid of certain viscosity
and mass density. Directions of the gradient fields V fn (black arrows in b and ¢) and sensi-
tivities (color coded) to (b) viscosity (5, ) and (c) density (S, r) changes are shown.
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Figure 2.12: Sensitivities of the quality factors: (a) Calculated quality factors @), of flexural
mode n of a microcantilever (300 x 35 x 2 uym?), immersed in a fluid of certain viscosity and
mass density. Directions of the gradient fields VQ~n (black arrows in b and c) and sensitivities
(color coded) to (b) viscosity (.S, ) and (c) density (S, ) changes are shown.
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CHAPTER 3

Photothermal excitation of microcantilevers in
liquid: Effect of the excitation laser position on
temperature and vibrational amplitude
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Abstract

Demands to improve the sensitivity and measurement speed of dynamic scanning force mi-
croscopy and cantilever sensing applications necessitate the development of smaller can-
tilever sensors. As a result, methods to directly drive cantilevers, such as photothermal or
magnetic excitation, are gaining in importance. Here, we report the effect of photothermal
excitation of microcantilevers on the increase in steady-state temperature and the dynamics
of higher mode vibrations. First, the local temperature increase upon continuous irradia-
tion with laser light at different positions along the cantilever was measured and compared
to finite element analysis data. The temperature increase was highest when the heating laser
was positioned at the free end of the cantilever. Next, the laser intensity was modulated to
drive higher flexural modes to resonance. The dependence of cantilever dynamics on the ex-
citation laser position was assessed and was in good agreement with analytical expressions.
An optimal position to simultaneously excite all flexural modes of vibration with negligible
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CHAPTER 3. PHOTOTHERMAL EXCITATION

heating was found at the clamped end of the cantilever. Our findings are essential for opti-
mization of the excitation efficiency to minimize the rise in temperature and avoid damaging

delicate samples or functionalization layers.

3.1 Introduction

Driving a microcantilever in air or liquid is a prerequisite for dynamic mode scanning force
microscopy [141] and mechanical sensing applications [142]. Available techniques include
acoustic, magnetic and photothermal excitation. Due to its simplicity and robustness, acous-
tic excitation, which employs a vibrating piezoelectric crystal, is by far the most often ap-
plied. Its major drawbacks are spurious resonances, which result in the well known "forest
of peaks” [143]. Particularly in liquid, the indirect energy transfer excites resonances orig-
inating from the chip body and fluid cell surfaces, impeding detection of the cantilever re-
sponse. Although technical improvements have reduced some of these problems [144, 145],
approaches in which the cantilever is directly excited are still preferred [25], particularly
when the latter is immersed in viscous fluids. Magnetic excitation, where a magnetic field
exerts a periodic force on the cantilever, has been successfully applied to drive cantilevers
in liquid (for details see Han et al. [146]). When photothermal excitation is employed, an
intensity-modulated laser periodically heats the cantilever and thus induces bending. This
type of excitation was first applied to bridge resonators [147] and subsequently to cantilevers
in air and liquids [44, 148]. The direct energy transfer avoids spurious resonances, and thus
renders photothermal excitation suitable for atomic force microscopy [149, 150], force spec-
troscopy [151] and sensing applications [152]. Driving frequencies up to several megahertz
have been accessed [153]. Further, theoretical frameworks have identified the underlying
mechanisms, allowing the experimental parameters to be optimized [104, 154, 155]. Highly
efficient excitation can be achieved by using an asymmetric cantilever cross section [156]
and optimizing the cantilever absorption properties to match the wavelength of the excita-
tion laser [153]. Understanding laser-induced heating of the cantilever and its surroundings
is of major importance because it could, e.g., alter the surrounding fluid properties [157] or
damage delicate samples.

Here we report the influence of the excitation laser position on the local steady-state temper-
ature distribution and the amplitude of higher flexural modes of vibration in liquid. Steady-
state heating by an incident laser with constant intensity is modeled using finite element
analysis and compared to the temperature indirectly measured via bi-material bending of
the gold-coated cantilever [158]. While focusing the intensity-modulated excitation laser at
different positions along the cantilever, the amplitudes of higher flexural modes of vibration

are measured and compared to analytical expressions [104, 159].

40



3.2. MATERIALS AND METHODS

Az I Moo

Figure 3.1: Setup employed to heat the cantilever and detect its deflection. The detection
beam (red line) originating from a 780 nm laser diode (LDpg) is focused onto the cantilever
using a 4x objective (f1). The reflected beam is directed onto a position sensitive detector
(PSD) using a polarizing beam splitter (PBS). A concave lens (f2) that is separated from the
PSD by dpsp is inserted to enhance the deflection signal. Az and AD are the deflection of
the cantilever and the induced laser spot displacement on the PSD, respectively. The heat-
ing / driving laser (LDgx, 406 nm; blue dashed line) is coupled in using a dichroic mirror
(DM). A mirror (M) allows its position on the cantilever to be controlled. Distances are the
cantilever-glass slide spacing du, 0, the thickness of the glass slide dg.s; and the glass slide-
objective (f1) distance dair. The parameters 1,0, Nglass and 1, are the refractive indices of
the corresponding media.

3.2 Materials and methods

3.2.1 Experimental setup

Figure 3.1 shows the experimental setup consisting of two laser diodes to respectively heat
(LDgx, 406 nm) and detect the deflection (LDpg, 780 nm) of the cantilever. The wave-
lengths are chosen so that ~ 67% of the heating and < 3% of the detection laser intensity is
absorbed by the cantilever gold coating. The detection laser spot is positioned at the tip of the
cantilever during all experiments, resulting in the highest response for all flexural modes of
vibration. The Gaussian spot size on the cantilever, determined using the knife-edge method
[160], was 12 pm for LDpg and 29 pum for LDgx. The deflection of the cantilever Az is geo-
metrically related to the displacement A D of the laser spot on the position sensitive detector

(PSD) [161]. Considering the different refractive indices of the media the laser beam passes

through,
L
Ax=? — ‘f2|d AD. (3.1)
nH,0 (@ + % + ﬁ) (| f2] + dpsp)
The parameters are: Focal length of the concave lens, fo = —50 mm; length of the can-

tilever, L = 500 pm; refractive indices, nu,0 = 1.33, nglass = 1.50, nair = 1.00; distances,
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dHZO = 0.5 mm, dgs, = 1.0 mm, dy;; = 43.5 mm and dpsp = 95 mm as indicated in
Figure 3.1. The static displacement on the PSD is 10x amplified (AM502, Tektronix; band-
width: 100 Hz) and recorded using a custom LabVIEW (National Instruments) software.
For dynamic measurements, an AC signal is modulated on the DC component of the exci-
tation laser. The cantilever response is 10x amplified (SIM911, Stanford Research Systems;
bandwidth: 1 MHz) and recorded using a vector network analyzer (MS4630B, Anritsu). Sil-
icon cantilevers with nominal dimensions of 500 x 100 x 4 ym?® (IBM Zurich Research
Laboratory, Riischlikon, Switzerland) where used for the experiments. Their bottom surface
is coated with a 20 nm-thick gold layer. More details of the setup and the cantilever prepa-
ration are provided in reference [50]. The cantilevers were immersed and kept in nanopure
water for all experiments. The temperature of the fluid cell was stabilized at 293.15 K to an

accuracy of 0.3 K.

3.2.2 Steady-state temperature increase by continuous laser irradiation
Temperature measured by bi-material cantilever deflection

The difference in the linear thermal expansion coefficients of the two materials causes a bi-
material cantilever beam, subjected to a temperature change of AT, to deflect by Az. Thus,
deflection can be used as a measure of the average cantilever temperature, assuming a homo-
geneous temperature distribution along the beam. Even though the response is complex and
non-linear over a wide temperature range [162], it can be linearized for small temperature
changes [158, 163],
A7 — 5K (taws tsi, Esi, Eau)
3L (Yau — vsi) (tau + tsi)

The thickness of the cantilever ¢s; was determined in a calibration step (see Results and

Az. (3.2)

discussion) and the thickness of the deposited gold layer ¢, was 20 nm. K is a func-
tion depending on the thicknesses and Young’s moduli of the two layers and is provided
in reference [158]. The linear thermal expansion coefficients and Youngs$ moduli were s; =
2591070 K1, yay = 14.2- 1076 K1, E5; = 169 GPa and E, = 79 GPa [162]. The
deflection Az was measured while positioning the laser at different places on the cantilever
and switching on the laser until a steady-state deflection was reached. To account for small
variations in the baseline (< 5 nm), the deflection before laser switch-on was subtracted
from the steady-state deflection after laser switch-on. Two different incident laser powers
where employed for these measurements: 2.4 mW and 4.9 mW with corresponding power
densities of 2.3 MW/m? and 4.6 MW/m? on the cantilever.

Temperature simulated by finite element analysis

Finite element (FE) simulations reported in the literature were performed to study the ef-

fect of laser irradiation on microstructures [155, 164-166]. In the present work, the increase
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in temperature of the cantilever immersed in water, due to the heat deposited by the inci-
dent excitation laser, was simulated via a 3-dimensional FE analysis using the Heat Transfer
module in COMSOL Multiphysics [167]. Due to the small scale and localization of the heat
sources, conductive heat transfer was assumed to be the major dissipative mechanism, and
convective heat transfer and radiation were assumed to be negligible. The heat equation

[167] then reduces to,
oT
pC.

PE_

where p, C), k, () and T" are the mass density, the heat capacity at constant pressure, the

V. (kVT) = Q, (3.3)

thermal conductivity, an inward heat flux and the temperature. All material properties were
taken from the COMSOL Multiphysics material library. A total of ~ 300 000 elements were
meshed; thereby, the region around the cantilever was meshed with higher resolution. More
than 97% of the detection laser power was reflected. Therefore, it does not cause significant
heating, and was not considered in the simulations. The excitation laser was modelled as
a boundary heat source on the surface of the cantilever, thus neglecting light absorption
by the surrounding fluid. Because the penetration depth of the optical field is very small
compared to the thickness of the cantilever, the absorbed power density was estimated to be
Qex = Pn(1 — R)/(7r?), where P, is the incident laser power, R = 0.33 the reflectance
at wavelength A\ = 406 nm and 7 = 15 um the radius of the heat source. The boundary
conditions were defined as follows: The silicone cell enclosing the fluid was assumed to be
thermally insulating; the bottom face of the fluid and the cantilever chip (see Figure 3.1)
were taken to be in ideal thermal contact with the glass slide. The vertical faces of the glass
slide were set as open boundaries, thus extending it infinitely in the horizontal direction
and allowing heat to flow outwards; being temperature controlled, the bottom of the glass
slide was modelled as a heat sink at a constant temperature of 293.15 K. Numerical results
were processed by taking cross-sectional temperature profiles and calculating the average

temperature of the cantilever.

3.2.3 Photothermal excitation of higher flexural modes

Photothermal excitation is achieved by an intensity-modulated laser, which periodically
heats the microcantilever and, thus, induces vibration. The force per length exerted on the
cantilever through the differential longitudinal stress produced by the heat from the laser,
is a convolution between the temperature distribution AT and the second derivative of the
spatial mode profile ®,, of the vibrating cantilever [104, 159]. Under the assumption of har-
monic vibration, the normalized amplitude of vibration at the tip of the cantilever scales

linearly with the applied force per unit length, leading to the following expression:

d*®,,(z)

e, (3.4)

L
A(zg) = AO/O AT (x;x0)
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where z is the coordinate along the cantilever axis and xg the position of the excitation
laser; Ag is a normalization factor determined for each mode individually; ®,,(x) is the spa-
tial distribution of the n-th eigenmode of the cantilever [168]; AT (x; x¢) is the temperature
distribution along the beam. For dynamic cantilever excitation, only the alternating compo-
nent of AT'(x; ) is of importance. Therefore, AT was described by a Gaussian function
resembling the intensity distribution of the laser spot. To obtain the amplitude, resonance
spectra were recorded while moving the excitation laser along the cantilever. Fitting a sim-
ple harmonic oscillator model allowed the angular deflection amplitude to be determined
for each mode individually. To precisely determine the relative excitation spot position and
normalize the data, Equation 3.4 was fitted to the profiles of modes 2 to 6 simultaneously us-
ing a global fit algorithm. For all dynamic experiments a peak-to-peak amplitude of 7 mW
was modulated onto a constant laser power of 4.9 mW.

3.3 Results and discussion

3.3.1 Steady-state temperature upon continuous laser irradiation in liquid

The steady-state temperature increase in liquid, induced by continuous laser irradiation at
different positions along the cantilever, was evaluated by two independent approaches: (i)
Indirect measurement by the bi-material bending of the cantilever and (ii) finite element
(FE) simulations.

First, the thickness of the bi-material cantilever was calibrated. The ambient temperature
was changed stepwise from 293.15 to 297.15 K, resulting in upward cantilever deflections
ranging from 0 to 36 nm. As reported previously [163] and discussed above (see Materi-
als and methods), the temperature-deflection dependence was linear (correlation coefficient
R = 0.998). By fitting Equation 3.2 to the data, the thickness of the cantilever was deter-
mined to be tg; = 3.0 um. The calibrated thickness deviates from the nominal value (4 um)
due to variations in the fabrication process and systematic deviations in the geometrically de-
termined deflection (Equation 3.1). After calibration, the deflection upon continuous laser
irradiation at different positions along the beam (illustrated in Figure 3.2a) was recorded and
converted into an average increase in temperature using Equation 3.2 (Figure 3.2b). Close
to the chip a thicker support region defines the clamped end of the cantilever (position (1),
Figure 3.2a). Positioning the laser further towards the tip of the cantilever (positions (2) and
(3), Figure 3.2a), resulted in higher deflections and, thus, higher temperatures as shown in
Figure 3.2b. Turning on the laser was followed by heating-related deflection resulting in a
steady-state value within a few seconds; turning the laser off again reversed the process. The
maximum deflection was 56 nm indicating an increase in the average cantilever tempera-

ture of about 6 K. The observed reversibility and repeatability of this process indicates that
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Figure 3.2: Static deflection induced by laser heating: (a) Schematic of the sensor indicat-
ing the 20 nm gold layer (yellow) and the thicker support region (length 100 xm), which
connects the cantilever (500 pum) to the chip (drawing not in scale). The laser spot was posi-
tioned on the support (1), towards the middle of the cantilever (2) and at its tip (3) as shown
by the micrographs; the second spot (beside the cantilever) is a reflection from the glass
slide. (b) Cantilever deflection Az and increase in average cantilever temperature AT upon
4.9 mW laser irradiation at different positions on the cantilever.

ablation of the cantilever coating, previously observed at higher power densities in air [165],
did not occur.

The results of the finite element (FE) simulations employed to determine the temperature
profiles of the cantilever and its surroundings are shown in Figure 3.3a. A confined hot spot
forms around the position of the heating laser. The maximal local temperature change found
by FE analysis was 11 K for 4.9 mW laser irradiation at the tip of the cantilever. The aver-
age increase in the temperature of the cantilever material was calculated from the simulated
data (solid lines in Figure 3.3b), for comparison with values derived from the measured de-
flection of the cantilever using Equation 3.2 (markers in Figure 3.3b). As indicated by the
simulations, the assumed homogeneous temperature distribution is a poor description of
the temperature profile along the beam (Figure 3.3a). This accompanying uncertainty in the
experimentally derived temperature data, may be the main reason why the simulation ap-
parently overestimates the average temperature increase in the first half of the cantilever and
underestimates it towards the tip. Importantly, even though the two independent data sets
differ slightly, both reveal the same temperature behavior along the cantilever beam (Fig-
ure 3.3b). The shape of the profiles identifies thermal conduction through the cantilever
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Figure 3.3: Steady-state temperatures for different laser positions x: (a) Side and top views
of simulated profiles along the central cross section of the cantilever for the laser posi-
tions (power 4.9 mW) indicated by the numbers in Figure 3.2a. (b) Simulated and mea-
sured average temperatures of the cantilever upon laser irradiation with powers of 2.4 mW
and 4.9 mW. The temperature was determined from the deflection of the bi-material can-
tilever (shown are the mean and standard deviation of three consecutive measurements).
The shaded area indicates the thicker cantilever support region (Figure 3.2a).
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material as the major mechanism for heat dissipation. Moving the heating laser closer to the
clamped end (support) improves the thermal conductance [169], dissipating a larger fraction
of the incident power through the cantilever chip. Due to its lower thermal conductivity, the
surrounding liquid provides insufficient heat drain when the laser is positioned towards the

tip of the cantilever, resulting in a larger temperature increase.

3.3.2 Dependence of laser spot position on higher mode excitation

The dynamic response of higher flexural modes of vibration excited by an intensity-modulated
laser at different positions along a cantilever immersed in liquid was investigated. A pho-
tothermally driven amplitude spectrum is shown in Figure 3.4a. The cantilever resonance
peaks are well resolved because the spectrum is free of spurious resonances. The funda-
mental mode is not recorded, because its resonance frequency is below the high-pass filter
frequency of the excitation electronics. Figure 3.4b shows the normalized amplitude for flex-
ural modes of vibration 2 to 6 for different excitation laser positions. Except for the region
towards the clamped end of the cantilever (zg = 0), the amplitude profiles are in good
agreement with theoretical values (Equation 3.4). An optimal excitation position within
the support region (z¢9 = —0.06) was identified for mode 3 and higher (Figure 3.4, black ar-
row). It resulted in amplitudes up to 2.5 times higher than those obtained by positioning the
laser on the cantilever itself and the difference was more pronounced for higher modes. This
feature is most likely due to the specific geometry of the cantilevers employed: The thicker
support region (position (1) in Figure 3.2a) is an efficient heat sink. Therefore, the tem-
perature decreases more rapidly after a laser pulse, allowing higher local peak-to-peak tem-
perature variations at high frequencies. These are in turn transduced into larger vibrational
amplitudes and, thus, a more efficient excitation of higher modes, or higher frequencies in

general.

3.4 Conclusions

Understanding the interaction of laser radiation with microstructures is of major impor-
tance for the optical excitation of microcantilevers in fluid, picowatt calorimetry [169], ther-
modynamic measurements of thin films [165] and the dynamics of micro actuators [164].
Finite element simulations and deflection-derived measurements of the laser-induced tem-
perature increase at different positions on a microcantilever were in good agreement. Con-
ductive heat transfer through the cantilever material was identified as the dominant heat
dissipation mechanism of a cantilever in liquid irradiated by a laser. Furthermore, the dy-
namic response of the cantilever, driven photothermally by an intensity-modulated laser at
different positions, was studied. These findings allowed the optimal position of the excita-
tion laser spot on the cantilever to be determined for different flexural modes of vibration.

Placing the spot in the support region of the cantilever used, resulted in the most efficient
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Figure 3.4: (a) Normalized amplitude spectrum recorded with the excitation laser at the opti-
mal position (position —0.06; black arrow in panel b). Flexural mode numbers are indicated
and the amplitude is normalized to the highest peak. (b) Amplitudes of flexural modes 2 to
6 as a function of the excitation laser position zy on the cantilever. Red markers indicate
measured values and solid black lines denote theoretical values. The shaded area indicates
the support region (Figure 3.2a). The profiles were normalized to the theoretical values of

each mode separately.
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excitation along all flexural modes greater than two, while the temperature increase was
minimal (< 2 K). We hypothesize that the efficient heat sink properties of the support pro-
mote local high-frequency temperature variations, which would explain why the effect was
more pronounced at higher frequencies. These findings are of particular interest because
high resonance frequencies, achieved by using higher modes or smaller cantilever dimen-
sions, increase the sensitivity [142]. Improving the excitation efficiency and thus reducing
the temperature increase, allows optical excitation to be employed without damaging func-
tionalization layers in sensing applications or sample surfaces in dynamic mode scanning
force microscopy by thermal denaturation. Major parameters to be considered are: (i) The
cantilever geometry and material, (ii) the excitation laser spot size determining the power

density and (iii) the position of the excitation laser on the cantilever.
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Abstract

The functionality of atomic force microscopy (AFM) and nanomechanical sensing can be en-
hanced using higher-mode microcantilever vibrations. Both methods require a resonating
microcantilever to be placed close to a surface, either a sample or the boundary of a mi-
crofluidic channel. Below a certain cantilever-surface separation, the confined fluid induces
squeeze-film damping. Since damping changes the dynamic properties of the cantilever
and decreases its sensitivity, it should be considered and minimized. Although squeeze-
film damping in gases is comprehensively described, little experimental data is available in
liquids, especially for higher-mode vibrations. We have measured the flexural higher-mode
response of photothermally driven microcantilevers vibrating in water, close to a parallel
surface with gaps ranging from ~ 200 pm to ~ 1 pm. A modified model based on har-
monic oscillator theory was used to determine the modal eigenfrequencies and quality fac-
tors, which can be converted into co-moving fluid mass and dissipation coefficients. The
range of squeeze-film damping between the cantilever and surface decreased for eigenfre-

quencies (inertial forces) and increased for quality factors (dissipative forces) with higher
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mode number. The data can be employed to improve the quantitative analysis of AFM mea-

surements, design miniaturized sensor fluid cells, or benchmark theoretical models.

4.1 Background

Damping is an important design criterion for micro- and nanometer sized resonators, be-
cause surface forces dominate body forces at small dimensions [170]. Immersing a resonator,
e.g., a microcantilever, in fluid drastically changes its dynamic properties. The eigenfrequen-
cies and quality factors decrease due to hydrodynamic forces, which can be decomposed into
an inertial (added mass) and dissipative (viscous damping) term [171]. Additionally, placing
the resonator close to a solid surface leads to squeeze-film damping, where displacement of
the fluid between the resonator and the surface during each vibration period introduces addi-
tional added mass and viscous damping [172]. The damping occurring by both mechanisms
has direct impact on atomic force microscopy (AFM) and dynamically operated nanomech-
anical sensors. With progressing miniaturization, squeeze-film damping starts to dominate
other dissipative effects and, thus, needs to be considered and characterized [173].
Furthermore, higher modes of vibration are increasingly used. In multifrequency AFM
imaging, higher modes allow the material characteristics, e.g., mechanical, magnetic or elec-
trical properties, of the substrate to be measured [174]. To reduce squeeze-film damping,
AFM samples have been placed on pillars [175], or cantilever geometries have been opti-
mized by focused-ion beam milling [176]. In cantilever-based sensor applications, the use
of higher vibrational modes provides increased mass sensitivity [10] and allows the elastic
properties [13] and the position of adsorbates [14] to be disentangled. Squeeze-film damp-
ing needs to be considered below a certain critical dimension of the AFM cantilever tip or
container in which the cantilever sensor is mounted.

To our knowledge, squeeze-film damping of micrometer-sized cantilevers vibrating in higher
modes in liquid has not been measured to date. In contrast, it has been thoroughly investi-
gated for resonators immersed in gases, because of its importance for micro-electromechanical
systems (MEMY), e.g., torsional mirrors [177] or cantilevers [126]. Even though, less atten-
tion has been paid to the problem in liquids, both analytical and numerical methods have
been employed to model the behavior of cantilevers immersed in liquid and vibrating in
close proximity to a surface. Analytical approaches [123] account for dissipative and iner-
tial effects in the liquid, but due to the assumption of a two-dimensional flow field higher
modes of vibration were not considered. Numerical approaches can effectively describe dif-
ferent cantilever-surface inclination angles, vibrational modes, and varying external driv-
ing forces [127, 171, 173]. However, semi-analytical equations describing the hydrodynamic

load acting on cantilevers under squeeze-film damping only consider the fundamental mode
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Chip z

L

Microcantilever

Figure 4.1: Diagram of a microcantilever vibrating close to a surface. A cantilever of length
L, width b and thickness h, is vibrating at flexural mode n = 4. The cantilever-surface gap
g was varied from ~ 200 pm to ~ 1 pm. Liquid confined in the gap causes additional
hydrodynamic forces due to squeeze-film damping. The amplitude of vibration is drawn not
to scale.

of vibration [123, 127]. Squeeze-film damping in liquid is governed by two dimensionless
quantities, the Reynolds number, Re, and the normalized gap, H [123]:

nb?
Re= TP1InV" 9 (4.1)

2np b

where b is the width of the cantilever, py the fluid density, 7, the fluid viscosity, f,, the can-
tilever eigenfrequency in liquid, and g the gap between the cantilever and the surface (see
Figure 4.1). The cantilever width, b, is the dominant length scale of the flow [123]. If the
vibration amplitudes are orders of magnitude smaller than b, i.e., Keulegan-Carpenter num-
bers < 1 [133], the effect becomes independent of the amplitude [108]. Furthermore, the
continuum hypothesis is valid because the mean-free-path of the molecules in liquid is very
small compared to the dominant length b and the gap size g, i.e., Knudsen numbers < 1
[133].

Experimental investigations of cantilevers with dimensions ranging from centimeters to mi-
crometers, immersed in water, buffer, organic solvents and oils are reported in the liter-
ature [108, 133, 172, 178-180]. However, all experimental studies on microcantilevers in
liquid and close to a surface, were limited to the fundamental mode (n = 1) [178-180].
Here we present the full spectral response of microcantilevers vibrating in water at differ-
ent distances from a polydimethylsiloxane (PDMS) surface. PDMS was selected because of
its abundant use for the fabrication of microfluidic devices. Spurious-free resonance spec-
tra were obtained by driving the microcantilevers photothermally [96], and several higher
flexural modes of vibration were characterized.
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Figure 4.2: Experimental setup. Diagram of the experimental setup used to measure the

dynamic response of a microcantilever vibrating in close proximity to a PDMS surface. The
cantilever vibration was driven (purple dashed line) and detected (red solid line) optically
using two laser beams. Cantilever chips were fixed on the bottom of a cavity used to confine
the liquid. A PDMS surface attached to a motorized linear stage was moved down towards
the cantilever, while continuously acquiring resonance spectra using a lock-in amplifier. The
setup was controlled by software written in openBEB and LabVIEW.

4.2 Methods

4.2.1 Experimental setup

Measurements were made as the upper surface of a small cavity containing water was moved
closer to the immersed microcantilever. A diagram of the experimental setup is shown
in Figure 4.2. Cantilever vibration was driven by photothermal excitation induced by an
intensity-modulated laser beam (405 nm), and detected by monitoring the deflection of a
second laser beam (780 nm) using the optical setup described previously [50, 96]. A mir-
ror galvanometer (GSVO011, Thorlabs) was added to the setup to automatically control the
low-pass filtered position (fj, = 1 kHz) of the laser spot on the position-sensitive detector
(PSD) used to monitor cantilever vibration (measurement bandwidth ~ 850 kHz). A Zurich
Instruments HF2 lock-in amplifier was employed to record cantilever resonance spectra by
sweeping a given range of excitation frequencies and demodulating the corresponding phase
and amplitude (lock-in bandwidth = 4.38 Hz, filter order = 24 dB/octave, 1000 data points).
The setup was controlled using LabVIEW (National Instruments) and measurements were

automated using the openBEB macro language [181]. The automation involved acquisition
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of spectra, adjusting the cantilever-surface gap, and adjusting the laser power and position
of the laser spot on the position-sensitive detector using a proportional-integral-derivative
(PID) controller. The whole setup was temperature controlled to 293 K within +0.2 K.
Tipless silicon microcantilevers (NSC12/tipless/noAl, MikroMasch) with nominal dimen-
sions of 250 ym x 35 pm x 2 pm and calculated spring constants of 0.76 N/m were employed.
The data reported in the Supporting Information was obtained using longer microcantilevers
(300 pm x 35 pum x 2 pm and 350 pm x 35 pm x 2 pm) following the same protocol. A com-
parison of the different cantilevers is provided in the Supporting Information (Table C.1).
To improve reflectivity and avoid unspecific adsorption, 20 nm gold was coated at the bot-
tom side of the cantilevers and they were passivated with short polyethylene glycol chains,
as described previously [50].

The cavity containing the water was formed using PDMS (SYLGARD 184, Dow Corning)
and a glass microscope slide (AA00000112E, Menzel-Gliser), exploiting surface tension forces
(see Figure 4.2). The base was fabricated by reversibly bonding a 150 ym-thick PDMS sheet
with a 10 mm wide circular hole at its center to the glass slide. The 300 pm-thick cantilever
chip was attached to the glass slide at the center of the hole using UV curable glue (F-UVE-
61, Newport). The thickness of the chip was sufficient (H{ = 8.6) to exclude any influence of
the glass surface on cantilever dynamics. Furthermore, as the thickness of the PDMS sheet
(150 xm) was less than the thickness of the chip, access from above was retained. A flat upper
cavity surface was fabricated by pouring degassed PDMS onto a silicon wafer to a thickness
of about 5 mm and baking for 4 hours at 60°C. The PDMS was subsequently removed from
the wafer and cut to give a circular disk with a diameter of 15 mm. The diameter exceeded all
dimensions of the microcantilevers by at least an order of magnitude to avoid edge effects.
The rougher surface of the disc was fixed to a kinematic mirror mount (KM05/M, Thorlabs),
which was in turn mounted on an encoded piezo motor linear stage (CONEX-AG-LS25-
27P, Newport) with a nominal precision of 0.2 um. The cavity allowed the cantilever to be
immersed in ~ 200 pL of water.

The flat upper PDMS surface was manually aligned parallel to the cantilever. To do this, a
piece of silicon wafer was attached to the surface by adhesion forces to render it reflective.
The read-out laser was then focused on the silicon surface and detected by the PSD otherwise
used to measure the cantilever deflection. The residual angular misalignment was estimated
to be less than 1 mrad (0.06°). The same procedure was repeated after rotating the PSD by
90° to align the angle perpendicular to the longitudinal axis of the cantilever.

To determine the coarse contact point, the surface was approached to the cantilever until a
large deviation in the deflection signal was observed. Next, the surface was withdrawn to
a distance where it had no influence on the cantilever vibration (¢ ~ 200 um, H = 6).
To adjust the gap, the motorized linear stage was operated in a closed-loop configuration.
After recording a spectrum the position was stored and the surface was moved closer to the

cantilever. The step size was reduced as the gap decreased, to account for the non-linearity
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of squeeze-film damping. Next, for a more precise gap determination, the model of Tung
et al. [127] was fitted to the frequency data of the fundamental mode (see Figure 4.5a) with

parameters f1 yoc and a gap offset:

fl . ﬂ'pfb %
fl,vac B (1 * 4pch§R (FTung(Re’ 2H)) : (4.2)

The offset was then subtracted from the z-position of the measurement to align the data.
We emphasize that the definition of H by Tung et al. [14] differs by a factor of two from
Equation 4.1.

4.2.2 Data analysis

All data analysis was performed using custom scripts in IGOR Pro (Wavemetrics, see Sup-
porting Information). Both amplitude and phase spectra contain the eigenfrequencies and
quality factors of the vibrational modes. However, at small cantilever-surface gaps the res-
onance peaks in the amplitude spectrum become indistinguishable due to the strong peak
broadening, i.e., low quality factors (see Figure 4.3). Furthermore, large differences in peak
amplitude among higher modes of vibration complicate fitting and introduce dependencies
on the initial parameters. In contrast, the phase shifts of each mode remain well resolved
even at low quality factors. Thus, phase spectra were used to extract the modal eigenfre-
quencies and quality factors (see Figure 4.4). To weight each mode by the same amount on
least squares fitting, the frequency spacing was transformed from linear (p = 1), i.e., equally

spaced, to a power law according to

hSA

7o) = (37 U = Fic) + Fico) 43

where m is a data point in the spectrum ranging from 0 to M — 1, M the total number of
points, f,, = 0 the lowest and f,;,, = M the highest frequency in the measured data and p
the power of the transformation required for each mode of vibration to be assigned an equal
number of data points. The value of p was estimated to be 0.514 from the calculated widths
of the resonance peaks of all employed cantilevers in an unbounded fluid [125]. The phase
values corresponding to the transformed frequencies f* were linearly interpolated from the

measured data.
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The following expression was used to extract the mode-dependent eigenfrequencies, f,,, and
quality factors, )y, from the phase spectrum using a Levenberg-Marquardt algorithm (see
Figure 4.4):

¢(f) = (Z)C(f? f17 Qb sy fNa QN) + ¢th(f7 7—th) + ¢e1(f7 fela Coff) (44)
ol - f
= Z arctan <Qn ”f 7 ) — 27 fry, + arctan <;1> ~+ Coffs (4.5)
n=1 n

where the cantilever response ¢ is the sum of damped harmonic oscillators with f,, and @,
over all recorded modes N, ¢y, is the linear thermal lag due to photothermal excitation with
time constant 7y, [182] and ¢ (center frequency f,] and offset c,) is an empirical first-order
filter that considers the phase responses of the measurement electronics. The filter center
frequency f, and the time constant 7y, were determined on the first spectrum recorded far
from the surface (H > 1) and then held constant.

The linearized equation of motion for a cantilever of length L, width b, thickness h and mass

density p. is [108]:

0?7 (z,1) 0Z(x,t)

87 (x,1)
El o2 ot

gt T He (1 am)

= Fdrive(xa t)? (4.6)

where Z(x, t) is the z-direction flexural displacement at position = along the cantilever beam
at time point ¢, F and I = bh?3/12 the Young’s modulus and area moment of inertia of
the cantilever, ;1. = p.bh the mass per unit length of the cantilever, a,, the added mass
coefficient quantifying the co-moving fluid mass relative to the cantilever mass, ¢ the sum
of structural and viscous damping per unit length, Fj,;y an external driving force per unit
length. The parameters used for the following calculations are provided in Table 4.1. The

added mass coefficients a,,, were calculated from the measured eigenfrequencies f,, [171]:

2
apy = <f’?a°> —1. (4.7)

The vacuum frequencies fy,c , for each mode n were determined far from the surface (H >>
1), where the added mass coeflicient can be calculated for higher modes, with normalized
mode number x, according to the theory by Van Eysden and Sader [125]:

" :7rpfb
" dpeh

§R(FVanEysden (Re, "f)) for H > 1. (4.8)

The damping coefficients per unit length were calculated as [108, 176]

27 fn
Qn

¢ = pe(l+ ap) . (4.9)
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Table 4.1: Parameters for the employed silicon cantilevers immersed in water.

Cantilever properties

L Length 250 pm

b Width 35 um

h Thickness 2 pm

Pe Mass density 2330 kg-m 3
Lhe Mass per unit length 0.163 mg-m~*
E Young’s modulus 169 GPa

I Area moment of inertia 233 um4

Qn Quality factor of mode n

fn Eigenfrequency of mode n Hz

frnwae Vacuum frequency of moden Hz

am Added mass coefficient

c Damping per unit length Pas

Fluid properties

Py Mass density 998.25 kg-m 3
ny Viscosity 1.005 mPa-s
Gap properties

g Gap m

H Normalized gap

4.3 Results and discussion

To measure the effects of squeeze-film damping, a tipless microcantilever (250 ym x 35 um
x 2 um) was placed close to a surface and the gap, g, was varied from ~ 200 ym to ~ 1 um
using a motorized stage (Figure 4.1). Experiments using longer cantilevers are reported in
the Supporting Information. Photothermal excitation was employed to drive the microcan-
tilever to resonance. Amplitude and phase spectra were acquired by sweeping an excitation
frequency range from 0.5 kHz to 800 kHz and recording the corresponding cantilever re-
sponse. As shown in Figure 4.3 for different cantilever-PDMS surface gaps, the spectra span
four flexural modes of vibration. The influence of the cantilever-surface gap became substan-
tial for H = ¢g/b < 1, causing the resonance peaks to shift towards lower frequencies and
broaden significantly (decreasing quality factors). A model, consisting of a sum of damped
harmonic oscillators and terms considering the measurement setup (see Methods, Equa-
tion 4.4), described the experimental phase data with good accuracy (Figure 4.4). Applying
this model to the data, allowed the eigenfrequency, f,,, and quality factor, (), of each mode
n, to be extracted at different cantilever-surface gaps, g (Figure 4.5).
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Figure 4.3: Amplitude and phase spectra of a microcantilever vibrating at different gaps g
to a surface. The amplitude (upper plot) and phase (lower plot) response of a microcan-
tilever (250 pm x 35 pm x 2 pm) vibrating in water at different distances from a surface are
shown as a function of frequency and the corresponding Reynolds number (Re). The flexu-
ral mode numbers are written above the resonance peaks. Absolute (¢g) and normalized (H)
cantilever-surface separations are indicated. The color scale is not linear; far from the sur-
face the increment in g was set larger because the effect diminishes (superimposed purple
curves). The spectra are overlayed; the red curves (small g) are at the back.
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Figure 4.4: Phase model and data. Lower plot: Phase data recorded at three different
cantilever-surface gap heights (only every twentieth marker is shown), the model ¢ (solid
black line) and the baseline ¢y, (dashed black line) included in the model to account for
the phase response of the photothermal excitation ¢, and the measurement electronics ¢,
Upper plot: The difference between the model and the experimental data, A; to extract the
eigenfrequencies and quality factors from the data, A was minimized using a Levenberg-
Marquardt algorithm.

To compare cantilevers from different chips, f,, and @),, were normalized to the values indi-
cated by experimental data recorded far from the surface, where its presence had no influence
(see Methods). As shown in Figure 4.6a, due to squeeze-film damping the eigenfrequencies
of all modes decrease as the cantilever-surface gaps become smaller. Further, even though
some of the differences are slight, it is clear that higher-mode eigenfrequencies are less in-
fluenced by the proximity of the surface. In contrast, the higher-mode quality factors are
affected when the cantilever-surface gap is still comparatively large (Figure 4.6b) and the
fundamental mode is influenced least. To quantitatively compare the effects, a characteristic
cantilever-surface gap g;; was defined for the fundamental mode as g; = b/2 = 17.5 um
(Hf = 0.5). At g the frequencies (mean =+ SD) of the fundamental vibration dropped to
(93.4 £ 0.7)% and the quality factors to (77.8 £ 7.5)% of the initial value. Corresponding
characteristic gaps (g;;), where the frequencies and quality factors dropped by the amounts
measured for g}, were then determined for the higher modes of vibration. As shown in Fig-
ure 4.7, the characteristic gap decreases for the eigenfrequencies and increases for the quality
factors with increasing mode number. Similar behavior was observed for longer cantilevers

(see Supporting Information), however, the effect seems to diminish with increasing can-
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Figure 4.5: Absolute eigenfrequencies and quality factors. Representative measurement of
the absolute (a) eigenfrequencies f,, and (b) quality factors (),, of modes 1 to 4. The dashed
line in (a) was calculated according to the theory describing the fundamental mode of vibra-
tion [127].

tilever length. To estimate the range of squeeze-film damping, i.e., the gap where the onset
of the effect occurs, the characteristic gap was multiplied by a factor of two. Because of the
definition, the range of squeeze-film damping for the fundamental mode is H = 1. The
ranges for modes 2 to 4 (mean £ SD) were 0.93 £ 0.18, 0.84 £ 0.21, and 0.74 £ 0.21 for
the eigenfrequencies and 1.22 + 0.35, 1.55 £ 0.37, and 1.67 =£ 0.20 for the quality factors.
The critical gap for the frequencies, i.e., where the surface has no influence on the dynamics
of the microcantilever, can be estimated from the fundamental mode, which is affected first.
In contrast, the critical gap for the quality factors depends on the highest mode measured.

To obtain a more general description of the results, the added mass coefficient, a,,, and the
damping coefficient, ¢, were calculated for each mode. While the added mass coefhicient a,,
quantifies the co-moving fluid mass relative to the cantilever mass and is a measure of the
inertial loading, the damping coefficient c equals the energy dissipation per unit length act-
ing on the cantilever. The required vacuum frequencies were calculated using Equations 4.7
and 4.8 (see Methods) and the eigenfrequencies recorded in the unbounded fluid, i.e., far
from the surface (Table 4.2). The observed vacuum frequency variations mainly originate
from manufacturing-related uncertainties in the dimensions of the microcantilevers. Subse-
quently, the added mass coeflicients could be determined (see Methods, Equation 4.7). The

61



CHAPTER 4. SQUEEZE-FILM DAMPING OF MICROCANTILEVERS

a) b)
Normalized gap H Normalized gap H

1.00

0.95 -

0.90 -

0.85 —

0.80 —

Normalized eigenfrequency
Normalized quality factor

Figure 4.6: Normalized eigenfrequencies and quality factors. (a) Eigenfrequencies and (b)
quality factors of a microcantilever, vibrating at different gaps g to a surface. All values were
normalized to the values measured far from the surface. The means &+ SD are shown (N =
3).

values without the influence of squeeze-film damping (H > 1) are provided in Table 4.2.
Note that some authors defined the added mass coefficient as the co-moving mass relative
to the fluid mass displaced by the static cantilever [108, 172]. For direct comparison with
their values, a,, has to be multiplied by p./p; ,i.e., ~ 2.3 in the present case. The damping
coefficients c are the sum of structural, c,, and viscous, ¢,, damping. For microcantilevers
immersed in liquid, structural damping is orders of magnitude smaller than viscous damping
(cs < ¢y), and can thus be neglected [172]. The damping coeflicients were calculated using
the measured quality factors and eigenfrequencies (Equation 4.9, see Methods). Table 4.2
shows the damping coefficients without the influence of squeeze-film damping (H > 1).
Even though higher-modes dissipate less energy per oscillation cycle (higher quality factors),

Table 4.2: Vacuum frequencies, added mass coefficients and damping coeflicients measured
far from the surface (mean 4 SD).

Moden  fn vac / kHz G, H>>1 cys1/ mPas

448+54 917£020 67.8=£1.6

277+15  6.78+£0.03 116.2+11.1
768 £34 5.75+0.01 186.7+4.43
1512 +52 5.06+£0.01 372.0+26.9

=W N =
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Figure 4.7: Characteristic gap to estimate the range of squeeze-film damping. The charac-
teristic gap g, is normalized to the fundamental mode of vibration (n = 1) at H{ = 0.5
(dashed line). It is the cantilever-surface gap, where the frequencies (blue triangles) and
quality factors (red circles) dropped to, respectively, 93.4% and 77.8% of their initial values.
The range of the squeeze-film damping can be estimated by calculating 2H ", i.e., H = 1 for
the fundamental mode. The means & SD (N = 3) are shown, mode numbers n are indicated
on the top axis.

they have larger damping coeflicients due to their higher eigenfrequencies (cycles/second).
Figure 4.8 shows how the added mass and damping coefficients increase due to squeeze-film
damping. The magnitude of the observed shift in added mass coefficients decreased with

mode number, whereas the shift in damping coefficients increased.

4.4 Conclusion

We have measured the squeeze-film damping on higher flexural mode vibrations of micro-
cantilevers placed in proximity to a parallel surface in liquid. Due to the strong damping
only a direct excitation method, such as the employed photothermal excitation [96], obtains
spurious-free resonance spectra. A model consisting of a sum of harmonic oscillators was
employed to extract the modal eigenfrequencies and quality factors from the phase spectra,
and described the measured data well. Correct alignment of the data, i.e., calibration of the
gap g, was crucial and limited the precision of the measurements. As predicted [123, 127],

strong squeeze-film damping of the fundamental mode was observed for normalized gaps

63



CHAPTER 4. SQUEEZE-FILM DAMPING OF MICROCANTILEVERS

a) b)
Normalized gap H Normalized gap H
0.1 1 0.1 1
4 68 2 4 638 2 4 68 4 68 2
1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
4 - 06 2.0 4 - 2000 o
14 — . . Mode n  ay, ys>1 " . increasing n Mode n' Cys»q g
& 4 increasing n -o- 1 9.17 > © -e— 1 0.07 5
= - 2 e78|[ 0 T & o 2 012 3
< o 1.5 ~ 1500 3
ko) -- 3 575 8 < -o—- 3 0.19 g
o ! — =
b= -e- 4 505([ 04 3 £ - 4 037 N
[0} Q [} 0]
Q <. © Q
© a E= a
a - 03 = e 1.0 — 1000 2
© 3
c o
£ g o =2
el 3 £ 8
(5] Qo
o 02 % £ 8
b 17} © @
i ; S 0.5 - 500 =
£ B> c o.
3 = ==
= = 0.1 = &= e
5 - 2
[} (2 >
— Q
< ‘— 0.0 [0 T 0 =
I T T IIIIIII T T IIIIIII I T T IIIIIII T T IIIIIII
4 6 4 68 2 4 6 4 68
1um 10 um 100 pm 1um 10 ym 100 pm
Gapg Gapg

Figure 4.8: Shift in added mass and damping coeflicients due to squeeze-film damping. (a)
The shift in the added mass coefficient Aa,,, quantifies the co-moving fluid mass relative to
the cantilever mass and is a measure for the inertial loading; the shift in the absolute fluid
mass Amy is provided on the right axis. (b) The shift in damping coefficient Ac equals the
dissipation per unit length acting on the cantilever; the shift in dissipation normalized to the
fluid viscosity 7 is provided on the right axis. The shifts Aa,, and Ac caused exclusively by
squeeze-film damping were calculated by subtracting the values recorded in the unbound
fluid, @y, i1 and cgs.1, provided in the figure legend. The means + SD (N = 3) are shown.

H < 1. With increasing mode number the range of squeeze-film damping decreased for the
eigenfrequencies (inertial forces) and increased for the quality factors (dissipative forces).
Furthermore, the effect seems to depend on the length of the cantilever that determines the
spatial wavelength of each mode. This important finding should be considered for the de-
sign of sensor containers and cantilever tip geometries, because the quality factor is directly
related to the sensitivity of the sensor [174]. The observed behavior is likely due to the three-
dimensional nature of the flow field generated by higher modes, where gradients along the
length of the cantilever must not be neglected [127]. For theoretical models, this entails the
introduction of another parameter, besides the normalized gap H and the Reynolds number
Re, related to the spatial wavelength of the cantilever, i.e., depending on the mode number
as well as the cantilever length (similar to the normalized mode number in [125]). Finally,
added mass and damping coefficients were calculated to support the comparability of the
data. The shift in added mass decreased with mode number as predicted by numerical mod-

els [171]. The opposite was observed for the damping coefficients, which increased. More
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work is required to identify the underlying mechanisms governing squeeze-film damping
acting on higher modes. Nevertheless, our data from microcantilevers with common di-
mensions, allows the magnitude of the squeeze-film damping effect to be assessed.
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Abstract

A microcantilever based method for fluid viscosity and mass density measurements with
high temporal resolution and microliter sample consumption is presented. Nanomechanical
cantilever vibration is driven by photothermal excitation and detected by an optical beam
deflection system using two laser beams of different wavelengths. The theoretical frame-
work relating cantilever response to the viscosity and mass density of the surrounding fluid
was extended to consider higher flexural modes vibrating at high Reynolds numbers. The
performance of the developed sensor and extended theory was validated over a viscosity
range of 1 to 20 mPa-s and a corresponding mass density range of 998 to 1176 kg/m? using
reference fluids. Separating sample plugs from the carrier fluid by a two-phase configura-
tion in combination with a microfluidic flow cell, allowed samples of 5 ;L to be sequentially

measured under continuous flow, opening the method to fast and reliable screening applica-
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tions. To demonstrate the study of dynamic processes, the viscosity and mass density changes
occurring during the free radical polymerization of acrylamide were monitored and com-
pared to published data. Shear-thinning was observed in the viscosity data at higher flexural
modes, which vibrate at elevated frequencies. Rheokinetic models allowed the monomer-
to-polymer conversion to be tracked in spite of the shear-thinning behavior, and could be

applied to study the kinetics of unknown processes.

5.1 Introduction

Viscosity and mass density are key characteristics of fluids. They depend on the solvent, as
well as on the physicochemical properties of the dissolved components. Viscosity measure-
ments are used to characterize solutions of polymers and biopolymers [91]. Whereas the
density is mainly related to concentration and hydrodynamic volume, the viscosity depends
on concentration, molecular weight, shape and interactions of the solute molecules. Clas-
sical viscosity or mass density measurements require milliliter samples with a time resolu-
tion on the order of minutes. Recently, new sensing methods that allow either microfluidic
viscosity [90] or mass density [183, 184] measurements were presented. Notably, most of
these new viscosity measurement techniques rely on fluorescent labels or optical readout
and subsequent image processing. In contrast, combined viscosity and mass density sensing
methods are mostly based on mechanical resonators. They employ resonating microtubes
[185], micro-electromechanical systems [79], surface acoustic wave devices [186], tuning
forks [187], quartz crystal microbalances [188], and microcantilevers [63]. Due to the wide
application range of microcantilevers in scanning probe microscopy, comprehensive theo-
retical frameworks considering arbitrary modes of vibration have been developed [111, 125]
and experimentally tested [63, 64, 116, 117]. Reported applications include characterization
of polymer solutions [59], concentration determination of sugar solutions [57] and viscosity
measurements of hydrocarbons and silicone oils [56] and ethanol solutions [55, 61]. A com-
prehensive review on fluidic applications using microcantilevers is given by Kim, Kihm, and
Thundat [24] Only few papers report time-resolved changes in cantilever resonance param-
eters in fluids while viscosity and mass density are changed [46, 47]. Furthermore, reviewing
viscosity and mass density data measured using microcantilevers led us to the conclusion
that careful calibration and a vibrational spectrum without spurious resonance peaks are
essential to achieve good accuracy.

In this paper we use resonating nanomechanical cantilevers embedded in a microliter fluid
cell, as transducers for real-time viscosity and mass density measurements. Photothermal
excitation of the cantilever was implemented, and the use of higher flexural modes of vibra-
tion was studied. The performance of the instrument was evaluated using glycerol solutions.

A segmented two-phase flow allowed sequential measurements to be performed using sam-
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ple volumes as low as 5 ;L. Subsequently, the use of the method to monitor polymerization

reaction kinetics with microliter sample consumption was investigated.

5.2 Materials and methods

Unless otherwise indicated, nanopure water was used and chemicals were purchased from

Sigma-Aldrich (Buchs, Switzerland) and used without further purification.

5.2.1 Experimental setup

The experimental setup employed to excite and detect higher flexural mode cantilever vibra-
tions in liquid is shown in Figures 5.1a and b. By sweeping given ranges of frequencies (sweep
time 1.0 to 1.67 s), amplitude and phase spectra of arbitrary flexural modes are recorded on
a vector network analyzer (MS4630B, Anritsu, Kanagawa, Japan). The reference signal is
applied to the excitation laser driving the cantilever (LDgx; 406 nm, 4.4 mWpc, peak-to-
peak modulation amplitude 7.0 mW,,, at the output aperture of the objective; LP406-SF20,
Thorlabs, Newton, New Jersey, USA). The dynamic response is monitored using the de-
tection laser (LDpg; 780 nm, 0.8 mWpc; 51nanoFCM-HO06, Schifter + Kirchhoff GmbH,
Hamburg, Germany), which is reflected off the free end of the cantilever. The optical de-
flection signal is directed onto a position-sensitive detector (PSD; 2L10_SU?7, SiTek Electro
Optics, Partille, Sweden); a motorized translational stage keeps the laser spot centered on
the PSD. Photocurrents from two opposing electrodes on the PSD are converted by home-
built transimpedance amplifiers (bandwidth: 850 kHz) and fed into a differential amplifier
(gain: 10x; SIM910/SIM911, Stanford Research Systems, Sunnyvale, CA, USA; or DA1822,
Teledyne LeCroy, Chestnut Ridge, NY, USA). The differential signal is fed back into the net-
work analyzer (lock-in bandwidth: 300/500 Hz) and divided by the signal originating from a
reference photodiode (PD; PDA36A, Thorlabs, Newton, New Jersey, USA). Specifically de-
veloped, object-oriented LabVIEW software (National Instruments, Austin, Texas, USA) is
used to control and record data from the network analyzer. Amplitude and phase spectra
are recorded and saved consecutively. A Lorentzian curve fitting routine allows resonance
frequencies and quality factors to be tracked in real-time. Furthermore, the software mon-
itors the deflection and intensity of the signal on the position-sensitive detector, stabilizes
the temperature of the fluid cell to 20 £ 0.01°C, and controls the valve and syringe pump

used for sample injection.

5.2.2 Fluid cell and sample injection

A syringe pump (KDS900, KD Scientific, Holliston, MA, USA) and a ten port valve (VV-
C2H-1340EH, VICI, Schenkon, Switzerland) equipped with two sample loops (10 and 50 L)

allow sequential injection of samples into the fluid cell using a carrier fluid, either water or
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Figure 5.1: (a) Photograph and (b) schematic diagram of the experimental setup. Inset: Mi-
crograph of the fluid cell; the dotted black line indicates the fluid channel and the arrow the
flow direction (scale bar: 1 mm). Configurations of the fluidic setup: (c) Sequential sample

injection and (d) sample aspiration from an external vessel. The cantilever chip (1) is inte-
grated in a PDMS fluid cell (2) mounted on a temperature-controlled stage (3). A syringe
pump (4) allows injection or aspiration of sample into the fluid cell through PEEK tubes (5).
The beam (dashed blue line, b) from an intensity-modulated excitation laser (LDgx) is split
10:90 between a reference photodiode (PD) and a dichroic mirror (DM), respectively. It is
directed upwards by a broadband mirror (M) and focused onto the cantilever by an objec-
tive lens (4 x). To detect the vibration, the reflected beam of the detection laser (LDpg; solid
red line, b) originating from the cantilever, is directed through a concave lens (f = -50 mm)
onto a position-sensitive detector (PSD), by combining a polarizing beam splitter (PBS) and
a lambda-quarter plate (\/4). An optical high-pass filter (HPF) is inserted to avoid distur-
bances on the PSD. An optical isolator (ISO) is used to avoid back reflection into the laser
diode. Optical access for a camera is provided by a 50:50 beam splitter.
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hydrocarbon oil, at flow rates between 0.1 and 50 pL/min (Figure 5.1¢). To monitor a poly-
merization process in an external vessel, sample is aspirated into the fluid cell as illustrated
by Figure 5.1d. All measurements are performed under continuous flow. The parts are con-
nected with polyether ether ketone (PEEK) tubes (inner diameter 250 ym). The fluid cell
(volume < 2 plL) is molded in polydimethylsiloxane (PDMS) [189]. The required master
template was produced from a cantilever chip body and a glass rod (diameter 1 mm) glued
to a microscopy glass slide. Replica are fabricated by pouring degassed PDMS (SYLGARD®
184, Dow Corning, Midland, MI, USA) onto the master template and baking at 60°C for
at least 4 h. After activation in a 30 W oxygen plasma for 30 s (PDC-002, Harrick Plasma,
Ithaca, NY, USA), a cantilever chip is inserted and the fluid cell is bonded to a microscopy
glass slide. The dimensions of the fluid cell where chosen to ensure that boundary effects,

such as squeeze film damping, are negligible [123].

5.2.3 Cantilever preparation

Arrays comprised of cantilevers with different lengths (IBM Zurich Research Laboratory,
Rueschlikon, Switzerland; nominal dimensions 500,/300/250/200 x 100 x 4 ,umg), were
cleaned in piranha solution (30% hydrogen peroxide and 96% sulfuric acid, 1:1) for 30 min,
washed four times in water, once in isopropanol and dried in air. To passivate the silicon,
cantilevers were incubated in 10 mM 2-(methoxy(polyethyleneoxy)propyl)trimethoxysilane
(90%, ABCR, Karlsruhe, Germany) in ethanol for 30 min at room temperature. Subse-
quently, a 2 nm titanium layer (Johnson Matthey, Zurich, Switzerland) followed by a 20 nm
gold layer (Goodfellow, Huntingdon, England) were deposited using an electron-beam evap-
orator (EVA 300, Alliance Concept, Cran Gevrier, France). The gold layer was then passi-
vated in 1 mM (1-Mercapto-11-undecyl)tetra(ethylene glycol) (95%, ASEMBLON Inc., Red-
mond, WA, USA) in ethanol for 30 min at room temperature, washed in water and rinsed
with isopropanol. Cantilevers were stored under argon atmosphere until use. For all exper-
iments, only the cantilevers with the highest aspect ratio were used (500 x 100 x 4 ym3).

5.2.4 Glycerol reference solutions and free radical polymerization reaction

Viscosity and mass density standards were prepared from weighed amounts of water and
glycerol. The glycerol concentrations ranged from 30.5% to 73.0% (w/w) and corresponding
viscosity and mass density values were calculated according to theory [190, 191]. The refer-
ence solutions were mixed and filtered through a sterile 0.20 pm filter. Water was used as car-
rier fluid for the reference measurements. A total of 45 ;1L of each glycerol reference solution
was injected into the fluid cell at 5 ;L/min (first 15 ©L) and measured at 2 pL/min (follow-
ing 30 pL). Subsequently, the fluid cell was purged with water at 2 yL/min. For segmented
two-phase flow experiments a hydrocarbon oil (Viscosity and Density Standard N1.0, 19044;
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1.03 mPa-s, 779 kg/m?) was used as carrier fluid and 5 yL samples were sequentially injected
at a constant flow rate of 5 yL/min (see Figure 5.1c¢).

To study the free radical polymerization of acrylamide at room temperature in a time-resolved
manner, the monomer acrylamide (3.4%, 478 mM, 109 equivalents) and the catalyst tetram-
ethylethylenediamine (TEMED; 6.6 mM, 1.5 equiv.) were dissolved in water and placed in
an Eppendorf tube (total sample volume: 1.5 mL). The solution was fed into the fluid cell by
aspirating itata rate of 1 L/min (see Figure 5.1d). The polymerization reaction was initiated
by adding ammonium persulfate (APS; 4.4 mM, 1 equiv.) and the flow rate was increased
to 10 puL/min for 1 min to overcome the dead volume of the connecting tube (= 5 uL).
Subsequently, the flow rate was decreased to 1 L/min and kept at this value during the en-
tire reaction (65 min). The total sample consumption during the reaction was 75 L. As
the reaction was carried out in air and the water was not deoxygenated, atmospheric oxygen
was present in the reaction mixture and quenched the reaction in the initial phase. The fi-
nal degree of conversion of the reaction was determined by ' H-NMR spectroscopy using a
Bruker DPX-NMR (400 MHz) instrument (Bruker, Billerica, MA, USA). 0.4 mL of sample
was added to 0.4 mL of DoO (Cambridge Isotope Laboratory Tewksbury, MA, USA) and
analyzed by 'H-NMR at room temperature. The degree of conversion was calculated from
the baseline corrected spectra using the integrals of the vinyl protons of the monomer and
the protons of the polymer backbone.

5.2.5 Data analysis and hydrodynamic forces

The following procedure was followed to measure the viscosity and mass density using a vi-
brating cantilever immersed in the fluid under test: (i) The eigenfrequency and quality factor
of the cantilever were experimentally determined; (ii) the hydrodynamic function, relating
these parameters to the viscosity and mass density of the fluid, was solved; (iii) after a cal-
ibration step, the fluid properties were determined. To determine the eigenfrequency and
quality factor of the cantilever, a damped harmonic oscillator model was fitted to the ampli-
tude and phase spectra individually [23] (see Supporting Information D). The hydrodynamic
function I' (see below for details) introduced by Sader and Van Eysden [111, 125], relates the
eigenfrequency f,, and quality factor ), of a vibrating cantilever to the viscosity and mass

density of the surrounding fluid,

(T'(Re, /{n))> , (5.1)

[N

TWwpP
4tpc

f'rL = fn,vac (1 +

e 4 R (T(Re, kin))

o Twp
Qn - Cn,cal S (F(Re7 :‘in))

(5.2)

The Reynolds number [125] Re = 27 f,,pw? /7, quantifies inertial against viscous forces

and the normalized mode number k,, = wa, /L, is related to the spatial wavelength of the
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beam. The parameters ¢, w, L, p., fn and ), are the thickness, width, length, average mass
density (2330 kg/m?), eigenfrequency and quality factor of mode n, with eigenvalue v, (see
Supporting Information D), of the cantilever immersed in a fluid of mass density p and vis-
cosity 7). The real part R(I") of the hydrodynamic function describes inertial forces, whereas
the imaginary part S(I") represents dissipative forces exerted by the fluid. Compressibility
of the fluid should be considered when the spatial wavelength of a flexural mode exceeds the
acoustic wavelength in the fluid at the corresponding frequency. In aqueous solutions this
condition is met for flexural mode numbers above 24 for the cantilevers employed [128].
Because the highest detectable mode is far below this value, compressibility was neglected
in the analysis. The employed model furthermore assumes the no-slip boundary condition
[113]. Equation 5.1 is solved by an iterative process [112], because the hydrodynamic func-
tion depends on the eigenfrequency. A calibration step is required to account for uncertain-
ties in the dimensions of the cantilever as well as to compensate for non-ideal effects. It is
performed in a single reference fluid, water in the present case, at the start of every series
of experiments. The calibration factors, the vacuum frequency [63] f,, vac and the quality
factor calibration constant (), .,), are determined for each flexural mode n by a root-finding
algorithm in IGOR Pro (WaveMetrics, Lake Oswego, OR, USA), using Equation 5.1 and 5.2.
Once determined, the calibration factors f;, vac and C), ¢, are used to calculate the viscosity
and mass density of the fluid under test.

The approach used to describe the hydrodynamic function I' is discussed in the following.
Higher modes of vibration entail high Reynolds numbers Re due to their elevated eigenfre-
quencies f,,. The numerical calculation of I" for such high Re requires a large number of
terms to reach convergence [113], which would demand both very high numerical precision
and computing time. Therefore, empirical implementations of I' have been developed and
successfully applied [33, 132]. We introduce an approximation, which is valid for Re > 103
and therefore complements previously reported descriptions of the hydrodynamic load:

I'=(a+b R, »o00(Re, kn)]) +i (Re™+d- S [Th,mo0(Re, kn)])
for Re> 103, (5.3)
/2 — iR
Th, o0 = 8 iy — 1€ as Ky — 00. (5.4)

Thn \/K2 — iRe — Ky,

The approximation is based on the corrected asymptotic solution I, _, from Van Eysden

and Sader [125], valid for higher normalized mode numbers «,,. The parameters a, b and
¢, d are correction terms for the real and imaginary components, respectively. The follow-
ing requirements are fulfilled by the approximation: In the asymptotic limit Re — oo, the
real part of the hydrodynamic function approaches the values of the inviscid theory [124]
with good accuracy, whereas the imaginary part reaches zero. Furthermore, the correction
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Figure 5.2: Log-log plot of the imaginary (a) and real (b) part of the hydrodynamic func-
tion I for various values of the normalized mode number «,,. Calculated [125] (markers),
asymptotic [125] (dashed lines; Equation 5.4) and approximated (solid lines; Equation 5.3)
values are shown. For better visibility every other calculated value has been omitted. The
results of the inviscid theory [124] are indicated in the real part (co).

terms a, Re™° — 0 and b,d — 1 for k, > 1 to recover the asymptotic solution (Equa-
tion 5.4). The correction parameters were determined by fitting the real and imaginary part
of the approximation to the numerically calculated values in the range Re = {103, ...,10%}
and k, = {0.1,...,20} and are provided in the Supporting Information D. Discrete val-
ues of I' were numerically calculated according to literature [125] for Re = {10, ...,10%}
and k,, = {0.1,...,20}. Figure 5.2 shows numerically calculated, asymptotic and approxi-
mated values of the hydrodynamic function for various ,,. Because the Reynolds numbers
obtained in the experiments are in the order of 102 to 10%, a combination of the numerically
calculated and approximated values of the hydrodynamic function was used. The transi-
tion region (Re = {103,...,10%}) was described by a linearly weighted average of both

functions.
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Figure 5.3: Measuring principle: A vector network analyzer (VNA) applies a frequency swept
excitation signal to the immersed cantilever sensor and detects its response. Resulting phase
and amplitude spectra are acquired continuously. Time-resolved values of the eigenfre-
quency f, and quality factor (), are determined by fitting a damped harmonic oscillator
model to the spectra. The values are converted into viscosity and mass density data by using
a hydrodynamic model, which quantifies the cantilever-fluid interactions (see Materials and
Methods).

5.3 Results and discussion

A microcantilever based method for fluid viscosity and mass density measurements with
high temporal resolution and microliter sample consumption is presented (Figure 5.1). The
measurements are achieved by monitoring higher flexural mode vibrations of a cantilever
immersed in the liquid under test. The measuring principle is depicted in Figure 5.3. In
the following, we present (i) the dynamics of vibrating microcantilevers driven by optical
excitation in liquid, (ii) the validation of the instrument performance with liquids of known
viscosity and mass density, (iii) an optimized sample delivery procedure involving a two-
phase flow and (iv) the application of the sensor to characterize chemical polymerization

reactions.

5.3.1 Photothermal excitation of resonating cantilevers in liquid

The phase and amplitude response of a resonating cantilever immersed in liquids of different
viscosity and mass density, namely water and glycerol solutions, are shown in Figure 5.4. The
cantilever was embedded in a molded fluid cell with a volume below 2 yL. Vibration was in-
duced photothermally and detected using an optical beam deflection setup (Figure 5.1). The
high spring constants of the cantilevers [106] and the viscous surroundings require efficient
excitation to drive higher flexural modes at a detectable amplitude. Photothermal excita-
tion allows cantilever vibration to be induced without mechanical contact [104, 192]. Thus,
the excitation system is completely separated from the fluid cell. To ensure efficient photo-

thermal excitation of higher flexural modes, the excitation laser was positioned close to the
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Figure 5.4: Phase and amplitude response of a photothermally driven cantilever (500 x 100 x
4 pm?) immersed in liquids of different viscosity and mass density, namely water (H2O) and
glycerol solutions (gly. w%). The flexural mode number (bold), the corresponding Reynolds
number in water and the mode shape are indicated above the resonance peaks. Note the ab-
sence of spurious resonances. The first flexural mode is not visible due to high-pass filtering.
The angular deflection amplitude is normalized to the highest peak.

clamped end of the cantilever beam, where the curvature is highest. In contrast, the detec-
tion laser was focused at the free end of the cantilever, where maximal angular deflection
occurs. Furthermore, the efficiency was improved by matching the excitation and detection
laser wavelengths to the absorption properties of the cantilever coating [153], in this case
gold. At the excitation wavelength of 406 nm, the absorption of gold is about 67% [193],
allowing efficient heating that is in turn transduced into a bending moment. In contrast, the
absorption of gold is < 3% (reflectivity > 97%) [193] at 780 nm rendering this wavelength
suitable for the detection laser. Advantages of photothermal excitation are (i) undisturbed
resonance spectra, (ii) suitable integration into microfluidics, (iii) scalability, e.g., scanning
over arrays of cantilevers, and (iv) separation of the excitation and detection system from
microfluidics, allowing flexible fluid cell designs. Potential drawbacks of photothermal ex-

citation and optical detection include: (i) Only applicable to optically transparent sample
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fluids, (ii) requires a two-step alignment, and (iii) local fluid heating (see Supporting Infor-
mation D).

The resonance spectra shown in Figure 5.4 are free of any spurious resonances. The phase
and amplitude response of a cantilever is an entanglement of various effects depending on:
(i) The properties of the fluid, i.e., increasing viscosity and mass density decrease the quality
factor, shift the eigenfrequencies towards lower values and reduce the amplitude of vibra-
tion; the shifts are more pronounced for higher modes, (ii) the mechanical properties and
dimensions of the cantilever, (iii) the position, thermal lag and the spot size of the photo-
thermal excitation, (iv) the phase-lag and bandwidth (850 kHz) of the electronics and (v)
the degree of angular bending, i.e., the stronger angular bending of higher flexural modes
increases the response detected in the optical beam deflection system.

5.3.2 Viscosity and mass density measurements of reference fluids

After calibration in water (1.01 mPa-s, 998 kg/m?; average of 10 spectra) at the start of a flow-
through measurement, viscosities and mass densities of the sample fluids were calculated
from the measured eigenfrequencies and quality factors. Mass density mainly affects the
co-moving mass and thus the eigenfrequency of the resonator. In contrast, viscous forces
alter the dissipation and thus govern the quality factor. The influence of the viscosity on the
eigenfrequency is due to the boundary-layer thickness [31] which extends further for lower
modes, and thus increases the co-moving mass.

A calibration step is essential to avoid systematic errors. Deviations of the vacuum frequency
from the calculated values are mainly caused by the uncertainty in the average thickness of
the cantilevers, and become more pronounced at higher modes [10]. The quality factor is
affected by various dissipative mechanisms. For the cantilevers employed, viscous dissipa-
tion dominates by orders of magnitude [109]. Because only fluid in closest vicinity to the
cantilever is probed, i.e., within the viscous boundary-layer [31], local heating effects orig-
inating from the incident lasers must be considered. Finite element analysis suggests that
the average heating inside the probed fluid volume (< 1 nL) is below 2.3 K (see Support-
ing Information D). Because the viscosity has a stronger temperature dependence than the
mass density [157], an increase in temperature mainly alters the quality factor. To account
for these interfering effects, the vacuum frequency and a quality factor calibration constant
were determined using water as a calibration fluid.

Figure 5.5 shows measured viscosity and mass density values of reference fluids (glycerol so-
lutions) derived from the different flexural modes. The analysis was performed for the phase
as well as for the amplitude spectra. The accuracy is mainly governed by the peak amplitude,
which defines the signal-to-noise ratio. In general, higher modes show less variance because
of the larger absolute shifts in eigenfrequency and quality factor. At high viscosities, values
derived from higher modes deviate from the reference values. Due to the larger absolute
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Figure 5.5: (a) Viscosity and (b) mass density values of glycerol solutions, derived from the
amplitude (bottom) and phase (top) response of flexural modes 2 to 6, after calibration in
water. Reference values are indicated by the dashed lines [190, 191]. The data points show
the mean and standard deviation derived from 10 spectra.

shifts observed at higher modes, the response saturates more rapidly impairing accurate de-
termination of the viscosity values. The deviations in mass density derived from amplitude
spectra of lower modes are due to the decreasing peak amplitudes, which hinders the precise
determination of the eigenfrequency. After a single reference calibration in water, quantita-
tive viscosity measurements performed on the reference fluids were accurate to within 25%
(phase) and 34% (amplitude) in a range from 1 to 20 mPa-s (12% (phase) and 10% (am-
plitude) for 1 to 10 mPa-s). Mass density values were determined within 1% (phase) and
4% (amplitude) from 998 to 1176 kg/m3. These values are comparable [56] or better [60]
than the ones reported for similar viscosity ranges using cantilevers. The more the sample
characteristics deviated from those of the calibration fluid and the higher the viscosity, the
more the measured values differed from literature values and the larger the standard devia-
tions. Better accuracy can be obtained using a multi-reference calibration [57] or cantilevers
with a higher aspect ratio [55]. Furthermore, the precision can be adjusted by adapting the

cantilever dimensions to a certain measurement range.

78



5.3. RESULTS AND DISCUSSION

oil H,0 gly. gly.
L 1200 — 46% 59%
S 5 UL <— v, 551
2 " 1 i
=< 1000 — G [ 1 !
by ' 'y S
‘B 1 1
§ 800 —janpmmemme’ '“I vl e
7] 12 — °
@
g . W
S 8 — |;|
> '
= ” 1
g4 o
2 o m .-
g temmt bem
I T T T T I T T T T I
0 5 10

Time / min

Figure 5.6: Viscosity and mass density values derived from the 4™ flexural mode upon se-
quential injection of 5 pL samples using a hydrocarbon oil as carrier fluid. The use of a
hydrophobic carrier phase prevents dispersion and thus delivers the sample to the cantilever
transducer at its initial concentration. After calibration in the carrier fluid (oil), water (H5O)
and different glycerol solutions (gly. w%) were injected. Reference values are indicated by
the dashed lines [190, 191].

5.3.3 Segmented two-phase flow to avoid sample dispersion

Dilution of the sample by dispersion into an aqueous carrier fluid leads to deviations in vis-
cosity and mass density. Such Taylor dispersion [194] increases with the initial solute con-
centration and the flow rate. Therefore, efficient delivery of the sample liquid to the sensor
is crucial for accurate measurements in flow-through instruments. The use of an oil phase
as carrier fluid [195], which effectively prevents sample dilution, allows smaller sample vol-
umes to be measured. As illustrated in Figure 5.6, the use of a hydrocarbon oil resulted in a
segmented two-phase flow, allowing fast and reliable screening of samples as small as 5 ;L.
Measured viscosity and mass density values are in good agreement with literature values
(dashed lines [190, 191]) for both the carrier and the samples [194]. Furthermore, the mea-
sured values returned to the baseline immediately after each sample plug, clearly indicating
that there was no unspecific adsorption to the cantilever. During sample injection and purg-
ing the laser beams are scattered due to (i) the different refractive indices of the fluids and (ii)
interfacial forces deflecting the cantilever, leading to a temporary decrease in laser intensity.
To account for this, data points recorded below a certain laser intensity threshold were ex-
cluded from the analysis (see Supporting Information D). In summary, miniaturization and
optimized liquid handling significantly improved the sensor characteristics. These findings

might also be applicable to other transducer technologies.
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5.3.4 Real-time monitoring of free radical polymerization reactions

The polymerization of acrylamide was selected as a model system to demonstrate the study
of dynamic processes and to validate the results delivered by the sensor by comparing them
to published rheokinetic data [196]. The specific viscosity of a polyacrylamide (PAa) solution
n)sp is proportional to the polymer concentration ¢ and the viscosity average molar mass M
according to 7y 06M3'4 [196]. This equation can be expanded into a rheokinetic model
that links the measured viscosity at any given reaction time to the monomer-to-polymer
conversion of the reaction (see Supporting Information D and reference [196]).

Figure 5.7a shows time-resolved viscosity and mass density data derived from flexural modes
2 to 6. After recording a stable baseline in acrylamide monomer solution, the reaction was
initiated by adding ammonium persulfate (+APS). As atmospheric oxygen was present, the
reaction started after a lag-phase (to). Viscosity hardly increased in the initial polymerization
phase due to the weak viscosity-concentration dependence at low polymer concentrations.
A strong increase in viscosity was observed in the next stage, i.e., at higher polymer concen-
trations, until saturation, which was reached when most monomer had been converted into
polyacrylamide. The difference in the absolute cantilever response in the polyacrylamide so-
lution (PAa, Figure 5.7a) is explained by the occurrence of shear-thinning at higher frequen-
cies. The measured mass density deviated towards lower values, even though an increase
was expected (see Supporting Information D). The employed hydrodynamic model does
not account for the non-Newtonian behavior of the solution [125], therefore misinterpret-
ing shear-thinning as a decrease in mass density. The deviation becomes more pronounced
at lower modes, where the eigenfrequency strongly depends on an entanglement of viscosity
and mass density. In contrast, the eigenfrequencies of higher modes are almost independent
of the viscosity and, thus, reproduce the mass density with higher accuracy.

To validate the use of the sensor for kinetic measurements, a rheokinetic model [196] was
fitted to the viscosity data (Figure 5.7a, solid black lines; see Supporting Information D for
details). The rheokinetic model describes the measured data well and was used to calculate
the degree of conversion 3 of the reaction over time as shown in Figure 5.7b. In the initial
stage (8 < 25%) of the polymerization, it cannot be accurately determined due to the weak
viscosity-concentration dependence. Even though shear-thinning occurred, the determined
degrees of conversion are consistent along all modes. As expected for a free radical polymer-
ization [196], the degree of conversion is well described by a first order kinetic with a second
order initiation reaction (solid black lines in Figure 5.7b). The degree of conversion at the
end of the reaction additionally determined by !H-NMR was (96 4-2)%. In good agreement,
the rheokinetic model extrapolated to 95% (Figure 5.7b). These results approve the use of
nanomechanical cantilevers to monitor the kinetics of polymerization reactions solely by

measuring changes in viscosity.
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Figure 5.7: Free radical polymerization of acrylamide. (a) Viscosity and mass density data
derived from phase spectra. The acrylamide solution (Aa) was initiated with ammonium
persulfate (+APS). After a lag-phase () due to the presence of oxygen, the reaction started
and the viscosity increased until the monomer became depleted (PAa). (b) The degree of
conversion during the reaction (grey area) was determined by fitting rheokinetic models
[196] to the viscosity data (solid black lines in a). It is well described by a first order kinetic
with a second order initiation reaction (solid black line in b). The degree of conversion at
the end of the reaction was furthermore determined by 'H-NMR. (c) Frequency dependent
viscosity of the polymer solution (polyacrylamide), the monomer solution (acrylamide) and
water (HoO; mode numbers are indicated).
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Figure 5.7c shows the shear-thinning behavior of the polymer solution (PAa) [40] deter-
mined at the end of the reaction. In contrast, the monomer solution (Aa) and the solvent
(H20) displayed Newtonian (frequency independent) behavior. Recently introduced theo-
retical models for the characterization of viscoelastic fluids using microcantilevers account
for such non-Newtonian behavior. However, they only consider the fundamental flexural
mode and require prior knowledge of the mass density [197]. Extending such models to
higher modes would enable viscoelastic behavior to be characterized over a wide range of

frequencies.

5.4 Conclusions

The method presented uses nanomechanically resonating cantilevers to achieve quantita-
tive, time-resolved fluid viscosity and mass density measurements. The implemented photo-
thermal excitation method avoided spurious resonances and allowed integration of the sen-
sor into PDMS microfluidics, where piezoelectric excitation is unsuitable [198]. Embedding
the cantilever transducer in a microfluidic PDMS cell and implementing a two-phase fluidic
system avoided sample dispersion, allowing measurements to be reproducibly made with
5 uL sample volumes. The hydrodynamic model of Van Eysden and Sader [125] was adapted
to allow higher flexural modes, i.e., vibration at high Reynolds numbers, to be considered.
The extended model was validated using Newtonian reference solutions prepared from glyc-
erol.

Using the microcantilever based instrument it was possible to follow the free radical poly-
merization of acrylamide in a time-resolved manner with a total sample consumption of
just 75 pL during 65 min. Non-Newtonian shear-thinning behavior observed in the vis-
cosity data revealed limitations of the theoretical framework employed, impairing accurate
determination of the mass density, especially at lower modes of vibration. Despite the ob-
served shear-thinning, the degree of monomer-to-polymer conversion was determined us-
ing rheokinetic models [196], and was consistent for all modes of vibration. In future, the
instrument could be used to determine the kinetic constants of unknown reactions. Further,
the very small sample volumes required make it ideally suited to monitor polymerization ki-
netics in microreactors [199] or in reactions that have to be conducted on a very small scale,
e.g., to explore the parameters for expensive (bio)catalysts [200]. In addition to its use to
characterize chemical polymerization reactions, the presented sensor should allow biologi-

cal aggregation processes to be investigated.
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Abstract

Most established methods to determine the viscosity and mass density of liquids have two
major drawbacks: Sample consumption (milliliters) and measurement time (minutes). Res-
onant nanomechanical cantilevers promise to overcome these limitations. Although sam-
ple consumption has already been significantly reduced, the time resolution was rarely ad-
dressed to date. We present a method to reduce the time and user interaction required for
such measurements. It features (i) a droplet-generating automatic sampler using fluorinated
oil to separate microliter sample droplets, (ii) a PDMS-based microfluidic measurement cell
containing the resonant microcantilevers, (iii) dual phase-locked loop frequency tracking
of a higher-mode resonance to achieve millisecond time resolution, and (iv) data analysis
to extract the resonance parameters and calculate the viscosity and mass density of the sur-
rounding liquid. Series of 2 L droplets of glycerol, glucose and urea solutions separated by
fluorinated oil could be screened ata rate of ~ 5 s per sample droplet, validating the principle.
After a single-point calibration in water the accuracy of the viscosity and mass density values
were within 24% and 15%, respectively, for a range of 1-11 mPa-s and 998-1175 kg/m?3.
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6.1 Introduction

The flow behavior of a fluid is governed by its viscosity and mass density, making these prop-
erties of fundamental importance for many industrial processes [42]. Furthermore, the fluid
properties of a solution can be related to its condition, including the coagulation properties
of blood [201] and the folding state of proteins [92]. Since many biological samples are only
available in small quantities, reducing the amount of sample consumed by a viscosity and
mass density measurement is an essential requirement. Furthermore, as it is often necessary
to characterize large numbers of samples, high-throughput methods are becoming increas-
ingly important.

Resonant structures as cantilevers, suspended-channels [72], quartz crystals, doubly clamped
beams, and membranes [42] have all been employed to probe viscosity in small volumes.
The use of resonant microcantilevers has the advantage that their interaction with a fluid
is comprehensively described due to their abundant use in atomic force microscopy [111,
125]. Furthermore, they can be employed to simultaneously measure the viscosity and mass
density of a fluid in sub-microliter volumes [63]. Proof-of-concept viscosity measurements
using microcantilevers were made in solvents [63] and hydrocarbons [58]; solutions of sug-
ars [57], ethanol [55], polymers [50] and DNA [53]; and in coagulating blood plasma [201].
Models assuming Newtonian flow behavior were assumed in each case [111, 125]. In res-
onant microcantilever systems, usually the eigenfrequency and quality factor are extracted
from a resonance spectrum and related to the viscosity and mass density of the surround-
ing fluid [63, 111]. The time resolution of this method is limited by the time to acquire a
resonance spectrum; usually a few seconds.

Here, the method of Goodbread et al. [202] was further developed to continuously monitor
the eigenfrequencies and quality factors of microcantilevers in liquid with a time resolution
of about 1 ms. Microcantilevers were driven by photothermal excitation that allowed phase-
locked loop frequency tracking over a wide range of ~ 60 kHz. The improved method was
applied to screen microliter sample droplets for their viscosity and mass density in a two-

phase, i.e., oil/sample, flow configuration.

6.2 Materials and methods

6.2.1 Reference solutions

Reference solutions were prepared by weighing and dissolving glycerol (A1123, AppliChem),
glucose (G7021, Sigma-Aldrich) and urea (U5128, Sigma-Aldrich), respectively, in nanop-
ure water. The glucose solutions and the glycerol solutions were characterized with an AMVn
viscometer and DMA 4500 M density meter (Anton Paar). Reference viscosity and mass

density values for the urea solutions were taken from the literature [32].
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Figure 6.1: Schematic of the electronic and optical setup. Optical beam deflection system
used to detect microcantilever vibration: The beam of a 780 nm diode laser (LDpg; red)
sequentially passes an optical isolator (ISO), a beam-splitter (50:50) to monitor the inten-
sity on a photodiode (PDpg), a polarizing beam-splitter (PBS), a lambda-quarter plate (A/4)
and a dichroic mirror (DM), and is reflected oft a broadband mirror (BM). After focusing
by passage through a microscope objective (4 ), it is reflected from the microcantilever and
coupled onto the position-sensitive detector (PSD) using the polarizing beam-splitter (PBS).
A concave lens (L) increases the displacement of the laser on the PSD. A mirror galvanome-
ter (MG) automatically aligns the laser spot on a position-sensitive detector (PSD) and an
optical filter (OF) blocks interfering light. Photothermal excitation used to drive the micro-
cantilevers: An intensity modulated 405 nm diode laser (LDgx; violet) is coupled in using
the dichroic mirror (DM). A digital dual phase-locked loop (PLL) is used to detect the can-
tilever frequencies. The signal from the PSD is fed into the dual PLL consisting of two parallel
phase-detectors (PLL-PD), PI controllers (PLL-PI), and oscillators (Osc). The output of the
oscillators is mixed and applied to LDgx, thus, modulating its intensity.

6.2.2 Electronic and optical setup

The optical and electronic setup employed is described in Ref. [50]. However, certain mod-
ifications were necessary to perform the measurements described below (see Fig. 6.1). A
Zurich Instruments HF2-PLL was employed to record open-loop spectra using the lock-in
amplifiers; to track frequencies using the dual phase-locked loop (PLL); and to control the
laser intensity and position on the position sensitive detector (PSD) using the proportional-
integral (PI) controllers. Open loop spectra were acquired at a lock-in bandwidth between
10-100 Hz. The PLL target bandwidth was set between 100 and 500 Hz, which resulted in
the following parameters: 4™ order input filter with a time constant ~ 10 us (PLL-PD) and
PLL PI-feedback gains of P ~ 10 and I ~ 1 ms (PLL-PI). Furthermore, the detection laser
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Figure 6.2: Schematic of the fluidic setup. The whole fluidic system is filled with fluorinated
oil (FC-40). Samples float on the FC-40 oil and are confined by vials with an open end. 12
vials are mounted in a rotatable stage. Sample droplets are aspirated using a capillary that is
controlled by a z-motor, and are separated by oil aspirated when the capillary is withdrawn.
Each vial is addressed by rotating the stage. The droplets are pumped into the fluid cell con-
taining the resonant microcantilevers. A syringe pump ensures a constant flow rate. Inset:
Micrograph of the fluid cell (scale bar: 1 mm).

position was continuously aligned on the position sensitive detector (PSD) using a mirror
galvanometer (MG in Fig. 6.1; GSVO011, Thorlabs). This is of special importance to correct for
refractive index changes between the fluorinated oil and the aqueous samples. To this end,
the deflection signal was amplified (10x, SIM911, SRS), low-pass filtered (fip = 1 kHz,
SIM965, SRS) and fed into the PI loop (P = 0.01, I = 10 s~ 1) that controls the mirror gal-
vanometer. The incident intensity on the PSD was controlled by a second PI loop (P = 10,
I = 1000 s~1) to a setpoint between 330 W and 450 W by adjusting the detection laser
current. The fluid cell was temperature stabilized to 20°C with a precision of +0.05°C.

6.2.3 Fluidic setup

A schematic of the fluidic setup is shown in Fig. 6.2. The main components are the droplet
generating automatic sampler, the fluid cell containing the microcantilever sensors, and a sy-
ringe pump to obtain a constant flow rate. The 1 yL fluid cell was fabricated according to the
protocol in Ref. [50]. However, due to the smaller microcantilever dimensions a channel ra-
dius of 400 ;sm was employed, housing three silicon microcantilevers (350/300/250 ;sm long,
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35 pm wide, 2 pum thick; MikroMasch, NSC12/tipless/noAl, see inset in Fig. 6.2). The micro-
cantilevers were prepared according to Ref. [50] and the 300 ;m long microcantilever was
used for all measurements. A PDMS-based solution (Regenabweiser, Stolz GmbH) was used
to render the fluid cell more hydrophobic (see Supplementary Information E). It was pre-
viously shown that this is crucial to obtain homogeneous droplets and reproducible droplet
handling [203]. Hence, the fluidic system was incubated with the PDMS-based solution prior
to a measurement session for >10 min and purged with water afterwards.

The droplet-generating automatic sampler is based on the compartment-on-demand plat-
form described in Ref. [204]. As depicted in Fig. 6.2, the aqueous samples are confined in
open-ended 200 pL vials (AB-1182, ThermoScientific) that are slightly immersed in fluori-
nated oil, which has a higher mass density (FC-40, Sigma-Aldrich; mass density: 1855 kg/m?,
viscosity: 4.1 mPa-s at 25°C). The head of liquid sample above the oil surface determines the
position of the oil-sample interface within the vials. A fused silica capillary with a poly-
imide coating (TSP-250350, BGB-Analytik) gives access to the sample from below through
the FC-40 oil. The z-displacement of the capillary was controlled by a linear stepper motor
(UBL23N08B1MZ55, Saia-Burgess) with a nominal step size of 0.041 mm. To address each
vial, the disk holding 12 vials was rotated with a rotational stepper motor (UBB23N08RAZ320,
Saia-Burgess) connected to a step-down gear with a reduction ratio of 16% (UGM16ANN,
Saia-Burgess), resulting in 400 steps per revolution. Both stepper motors were driven by
SE2 control electronics boards (463666080, Saia-Burgess) controlled by a LabVIEW DAQ
card (NI USB-6009, National Instruments). Custom written LabVIEW software and the
openBEB [181] framework were used to synchronize the stepper motors and automatize the
measurements (see Supplementary Information E). A KDS900 syringe pump (KD Scientific)
equipped with a 2.5 mL glass syringe (1002C, #81460, Hamilton) was employed to maintain
a constant flow rate of 60 /L/min. The immersion time of the capillary tip in oil, pure water
or aqueous sample was used to control the aspirated volumes. The reservoir of the automatic
sampler was filled with ~ 15 mL of fluorinated oil (FC-40). Between 10 L and 40 uL of
sample or pure water was placed in the vials. 2 puL droplets of each sample were sequen-
tially aspirated. In between the samples, 2 uL droplets of water were aspirated to rinse the
fluid cell and check for unspecific adsorption to the microcantilever, cross-contamination
between the droplets, and baseline drift. All droplets were separated by 4 L of FC-40 oil.
The dead volume between the sample vials and the fluid cell was ~ 20 pL, thus, the time
delay after aspirating the first droplet and its arrival in the fluid cell was 20 s.

6.2.4 Dual phase-locked loop data analysis

A dual phase-locked loop (PLL) was used to measure the eigenfrequency and quality factor
of a cantilever resonance with a high time resolution. The applied measurement principle is
a further development of the gated PLL described by Goodbread et al. [202]. The gated PLL
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Figure 6.3: Representative phase spectrum of the third mode of vibration with eigenfre-
quency f3 = 194 kHz, quality factor Q3 = 8.4 and thermal time constant 7, = 1.2 ps.
The measured data (blue markers), model (solid red curve, Eq. 6.1), and linear thermal lag
included in the model (dashed red curve) are shown. The eigenfrequency and sideband fre-
quencies and their corresponding phases are indicated by the solid and dashed grey lines,
respectively.

switches between excitation and readout to eliminate crosstalk [53]. Furthermore, the phase
setpoint is alternately set to different values allowing the quality factor to be determined. The
setup presented here, simultaneously tracks two sideband frequencies, f1 a4 and f_ag, at
certain phase setpoints, ¢4 A4 and ¢_a4, using a dual PLL (see Fig. 6.1). This is possible
because crosstalk between the employed photothermal excitation (405 nm) and optical de-
tection (780 nm) lasers can be avoided using optical filters. Continuous sideband frequency
tracking allowed changes in eigenfrequency and quality factor to be measured with a time
resolution only limited by the bandwidth of the PLL [205], i.e., in the order of a few millisec-
onds (PLL bandwidth ~ 500 Hz).

Photothermal excitation introduces a non-linear phase shift, depending on the position of
the excitation laser [206]. However, in a small frequency interval, i.e., a single vibrational
mode, the phase shift can be approximated by a linear phase delay, characterized by time
constant 7y, [182]. 7y, has to be considered in the analysis and can be extracted from mea-
sured phase spectra by fitting the phase response of a damped harmonic oscillator combined
with a phase delay (see Fig. 6.3 and Ref. [97]):

fa—f?
fuf

<f> = arctan <Qn ) - 271-7-thf + (z)offsetv (6.1)
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with frequency f, eigenfrequency f,, and quality factor (),, of mode n, and arbitrary phase
offset ofrser- As a first approximation the thermal time constant 7y, can be neglected, reduc-
ing the complexity and allowing f,, and @), to be readily extracted from Eq. 6.1 by inserting
the sideband frequencies f1 A4 and f_a4. Due to symmetry,

PP LDV .

5 Tnfn < 1, (6.22)
o Infine
Qn~ g —tan(¢4ag) for Tifn < 1. (6.2b)
fn - f+A¢

According to Eq. 6.1, the setpoints of the two PLL loops, ¢ Ay and ¢_ag, with a finite
thermal time constant 7y, are:

f2 o f2
$4Ap = arctan an — 2T Tth [+ A (6.3a)
IEYEUN
f2 o f2
$_ngp = arctan (QHW> — 2T Tih f— Ao (6.3b)

where fi A and f_ a4 are the corresponding measured sideband frequencies; note that the
offset Pofrer 1 included in the setpoints. Once 7y, had been determined from a phase spec-
trum using Eq. 6.1 (see Fig. 6.3), a find roots algorithm in Igor Pro (WaveMetrics) was em-
ployed to numerically solve this system of equations for f,, and ), using the approximate
results from Egs. 6.2a and 6.2b as initial parameters.

6.3 Results and discussion

6.3.1 Dual phase-locked loop tracking

To measure the eigenfrequency f,, and quality factor @),, of a vibrational mode n with a high
time resolution, i.e., high bandwidth, a dual phase-locked loop (PLL) was employed. Two
sideband frequencies, adjacent to the eigenfrequency, were measured and converted into the
corresponding values of f,, and (),,. To measure the required photothermal time constant
Tih»> @ calibration spectrum was recorded in water, by sweeping a range of frequencies around
the eigenfrequency, prior to each measurement. A representative phase spectrum with the
sideband frequencies indicated is shown in Fig. 6.3. The measured time constants of ~ 1 ys,
are within the range of values reported in literature [182]. Next, the behavior of the sideband
frequencies, when the eigenfrequencies and quality factors changed, was calculated (Fig. 6.4).
In first approximation, changes in f,, shift both sidebands by the same amount. In contrast,
changes in @),, shift the sidebands relative to each other. Thermal time constants with the
magnitude of those measured, only influence the response significantly for quality factors
below 10. The optimal sideband phase setpoint, with an offset A¢ relative to the phase at
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Figure 6.4: Contour plots of the calculated sideband frequencies (Egs. 6.3a and 6.3b), de-
pending on the eigenfrequency f,, and quality factor @, with 7, = 0 (solid lines) and
Tih = 1 ps (dashed lines). The phase setpoint of the sideband is A¢ = 0.52 rad = 30 deg
relative to the phase at the eigenfrequency. The quality factor axis has a logarithmic scaling.
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Figure 6.5: Mean and standard deviation (over a period of 10 s) of the eigenfrequency f;,
and quality factor (),, for sidebands positioned at different phase offsets A¢. The dashed
horizontal lines represent reference values extracted from a phase spectrum using Eq. 6.1.
The dotted vertical line indicates the optimal phase offset (A¢ = 0.52 rad = 30 deg) used
for the measurements.
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the eigenfrequency, is not immediately apparent. Considering that the signal-to-noise ratio
and the slope of the phase are both highest at the eigenfrequency (for () > 1; see Fig. 6.3),
the selected phase offset should be as small as possible, i.e., both sidebands should be placed
in close vicinity around the eigenfrequency. However, the shift in sideband frequency due
to a quality factor change is highest for a large phase offset (see Eq. 6.2b). Furthermore,
setting the sidebands too close together, results in overlap of the input demodulator filters
and can disturb the PLL tracking. This also occurs at high quality factors, e.g. in air, due
to the narrow width of the resonance peak. Therefore, an optimal position is expected at
intermediate phase offsets and was evaluated by measuring f,, and @, in water and altering
the phase setpoints. As shown in Fig. 6.5, f,, has a small systematic offset and deviates from
the reference value at higher A¢. In contrast, ), is determined most accurately using high
A¢. At A¢p = 0.52 rad (30 deg), both f,, and @), can be determined with good accuracy,

thus, all measurements were performed using this offset.

6.3.2 Droplet viscosity screening

Rendering the fluidic system more hydrophobic (see Materials and Methods 6.2.3), proved to
be absolutely crucial for reproducible droplet exchange in the fluid cell. After the treatment,
the alternating injection of water and aqueous sample droplets was initiated. Fig. 6.6 shows
the measurement of sample droplets containing increasing concentrations of urea. The mea-
sured sideband frequencies (a) were converted into the corresponding eigenfrequency (b)
and quality factor (c) by solving Egs. 6.3a and 6.3b. The data is not baseline corrected, be-
cause it displays excellent stability in water as well as in fluorinated oil. A zoom of one droplet
region is shown in Fig. 6.7. As the droplet moves across the fluid cell, the oil-water interface
passes the microcantilever, leading to a transition region of a few 100 ms, where the laser
beams are scattered. The PI and PLL controllers, respectively, adjust the laser intensity and
laser position on the detector (PSD) and the tracked frequencies, resulting in a new stable
value. The difference in eigenfrequency between oil and water is ~ 60 kHz and caused pri-
marily by the density variation. In contrast, the quality factor shifts by a value of ~ 4, mainly
caused by the difference in viscosity.

Hydrodynamic models have been employed to determine the viscosity and mass density of
the fluid surrounding a microcantilever [50, 125]. These relate the measured eigenfrequen-
cies and quality factors to the fluid properties. A single-point calibration in water (mass
density: 998 kg/m?, viscosity: 1.0 mPa-s at 20°C), described in Ref. [50], is necessary to ac-
count for variations in the dimensions and mechanical properties of the microcantilevers. As
shown in Fig. 6.8, the measured viscosity values coincide well with reference values, whereas
the mass density shows rather large deviations. The eigenfrequency is strongly coupled to
changes in mass density, in contrast, the viscosity mostly influences the quality factor [50].

Because the quality factor, i.e., viscosity, is determined by the relative position of the side-
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Figure 6.6: (a) Sideband frequencies, f4 a4 and f_ag, and derived (b) eigenfrequency f,
and (c) quality factor @), (Egs. 6.3a and 6.3b), obtained on the repeated sequential passage of
oil, water droplets (light grey areas), oil, and aqueous sample droplets (dark grey areas) with
increasing urea concentration; a droplet of water preceded each sample to ensure baseline
stability (compare to dashed lines) and purge the fluid cell. The yellow box represents the
region shown in Fig. 6.7.

bands, it is more robust to absolute errors in the measured sideband frequencies. In contrast
the eigenfrequency is more prone to systematic errors, leading to deviating density values.
This, however, does not constrain the quality of the viscosity measurements.

6.4 Conclusions

We present a method to characterize the viscosity and mass density of pL-droplets using
resonant nanomechanical cantilevers. Separation of sample droplets in a two-phase con-
figuration with fluorinated oil is crucial to avoid dispersion and can be applied to many
sensing principles. The challenge to follow changes in the eigenfrequency and quality factor
(damping) of the resonator with high time resolution was addressed by phase-locked loop
frequency tracking two sidebands of a higher-mode resonance. The time resolution of the
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detection system was of the order of milliseconds, whereas the throughput is around one
second per sample droplet. The short interaction time between the sample and the sensor
might further reduce unspecific adsorption of solutes to the microcantilever, which intro-
duces spurious frequency shifts.
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CHAPTER 7

Conclusions & Outlook

7.1 Conclusions

In this thesis, the influence of fluid surrounding a resonating microcantilever and its appli-
cation for fluid characterization, i.e. viscosity and mass density sensing, were investigated.
Thereby, higher modes of vibration (higher harmonics) were considered to access a broader
frequency range and to increase the precision.

First, a suitable excitation and detection method to drive and read-out the resonators in liq-
uid was identified and implemented; photothermal excitation, where an intensity modulated
laser is used to periodically and locally heat the cantilever and, thus, induces mechanical vi-
bration proved suitable. The advantage of this method is its direct energy transfer, therefore,
only exciting the cantilever and not its surroundings, which would lead to spurious reso-
nances. A modified optical beam deflection system, that allowed the incident laser beam to
be perpendicular to the cantilever surface, was implemented for detection. It is less suscep-
tible to refractive index changes in the probed liquid, than classical beam deflection systems,
where the laser beam incidents inclined. The wavelengths of the used lasers were matched to
the optical properties of the cantilever material. Laser induced heating and the cantilever ex-
citation efficiency were calculated, measured and optimized, based on these findings. Main
advantages of a fully optical excitation and detection system are the complete separation
of the electronic setup from the fluidic system, simple and rapid sensor replacement and a
good signal-to-noise ratio. Its major disadvantage is that samples need to be optically trans-
parent, i.e., high transmission at the laser wavelengths of 405 nm and 780 nm is essential.
Furthermore, a laser beam alignment is required prior to a measurement. Despite those
drawbacks, optical detection of micro- and nanomechanical resonators remains the most
abundant method, due to its accuracy and robustness. Especially in liquid, implementation
of on-chip actuation and read-out principles on micrometer sized structures is difficult due
to the electrical connections and their insulation.
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In a next step, the dynamic behavior of microcantilevers in a confined liquid environment,
e.g, a microfluidic channel, was measured. To this end, a solid surface was approached to
the cantilever that was vibrating at several higher modes. Below a certain critical separation
distance, the surface started influencing the frequencies and quality factors of the cantilever.
The critical separation distance decreased for the frequencies, but increased for the quality
factors with mode number. This somewhat surprising behavior is attributed to the more
complex three-dimensional flow field generated by higher mode vibrations. Critical dimen-
sions for a fluid cell were determined from the results and considered in the design.

Several applications for fluid characterization, i.e., viscosity and mass density measurements,
were evaluated. Therefore, an approximation of the hydrodynamic load was developed, cov-
ering the accessed high-frequency regime. First, measurements on resonance spectra were
performed to determine the properties of reference solutions with as little as 5 L of sample.
A viscosity and density range of 1-20 mPa-s and 1.0-1.2 g-mL~1, respectively, was cov-
ered. To investigate the ability of the sensor to monitor time-resolved processes, free-radical
polymerization reactions were characterized. The shear-thinning properties of the polymer
solutions were detected by the sensor, however, at the expense of the mass density informa-
tion. In future, simultaneously measuring several modes of vibration opens the possibility
for rheological measurements over a broad frequency range.

Limitations of the sensing principle are the dynamic range for viscosity sensing and inter-
ference by unspecific adsorption of solutes to the cantilever. The dynamic range is mainly
limited due to the strong viscous forces encountered with micrometer sized cantilevers, i.e.,
small Reynolds numbers. This causes the resonances to overdamp at moderate viscosities.
This limitation can be addressed by increasing the cantilever dimensions, thereby entailing
the trade-off of a higher sample consumption. Unspecific adsorption to the cantilever leads
to spurious shifts in the dynamic properties that are misleadingly interpreted as changes
in fluid properties. To reduce unspecific adsorption, the surface of the cantilever was passi-
vated. Furthermore, monitoring the static deflection of the cantilever can be used as an indi-
cation for adsorption events. Whereas no such problems occurred for pure liquids, solutions
of small molecular species and neutral polymers, unspecific adsorption proved challenging
when working with charged molecules, such as many proteins.

Finally, a new detection method was employed, where a single cantilever resonance is tracked
using two phase-locked loops (PLL), resulting in a very high time resolution of about 1 ms.
To segment samples, fluorinated oil and a custom built automatic sampler were used, result-
ing in sample droplets of about 1 yL, total sample consumption of about 10 pL, and mea-
surements times in the order of 1 s per sample. Besides the advantages of minute sample
consumption and very short measurement times, this method might prove less susceptible
to unspecific adsorption due to the short interaction times between the cantilever and the

samples; few seconds compared to minutes at which adsorption kinetics usually occur.
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Figure 7.1: Changes in viscosity of (a) glucose-sensing polymers after adding glucose and
fructose (pH = 10, at ~ 170 kHz, the gray area indicates physiological blood glucose levels;
graph courtesy Roger Krenger [207]) and (b) during denaturation of egg-white lysozyme
(relative to the viscosity of urea, at ~ 190 kHz; the dotted line is a guide to the eye; lysozyme
structure: PDB 4QEQ).

7.2 Outlook

The developed microfluidic viscosity and mass density sensor opens a variety of applications.
We recently started to perform proof-of-concept experiments to evaluate the ability of the
sensor to monitor glucose levels and protein folding states. The glucose sensing is based on
stimulus-responsive polymers and was performed using the method described in Chapter 5.
Polyacrylamide was functionalized with glucose-binding groups that cross-link the polymer,
leading to an increase in viscosity [207]. Figure 7.1a shows that the viscosity of the polymer
strongly responds to glucose, whereas it is unaffected by fructose. Such response can be used
to relate the viscosity of the solution to the surrounding glucose levels, making it an attractive
alternative to electrochemical blood glucose sensors [208, 209].

To evaluate the performance of the sensor concerning biological samples, the droplet screen-
ing setup discussed in Chapter 6 was used to monitor the chemical denaturation of egg-white
lysozyme. Urea causes the protein to unfold from a compact tertiary structure into a flexi-
ble random coil, inducing changes in viscosity [210]. Figure 7.1b shows the relative viscosity
of 0.5 mM lysozyme with increasing urea concentration. A decrease in relative viscosity

was observed, even though other micro-viscometric techniques reported an increase during
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bovine serum albumin unfolding [92]. The difference might be due to the rheological prop-
erties of protein solutions [35], i.e., the viscosity depends on the measurement frequency
(~ 190 kHz in the present case).

Many polymers and biological samples show rheological, i.e., non-Newtonian, behavior [34].
A rheological fluid not only has a viscosity but also a certain elasticity, referred to as loss and
storage moduli, respectively [34]. It might be very interesting to account for and measure
such effects in future. Recent fluid dynamic models allow to convert the resonance spec-
trum of the fundamental mode cantilever vibration into the rheological properties of the
surrounding fluid. However, the mass density of the fluid needs to be known or determined
by a complementary method [211]. To cover a broad frequency range, cantilevers of different
dimensions can be employed [73]. Even though, such application is very promising, there
is still a lack of theoretical models considering higher-mode vibrations in non-Newtonian
fluids. Higher modes would allow to cover a broad frequency range, using a single can-
tilever. Such micro-rheological measurements could be used to characterize amyloid fibril
formation [212] or hybridization of RNA and DNA [213].
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Figure A.1: Schematic diagram of the optical setup; the fluid channel containing the vibrating
microcantilever is depicted in the top right corner and is mounted on a manual zy-stage. All
parts are described in Table A.1.

A.1 Experimental setup

A.1.1 Overview

This sections aims to give a comprehensive description of the developed optical setup. Fig-
ure A.1 shows a complete schematic diagram. All used parts are listed in Table A.1. Briefly,
resonances of a microcantilever were excited by photothermal excitation using an intensity-
modulated 405 nm diode laser (LD2). The resulting vibration was detected by an optical
beam deflection system formed by a 780 nm diode laser (LD1) and a position-sensitive de-
tector (PSD). Optical access for a camera (CAM) is provided for visual inspection and sim-
pler alignment of the laser spots on the cantilever. Both the PSD and CAM are equipped with
optical filters (LPF and LDM) to block scattered light originating from the excitation laser
(LD2). Figure A.2 shows a photograph of the basic optical setup used for the measurements
in Chapter 3, 5 and 6. The modification of the sample stage for the squeeze-film damping
measurements is shown in Figure A.3 (Chapter 4).
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Figure A.2: Photograph of the basic experimental setup; the abbreviations refer to Figure A.1
and Table A.1. (A) Temperature controlled fluid cell stage, (B) 10-port valve equipped with
two sample loops (10 pL and 50 pL), (C) fiber-coupled 780 nm diode laser (LD1) and (D)
fiber-collimator (COL1) and optical isolator (ISO) for the detection laser, (E) detection laser
monitoring photodiode (PD1), (F) polarizing beam-splitter (PBS), (G) lambda-quarter plate
(QWP), (H) dichroic mirror (DM), (I) broadband mirror (BM1), (J) high-precision focusing
housing (FH) accommodating the 4x objective (OBJ) to focus the laser spots on the can-
tilever, and (K) mirror galvanometer (MG) covering the position-sensitive detector (PSD)
in the back. The excitation diode laser and its alignment optics are concealed behind the
dichroic mirror (H), broadband mirror (I) and sample stage (A). The fan of the enclosure
temperature control system is visible at the top (L).

104



A.1. EXPERIMENTAL SETUP

Figure A.3: Photograph of the experimental setup used for the squeeze-film damping mea-
surements. (A) Encoded linear piezo motor (CONEX-AG-LS25-27P, Newport), (B) kine-
matic mirror mount (KM05/M, Thorlabs) to adjust the angular alignment of the (C) upper
PDMS surface, (D) glass slide with a PDMS sheet with a circular hole in the middle to ac-
commodate the cantilever chip, and (E) liquid confined between the glass slide and upper
PDMS surface.
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A.1.2 Laser spot size measurement and focussing

The spot size of the lasers on the cantilever is an important figure, especially when working
with higher modes of vibration where the beam wavelength becomes comparable to the spot
diameter. To focus the lasers and measure the minimal spot sizes a modified knife-edge
method was used [160]. The intensity profile of a laser beam can be approximated by a 2-

dimensional Gaussian shape

(x—x0)2+(y—y0)2>' (A1)

I(z,y) = Ipexp <— 3
G

wg is the radius of the Gaussian beam, where the intensity is decreased by 1/e, (9, yo) the
spot position, I the peak intensity and (x,y) the coordinates in the plane perpendicular
to the direction of propagation. If a sharp edge is gradually introduced into the beam path,
light is successively blocked. For small spot sizes the edge of a microcantilever can be used
[214]. In contrast to the classical knife-edge method where the beam is blocked by a sharp
edge, the cantilever inserted in the beam reflects a certain portion of the light back onto the
position-sensitive detector. The resulting intensity pattern as a function of cantilever edge

position is equal to the convolution of a step function with the Gaussian beam profile (see

Figure A.4).
P(z) = % <1 + erf(x; :”0)) , (A2)
G

with erf being the error function. By fitting this equation to the measured intensity data,

recorded at different positions x, the Gaussian beam radius wg can be determined. The
method allows to determine the laser spot size using a LabVIEW script without modifying
the setup. To focus the laser spots, the distance z between the objective and the cantilever was
varied while recording the beam radius. The beam radius around the focal point is described
by [215]

sty e

wag(z) =w 1+
o2) = ugo 1+ E5 2

where wg g is the spot radius in focus, ) the laser wavelength, z( the offset of the focus and
M? a factor considering deviation from an ideal Gaussian beam. Figure A.5 shows a fit of
wq(z) to the data (A = 780 nm) resulting in the following parameters: wg o = 12.4 um, 2
=220 pm, and M? = 4.0. To focus the detection laser beam, the distance z was set to zg. In
addition, the spot size of the excitation laser was measured in focus and was 28.6 ym. The
focussing procedure was only repeated when a new cantilever chip type of different thickness

was used.
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Figure A.4: Knife-edge method to determined the laser spot size, using the intensity of the
light reflected back from the cantilever. A smaller the spot results in a steeper slope of the

profile. The intensity profile represents a laser spot with wg = 10 pm. The beam diameter
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Figure A.5: Gaussian beam radius of the detection and excitation laser. The numbers above
the values indicate the number of revolutions on the focussing housing (FH).
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Figure A.6: Photograph of the disassembled PSD. The two dual high-speed JFET op amps
(LT1057) are visible on the printed circuit board (image courtesy Andreas Tonin).

A.1.3 Position-sensitive detector (PSD)
PSD electronics

The electronic board to read-out the SiTek 2L10 high linearity position-sensitive detector
(PSD, 2L10_SU7) was developed by the electronics workshop at the Institute of Physics. It
is optimized for a large measurement bandwidth. Figure A.6 shows the disassembled casing
with the detector facing downwards. The connections are (starting at the back): channel
X2 (black BNC), channel X1 (black BNC), the SUM signal (yellow BNC), and the 15 V
power supply (three-pin plug, white: +15 V, middle; COM, floating if ground is provided
through BNC connectors; opposite white: -15 V). To assess the measurement bandwidth, the
PSD electronics were simulated using LTspice (Linear Technology simulation program with
integrated circuit emphasis). The circuit diagram is shown in Figure A.7, the photocurrent
is represented by an AC current source (100 p1A). The capacitance of the PSD is represented
by C1 (90 pF) and is the bandwidth-limiting factor [216]. The transimpedance amplifier
(current to voltage converter, I/V-converter) LT1057S is equipped with feedback resistor
R2 (22 k) and feedback capacitor C2 (6.8 pF). The downstream differential amplifier with
nominal bandwidth of 1 MHz (SIM910/SIM911, Stanford Research Systems) is represented
by C3, R1 and C4. To benchmark the simulated behavior of the electronics, the gain of the
PSD was measured. Therefore, a red light-emitting diode (LED) was intensity modulated
at certain frequencies and the resulting amplitudes of channel X1 and X2 were displayed on
an oscilloscope. The measured and simulated -3 dB point bandwidths were 755 kHz and
798 kHz, respectively. As shown in Figure A.8, the simulated gain describes the bandwidth
very well, however, it overestimates the amplifier overshoot.
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Figure A.7: Minimum circuit representation of the PSD electronics for the LTspice simula-
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Figure A.8: Bandwidth of the position-sensitive detector.
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Figure A.9: PSD Intensity calibration.

PSD intensity and response calibration

The absolute intensity on the PSD is represented by the SUM signal, which is generated by
summing, amplifying (2x) and low-pass filtering (10 Hz) channel X1 and X2 on the PCB.
For calibration, the intensity on the PSD was compared to the one measured using an opti-
cal power meter (PM100D equipped with photodiode power sensor S120C, Thorlabs). Fig-
ure A.9 shows the calibration curve with an excellent linear behavior (Pearson’s r = 0.9997):
P = 55.9uW/V x SUM, where the sum signal SUM is in V and the corresponding laser
power P in yW. Next, the response of the PSD was measured by displacing the laser spot
on the PSD by defined intervals and monitoring the 10x amplified DC differential signal
(SIMO11, Stanford Research Systems). Because the generated photocurrent depends on the
incident light intensity, the procedure was repeated for different laser powers (Figure A.10,
left panel). The responsivity of the PSD can then be expressed as a function of SUM in V
(Figure A.10, right panel): Spsp = —23.6 V/m + 968 m~! x SUM (Pearson’s r = 0.9988).
At common SUM signals of ~ 7'V, the responsivity is 6.75 mV/um.

A.1.4 Radio-frequency modulation of the detection laser

The intrinsic noise sources of laser diodes are quantum noise and mode hopping [217].
Quantum noise only becomes significant when the laser diode is operated close to its thresh-
old current and mode hopping is eliminated by a constant current control and stable tem-
perature. In an optical beam deflection arrangement further noise sources need to be con-

sidered. Light reflected back into the laser resonator causes “optical feedback noise” [217].

110



A.1. EXPERIMENTAL SETUP

® Measured response ?
> —— Linear fit
2 £ 7000 —
S S
- ~
I P
) 4
= ¥ 6000 —
© Q
5 2
R S
s . g
*GE) < & 5000 —
s - g
= [
e °
2 — Linear fit 4000
I I I I 1 I I I I I
-200 -100 O 100 200 4 5 6 7 8
PSD displacement / ym SUM signal / V

Figure A.10: PSD differential signal and responsivity at different laser powers (after 10x
amplification using a SIM910/SIM911, SRS).

To avoid this, the detection laser was equipped with an optical isolator (ISO in Figure A.1),
blocking reflected light. Furthermore, incident laser light interfering with the beam reflected
from the cantilever can cause large fluctuations in the intensity, referred to as “optical inter-
ference noise” [217]. The magnitude of this effect is increased in the developed setup, because
incident and reflected laser beams overlap, due to the fact that the incident angle is normal
to the cantilever surface. To suppress optical interference noise, the coherence length of the
laser diode was shortened by radio-frequency (RF) modulation of the laser intensity [217].
This furthermore avoids mode hopping even at fluctuating temperature.

To evaluate the RF modulation a test circuit shown in Figure A.11 was developed. The volt-
age controlled oscillator (VCO, ZX95-310-A+, Mini-Circuits) was supplied and tuned using
two LM317 variable voltage regulators. The frequency was adjusted to roughly 300 MHz,
using the tune voltage. An LDM9T/M (Thorlabs) laser diode mount with integrated tem-
perature control was employed. An internal bias-T, schematically represented by L1 and
C5, allowed to RF-modulate the DC laser current supplied by a LDC202C (Thorlabs) cur-
rent controller. Figure A.12 shows transient intensity spikes when the RF-modulation was
switched off. However, switching it on resulted in a stable intensity output. This finding led
to the installation of 51nanoFCM diode laser (51nanoFCM-785-10-H06-P-5-2-28-0-150,
Schifter+Kirchhoff) with an integrated 300 MHz RF-modulation. For stable operation a
linear power supply was used (PSLO5, Schifter+Kirchhoft).
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Figure A.11: Test circuit for radio-frequency modulation of the detection laser.
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Figure A.12: Suppression of optical interference noise by radio-frequency (RF) modulation
of the detection laser intensity.
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Figure A.13: Excitation laser intensity amplitude and phase response. The bandwidth of the
optical beam deflection detection system is indicated.

A.1.5 Excitation laser response

While modulating the excitation laser (see LD2 in Figure A.1) intensity through the bias-T
integrated in the diode mount (TCLDM9), the dynamic response was recorded on the mon-
itoring photodiode (see PD2 in Figure A.1, PDA36A, Thorlabs). The diode was operated in
constant current mode (I = 40 mA) using a laser diode controller (LDC201CU, Thorlabs)
and temperature stabilized by thermoelectric element (using a TED200C controller, Thor-
labs). Figure A.13 shows the amplitude and phase response of the laser diode. The sharp
decrease in amplitude and phase shift below 100 kHz is due to the cut-oft frequency of the
bias-T. However, in the detection bandwidth of the optical beam deflection system the signal

is sufficiently constant.

A.1.6 Estimation of the amplitudes of vibration

Equation 3.1 in (Chapter 3) is used to geometrically relate the deflection of the cantilever Az
to the laser spot displacement on the PSD AD:

o £ Sopt

Az =
*T4s,

AD. (A4)

The “optical lever sensitivity”, Sopt, is calculated using geometrical optics:

_ | /2]
Sopt - dH20 dglass dair ' (AS)
nH20< +7+ﬁ) (If2 + dpsp)

nHz ¢} Nglass
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Table A.2: Parameters to estimate the amplitude of vibration.

Parameter IBM (chapter 3) MikroMasch

Cantilever length L 500 pm 250, 300, 350 pm

dn,o (chip thickness) 0.5 mm 0.3 mm

dglass (glass slide thickness) 1 mm 1 mm

dair (glass — objective) 43.5 mm 43.7 mm

dpsp (concave lens — PSD) 95 mm 160 mm

Sopt (optical lever sens.) 5.821 4.015

Sy, (normalized mode sens.) mode dependent, see text (S, = 1 forn = 1)

G (amplifier gain) 10 1

Spsp (PSD responsivity) Spsp ~ 968Vsum

Az/AV (Vsum =TV,n=1) 107 nm/V 370, 444, 518 nm/V
Constant parameters are the focal length of the concave lens, fo = —50 mm and refractive

indices, ny,0 = 1.33, nglass = 1.50, nair = 1.00. The length d,; depends on the effective
focal length of the 4x objective dyp; = 45 mm (RMS4X, Thorlabs) and the thickness of the
glass slide dgj,es and cantilever chip di,0: dair = dobj — (dglass + d1,0)-

The "normalized mode sensitivity”, Sy, was omitted in Equation 3.1, because 5,, = 1 for
static deflections. However, when considering higher mode vibrations it has to be included
due to the higher angular tip deflection, S,, = g?ﬁ? For the first eight modes it is equal
to Sp=1 = 1.000, Sp—2 = 3.473, Sj=3 = 5.702, S;,—4 = 7.988, S,—5 = 10.27, Sj,—¢ =
12.55, Sp=7 = 14.83, and S;,—g = 17.12.

To relate the actual measured voltage AV, either a DC voltage for static deflection or an AC

voltage for cantilever vibration, the sensitivity of the PSD, Spsp, and the gain of the down-
stream electronics, G}, need to be considered.
10 AV
AD = ——. (A.6)
Gl Spsp
The gain of the amplifier G either was 10 x when using the SRS SIM911 or 1x if directly
wired to the Zurich Instruments HF2 lock-in amplifier. The responsivity of the PSD depends
on the incident intensity measured as sum signal Vsuym: Spsp ~ 968Vsym. Combining the

above equations allows to relate the measured voltage AV to the cantilever deflection Az:

Sopt AV
Sn GelSpsp

Az =2.5L (A.7)

Table A.2 provides all parameters required to calculate the cantilever displacement. For the

MikroMasch levers, where the measured AC voltages are on the order of AV, ~ 1 mV in

water, the amplitudes of vibration are Az ~ 0.1 nm.
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Figure A.14: Galvanic mirror response at different control voltages.

A.1.7 Mirror galvanometer calibration

The galvanic mirror (GSVO011, Thorlabs), used to center the laser spot on the PSD, was char-
acterized by reading the 10x amplified deflection signal after applying a certain voltage to
the coil controlling the mirror position. The response was 17.27 V geflection/ V coil and showed
a good linearity over the whole range of the PSD (Pearson’s » = 0.9999, see Figure A.14).

A.1.8 Temperature control
Enclosure temperature control

An air-to-air thermoelectric assembly (AA-040-12-22, Laird Technologies) with a Peltier
current controller (TC3212-RS232, CoolTronic) was used to stabilize the setup enclosure.
The temperature to be controlled was measured with a 3-wire Pt1000 at the air intake of the
inside cooling fins of the thermoelectric assembly (Temperatur-Istwert). A fan is continu-
ously circulating air inside the enclosure. To stabilize the temperature to 20°C (Temperatur-
Sollwert1), the Peltier current is controlled by a PID feedback loop. All parameters can be
reconfigured using the RS232 interface on the controller. Figure A.15 shows the parameters,
which resulted in an appropriate temperature stability. The outer cooling fins are tempera-
ture monitored using a second 3-wire Pt1000 (Temperatur Sensor 3) and a fan is activated
above 25°C (Maximal-Temperatur) and below 15°C (Minimal-Temperatur). The controller
output stage is inactivated if the outer cooling fin temperature exceeds 60°C (Temperatur-
Grentzwert3).
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Figure A.15: Enclosure temperature control settings (TC3212-RS232).

Fluid cell temperature control

A 4-wire Pt1000 resistance thermometer connected to a high-precision analog measurement
transducer LKM214 (linearity error <0.1% full scale) was used to measure the fluid cell tem-
perature. The LKM214 was customized to a range from 0°C - 40°C, resulting in an output
from 0 V - 10 V. The Pt1000 was inserted into a cavity in the PDMS fluid cell which fas-
tens it on the glass slide, close to the fluid channel. Two Peltier elements (CP08,63,06, Laird
Technology) were clamped between two copper plates to ensure good thermal contact; one
in contact with the glass slide, the other one with the underlying holder serving as a heat
sink (see Figure A.16). To thermally insulate the copper plates they are held in place by a
polyoxymethylene (POM) frame. The Peltier current was controlled by a software PID con-
troller implemented in LabVIEW. The PID parameters were determined using the LabVIEW
PID auto-tune function based on the Ziegler-Nichols method [218] followed by manual op-
timization: proportional gain K. = 0.500, integral time 7; = 2.700 min and derivative time
Ty = 0.001 min. The output signal of the PID controller was amplified (6827A, Hewlett-
Packard) and the resulting current (£0.6 A) applied to the Peltier elements. The glass slide
in between the copper plate and the Pt1000 sensor has a large thermal inertia, resulting in
a slow feedback (see Figure A.17). Nevertheless a very good precision of +0.01°C was ob-

tained.
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Figure A.16: (a) Photograph of the sample stage. (A) Glass slide with the bonded (B) PDSM
fluid cell. The upper copper plate is visible underneath the glass. (C) 4-wire Pt1000 temper-
ature sensor, (D) polyoxymethylene (POM) frame, (E) electrical connections to the Peltier
elements between the copper plates.(b) Exploded view of the CAD sample stage drawing.
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Figure A.17: Measured response of the PID control loop to stabilize the fluid cell tempera-
ture.
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A.2 Cantilever preparation

The protocol to clean the cantilevers and passivate them with short ethylene glycol chains is

described below.

A2.1 Cleaning

o Prepare piranha solution (ATTENTION: highly corrosive and oxidizing): 3 mL 30%
H20O> (hydrogen peroxide) + 3 mL HySO4 96% (sulfuric acid)

o Immerse cantilever chips for 30 min in piranha solution
e 4x H>O rinse
« 1x isopropanol rinse

 Dry on dust-free tissue

A.2.2 Silicon passivation
Oligo(ethylene glycol)-silane (OEG)

2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane, 90%, 6-9 PE-units
(CoH40),,C7H 180481, n =6 -9

ABCR, AB111226 (CAS 65994-07-02)

Density 1.076 g/mL

MW 458.61 g/mol - 590.77 g/mol, average 524.69 g/mol

Passivation in 5 mM OEG-silane in toluene (water-free)

o Prepare 50 mM OEG-silane stock solution: 50 pL 2 M silane in 2 mL toluene (both

water-free, under Ar)

« Place 200 pL 50 mM OEG silane in 1.8 mL toluene (final concentration: 5 mM) in a

teflon container

« Incubate cantilever chips for 1 h at room temperature

Passivation in 10 mM OEG-silane in ethanol (obsolete method)

o Prepare 10 L OEG-thiol in 2 mL ethanol in a teflon container

« Incubate cantilever chips for 30 min at room temperature

118



A.3. PDMS FLUID CELL FABRICATION

Figure A.18: (a) Molding the fluid cell: The black polyoxymethylene (POM) frame retains
the liquid PDMS on the mold during curing. In the center, the chip and tubing forming the
chip cavity and fluid channel, respectively, are visible. (b) Freshly bonded fluid cell, the white

alignment tool is subsequently removed.

A.2.3  Gold passivation
Oligo(ethylene glycol)-thiol (OEG)

(11-mercaptoundecyl)tetra(ethylene glycol)

C19H4005S

Asemblon 674508-250MG 04221C]J

Density 0.997 g/mL

MW 380.58 g/mol

200 mM OEG-thiol stock solution: 250 mg OEG-thiol in 3.3 mL ethanol

Passivation in 1 mM OEG-thiol in ethanol

o Prepare 10 mM OEG-thiol solution: Dissolve 50 ;L of 200 mM OEG-thiol in 0.95 mL

ethanol

o Place 15 pL 10 mM OEG-thiol and 135 pL ethanol in an Eppendorf cap (fits two can-

tilever chips)

o Incubate the cantilever chips for 15 min at room temperature

A.3 PDMS fluid cell fabrication

The following section provides the protocol to fabricate the PDMS fluid cell and bond it to a
glass slide (see Figure A.18).
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A3.1

Materials and preparation

Polydimethylsiloxane (PDMS): SYLGARD 184 Silicone Elastomer, Dow Corning
Biopsy stamp: Harris Uni-Core I.D. 0.5mm, Z708771-25EA, Sigma-Aldrich
Nanopure water

Isopropanol (2-propanol)

Razor blade

Scotch tape

Dust-free tissues

Clean gas/air supply for drying

Glass slides (Menzel-Glaser microscope slides, cut edges, 76 x26 mm, AA00000112E,

Thermo Scientific):

Rinse with water

Rinse with isopropanol

Wipe with dust-free tissue

Rinse isopropanol

Dry under gas flow

Mold: MikroMasch chip (w/o cantilevers) + 1/32” PEEK tubing or IBM chip (w/o
cantilevers) + 1 mm glass rod as a negative for the fluid channel and chip cavity (see
Figure A.18a, center):

Remove PDMS deposits with razor blade

Rinse with water

Rinse with isopropanol

Dry under gas flow

A.3.2  Fluid cell molding

120

Molding:

Mix base/curing agent 10/1 (e.g. 5 g base and 0.5 g curing agent)

Properly mix until milky (air bubbles)

Degas (house vacuum 30 min or until bubbles disappear)

Pour onto mold

Bake at 60°C over night (at least 4 hours)



A.3. PDMS FLUID CELL FABRICATION

- Remove mold
« Tubing connections:

- Punch tubing connection with biopsy stamp from below (from inside to outside)

- Insert two 1/32” PEEK tubings (length ~ 10 cm)
o Clean lower face of the PDMS (face which is bonded):

- Strip with scotch tape
- Rinse with isopropanol

- Dry under gas flow

A.3.3 Fluid cell bonding

O5-Plasma cleaner (30 W, PDC-002, Harrick Plasma)

« Toggle switch main power and pump OFF

o Check if oxygen bottle is open and gas selector valve on oxygen

« Load sample (PDMS and glass slide with face to activate up) in vacuum chamber
« Close the door and vent valve

« Toggle pump switch ON

o Wait 2 min

« Toggle main power switch ON

 Wait for plasma to ignite (10 — 20 s)

« 30 sec plasma treatment

« Toggle main power switch OFF

« Slowly open the venting valve partially

« Toggle pump switch OFF

« Completely open the venting valve

« Open the vacuum chamber door

+ Unload samples

« Mount cantilever chip in the cavity

« Place PDMS on glass slide, starting from one edge using the alignment tool

« Optional: Bake on heat plate or oven at 60°C, 0.5 - 1 h
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A.4 Control and analysis software

The software to control the instrument was developed using LabVIEW (National Instru-
ments) and the scripts used for data analysis were written in IGOR Pro (Wavemetrics).

A.4.1 Instrument control software

The first version (V.1) of the instrument control developed in LabVIEW (Figures A.19 and
A.20) was programmed to continuously load resonance spectra of multiple modes of vibra-
tion from an Anritsu MS4630B vector network analyzer. A data analysis routine fitted the
resonance peak with a driven damped harmonic oscillator model to track the eigenfrequen-
cies and quality factors of multiple resonances in real-time (see Figure A.19). The second
panel is used to monitor the laser intensity, control the temperature, the syringe pump and
the 10-port valve and to write the monitored values into a log-file (see Figure A.20). The
second version (V.2) of the software (Figure A.21) is able to control a Zurich Instruments
HF2 lock-in amplifier. The GUI to control the measurement parameters was arranged in a

more compact manner.

A.4.2 Analysis software

The data analysis scripts written in IGOR Pro can be accessed by a GUI menu (Figure A.22).
It provides tools for analyzing spectral data (Chapter 5), squeeze-film damping data (Chap-
ter 4), and dual phase-locked loop data (Chapter 6). The software allows to store key param-
eters as the cantilever and calibration fluid properties (Figure A.23).
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Figure A.19: LabVIEW instrument control software V.1, panel A: Anritsu MS4630B vector
network analyzer control (top); real-time analysis (bottom).
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Figure A.20: LabVIEW instrument control software V.1, panel B (from top left, clockwise):
Laser intensity monitor; 10-port valve control; parameter logging; syringe pump control;
temperature control.
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Figure A.21: LabVIEW instrument control software V.2. Panels (from left top, clockwise):

Zurich Instruments HF2 lock-in amplifier control; laser intensity, temperature and atmo-

syringe pump control; fluid cell camera.

sphere monitoring;
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Figure A.22: Analysis software: All relevant data analysis procedures can be accessed by a

GUI menu in IGOR Pro.
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Figure A.23: Analysis software: The cantilever and calibration fluid properties are set prior

to each analysis. The properties of commonly employed cantilevers can be loaded.
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Material properties

B.1 Cantilever chips

The cantilevers employed in this thesis were provided by IBM Research Labs Riischlikon and
MikroMasch. The nominal properties are provided in Table B.1.

B.2 Viscosity and mass density reference measurements

To measure the viscosity and mass density of the glycerol, glucose and sucrose solutions,
an AMVn rolling-ball viscometer (Anton Paar) and DMA 4500M density meter (Anton
Paar) were employed. The viscometer was equipped with a capillary of diameter 1.6 mm
(17732284) and a steel ball (diameter 1.5 mm, density 7.850 g/cm?) operated at a tilt angle
of 70° with four repeats per sample. All measurements were performed at 293.15 K and are
shown in Table B.2. About 0.3 mL and 1 mL of sample were required for the viscosity and

density measurements, respectively.

Table B.1: Employed cantilevers.

Type Dimensions / pm Spring constant
Length L  Width b (w) Thickness h (t) Kear / N/m
IBM 500 100 4 2.16
MikroMasch 350 35 2 0.28
NSC12/Tipless/noAl 300 35 2 0.44
250 35 2 0.76
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Table B.2: Viscosity and mass density reference measurements of glycerol, glucose and su-
crose solutions

Sample Mass density ~ viscosity
plg/cm®  n/mPas
Water 0.99825 1.0016
Glycerol % (w/w)
10 1.02311 1.3132
20 1.04772 1.7797
30 1.07265 2.4607
40 1.09942 3.6775
50 1.12586 5.8426
60 1.15369 10.5172
Glucose % (w/w)
10 1.03731 1.3357
20 1.08135 1.9225
30 1.12471 2.9467
40 1.17539 5.4900
Sucrose % (w/w)
10 1.03946 1.3487
30 1.12879 3.2080
40 1.17806 6.1139
50 1.22980 14.7774
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APPENDIX C

Supporting Information: Influence of squeeze-
film damping on higher-mode microcantilever
vibrations in liquid

C.1 Data analysis routine
Figure C.1 shows the data analysis routine programmed in Wavemetrics IGOR Pro:

1. Import data: Resonance spectra stored as binary files are imported.

2. Automatic peak identification: The peaks are automatically detected in an amplitude
spectrum recorded far from the surface. The peak positions and peak widths are as-
signed as initial parameters for the fit in step 4.

3. Define fit range / exclusion of spectra: The fit range can be limited using two sliders
(gray areas). Spurious spectra recorded in contact with the cantilever can be excluded
from fitting.

4. Data fitting: The model describing the phase response (Equation 4 in main text) is
fitted to the data using a Levenberg-Marquardt algorithm resulting in the eigenfre-
quency f,, and quality factor @),, for each mode n.

5. Data alignment: The data of the fundamental mode (n = 1) is fitted to the model of
Tung et al. [127] (Equation 4.2 in main text) to accurately determine the gap.

6. Postanalysis: Added mass a,, and damping coefficients c are calculated (Equations 4.7
and 4.9 in main text).
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Figure C.1: Data analysis routine.
Table C.1: Employed cantilevers (NSC12/tipless/noAl, MikroMasch).
Length / yum  Width / pum  Thickness / yum  Spring constant / N/m
250 35 2 0.76
300 35 2 0.44
350 35 2 0.28
C.2 Dataon300um X 35 um X 2 ymand 350 ym X 35 ym X 2 ym

microcantilevers

In addition to the data shown in the manuscript (250 ym x 35 pum x 2 um cantilevers), the

behavior of two longer cantilevers was determined. The dimensions and calculated spring

constants [105] of all employed cantilevers are provided in Table C.1. Amplitude and phase

spectra at different cantilever-surface gaps g are shown in Figure C.2. Due to the lower spring

constants of the longer cantilevers the spacing between the vibrational modes is smaller

(compare to Figure 4.3). This allowed vibrational modes up to mode 5 (300 m x 35 pum

x 2 pm) and mode 6 (350 ym x 35 pm x 2 pum) to be detected. Higher modes were beyond

the frequency bandwidth of the employed optical beam deflection system.
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Figure C.2: The amplitude (upper plot) and phase (lower plot) response of (a) a 300 m x
35 ym x 2 pm and (b) a 350 pm x 35 pm x 2 pm microcantilever vibrating in water at dif-
ferent distances from a surface are shown as a function of frequency and the corresponding
Reynolds number (Re). The flexural mode numbers are written above the resonance peaks.
Absolute (¢g) and normalized (H) cantilever-surface separations are indicated. The color
scale is not linear; far from the surface the increment in g was set larger because the effect
diminishes (superimposed purple curves). The spectra are overlayed; the red curves (small
g) are at the back.
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In general, the data obtained using the longer cantilevers are more distorted compared to
those obtained using 250 m long cantilevers (main manuscript, Figures 4.3 and 4.5). We
attribute this to the higher modal overlap in the spectra recorded at small gaps between the
cantilever and the approaching surface. The increased overlap is due to the lower spring con-
stants of the longer cantilevers. Furthermore, due to the lower modal frequencies of these
cantilevers, the fundamental mode resonance peak is clipped by the lower frequency limit
of the employed detection electronics. This leads to inaccuracies in the extracted eigenfre-
quencies and quality factors for the fundamental mode (see Figures C.3 and C.4; compare to
Figure 4.5). Hence, the data was aligned to the second mode of vibration, where the model
of Tung et al. [127] is still sufficiently accurate (dashed black line in Figures C.3a and C.4a).
As shown in Figure C.5, the characteristic gap, a measure of the range of squeeze-film damp-
ing, was calculated normalized to the second mode of vibration for the longer cantilevers.
This does not allow quantitative comparison to the data in Figure 4.7, which is aligned to the
fundamental mode. However, qualitative comparison shows that there is good agreement,
i.e., the characteristic gaps decrease for the eigenfrequencies and increase for the quality fac-
tors with mode number. Furthermore, the results indicate that the characteristic gap does
not solely depend on the mode number n, but also the length of the cantilever. Therefore,
the squeeze film damping is most likely characterized by (i) the frequency (Reynolds num-
ber) and (ii) beam wavelength, represented by a normalized mode number that depends on

the vibrational mode as well as the length of the cantilever [125].
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(a) (b)

Normalized gap H Normalized gap H
00 05 10 1.5 20 0.0 05 1.0 1.5 20

N f } } t
I 650 15—
N /W I 10-
» 600 - 5
< 350_W 5 .
"y
10
§ 180 — 5
> 160 - 5]
N ————
T 604 - S 4
\N 55 — 2
e 50 — L
Y 6000 _ g)-g—
™ 4000 — < el
2000 —
| ! | ! | ! | ! | ! | ! | ! | !
0 20 40 60 0 20 40 60
Gap g/ um Gapg/ um

Figure C.3: (a) Eigenfrequencies and (b) quality factors of a 300 ym x 35 pm x 2 pm can-
tilever. The dashed line in (a) represents the model of Tung et al. [127] employed to align
the data at mode n = 2.
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Figure C.4: (a) Eigenfrequencies and (b) quality factors of a 350 ym x 35 pm x 2 pm can-
tilever. The dashed line in (a) represents the model of Tung et al. [127] employed to align
the data at mode n = 2.

134



C.2. DATA ON LONGER MICROCANTILEVERS

30 —
5
\ /%H
2 —
e 5
= 6
-)<\C
2 204
S 22
o LR G - T g s L L L L L L L
B
5 15— ,
g ﬁ—%
. —8— g,*(Q) 300 um
107 9,*(Q) 350 ym
~/— gp*(f) 350 um
—A— g.*(f) 300 ym
5 —

| | | | |
0 200 400 600 800
Frequency / kHz

Figure C.5: The characteristic gap ¢ for 300 ym x 35 ym x 2 pm and 350 pm x 35 pum
x 2 pm cantilevers. As discussed in the text, g; was normalized to the second mode of
vibration (n = 2) at g5 = 17.5 um (dashed line). It is the cantilever-surface gap, where the
frequencies (blue triangles) dropped to (94.0 £ 0.4)% and the quality factors (red circles) to
(72.9 4= 3.4)% of their initial values. The means 4= SD (N = 3) are shown and mode numbers
n are indicated.
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APPENDIX D

Supporting information: Real-time viscosity
and mass density sensors requiring microliter
sample volume based on nanomechanical res-
onators

Reproduced with permission from Analytical Chemistry 85(18), 8676-8683 (2013), DOI:
10.1021/ac4014918. Copyright 2013 American Chemical Society.

Abstract

This Supporting Information provides details on determination of the eigenfrequencies, qual-
ity factors and calibration parameters; the approximation of the hydrodynamic function;
finite element analysis of the laser induced increase in temperature; the data analysis of two-
phase flow experiments; and the analysis of the acrylamide polymerization by rheokinetic
models.

D.1 Determination of the eigenfrequencies, quality factors and cal-

ibration parameters

Analysis was performed using scripts written for IGOR Pro (WaveMetrics, Lake Oswego,
OR, USA). To determine the eigenfrequency f,, and quality factor @),, of flexural mode n of
afluidloaded cantilever, a damped harmonic oscillator model [23] was fitted to the measured
amplitude and phase spectra (500 data points each) of every flexural mode 7 individually by
a least-squares fitting algorithm:
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Table D.1: Parameter values used for the measurements in reference fluids based on ampli-
tude (amp) and phase (pha) spectra. Values for the first (fundamental) mode are not given,
because its eigenfrequency is below the high-pass frequency of the excitation.

mode e70) Kn Jn! kHz Qn fn,vac / kHz C’n,cal

n amp pha amp pha amp pha amp pha
1 1.875 0.375 - - - - - - - -

2 4694 0939 520 519 11.2 11.2 1588 158.6  0.92 0.92
3 7.855 1.571 1493 149.2 18.8 18.8 4225 4222 094 094
4 10.996 2.199 2924 2923 27.0 268 7745 7743 098 0.97
5 14.137 2.827 4714 4714 343 339 1177.6 1177.6 099 0.98
6 17.279 3.456 701.7 7019 422 41.0 1663.0 1663.4 1.01 0.98

2
A(f) = aOfn > + aslopef + Qoff Qn > 1, (D.1)
Y=+ ()
2 _ r2
(b(f) = arctan <W> +pslopef + Doft Qn > 17 (D-2)

where the frequency f is the independent variable. The parameter a is the angular deflection
amplitude; the slope agjope and the offset a, approximate the influence of neighboring peaks
on the amplitude; the phase slope pyjope takes into account phase lags originating from the
electronics and photothermal excitation; the phase offset p,g considers phase offsets due to
lower resonances. The fit was masked to a width equal to 3 to 5 times the full width at half
maximum (FWHM) around the eigenfrequency of the peak. Table D.1 gives eigenvalues
v, normalized mode numbers x,,; measured eigenfrequencies f,, and quality factors (), in
water; and the vacuum frequency f;, vac and quality factor calibration constant C;, ¢,, which
are separately calibrated for the amplitude and phase for a cantilever immersed in water. The

deviations between values derived from amplitude or phase are minimal.

D.2 Correction parameters for the approximated hydrodynamic

function
The correction parameters for the approximated hydrodynamic function (eq D.3) for various
values of k,, are given in Table D.2. Calculated values for s, = {0.1,0.2,...,20.0} and
log Re = {0.00,0.01, .. .,8.00} were interpolated by a cubic spine function and saved in a

lookup table. For analysis, values were accessed by table lookup using linear interpolation.
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D.3. FEA OF THE LASER INDUCED INCREASE IN TEMPERATURE
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Figure D.1: Finite element analysis of laser heating: (a) Schematic of the model and the
applied boundary conditions, (b) temperature profile along the central cross-section of the
cantilever with the incident lasers Pgx and Ppg and (c) average temperature increase inside
the volume probed by the cantilever; the dashed line is a guide for the eye.

I'=(a+b - R[x,mo00(Re, kn)]) +i (Re™ +d- S [Th,mo0(Re, kn)])
for Re>10°. (D.3)

D.3 Finite element analysis of the laser induced increase in tem-
perature

Laser induced heating has been reported to introduce systematic errors in the viscosity and
mass density results determined by microcantilevers [57, 219]. To estimate the laser induced
increase in temperature inside the volume probed by the cantilever, a three-dimensional
finite element analysis was performed using COMSOL Multiphysics (version 4.2). The can-
tilever only probes fluid within the viscous boundary-layer ¢ [33], which is in the order of
a micrometer for the given frequencies. Because both faces of the cantilever are in contact
with the fluid, the probed volume is equal to 2Lwd, where L and w are the length and the
width of the cantilever.

Figure D.1a shows a schematic illustration of the model and the applied boundary condi-
tions. The excitation and detection laser were modeled as boundary heat sources Prx and
PpE on the bottom surface of the cantilever, thus neglecting absorption of the surrounding
fluid. The laser beam diameter was 30 pm for each. Because the penetration depth of the
optical field is very thin compared to the thickness of the cantilever, the absorbed power
was estimated to be Py = P (1 — R()\)), where Py, is the incident laser power and R(\)

139



APPENDIX D. SUPPORTING INFORMATION

Table D.2: Correction parameters for the approximated hydrodynamic function for different
values of the normalized mode number &,,.

Kn a b C d

0.1 -88.9142 3.5314 0.3921 2.1525
0.2 -44.0620 3.5395 0.3959 2.1351
0.3 -28.3220 3.4539 0.3886 2.0054
0.4 -20.5674 3.3852 0.3875 1.9206
0.5 -15.8876 3.3100 0.3887 1.8518
0.6 -12.7768 3.2354 0.3888 1.7700
0.7 -10.5385 3.1549 0.3896 1.6934
0.8 -8.8430 3.0678 0.3905 1.6182
0.9 -7.5319 29818 0.3921 1.5513
1.0 -6.4962 28995 0.3930 1.4798
1.5  -3.4900 2.5264 0.4008 1.2009
20 -2.1239 22311 04114 1.0253
2,5  -1.4001 2.0075 0.4229 0.9198
3.0 -0.9762 1.8365 0.4339 0.8560
35 -0.7131 1.7080 0.4454 0.8241
4.0 -0.5396 1.6083 0.4553 0.8034
45 -0.4207 15303 0.4650 0.7953
50 -0.3369 1.4697 0.4737 0.7918
55 -0.2743 1.4184 0.4822 0.7937
6.0 -0.2277 1.3773 0.4908 0.8000
6.5 -0.1915 1.3424 0.4984 0.8056
7.0 -0.1631 1.3127 0.5059 0.8131
75 -0.1410 1.2889 0.5128 0.8203
80 -0.1227 1.2673 0.5202 0.8300
85 -0.1076 1.2482 0.5271 0.8385
9.0 -0.0950 1.2314 0.5334 0.8460
9.5 -0.0845 1.2166 0.5400 0.8547
10.0 -0.0755 1.2033 0.5460 0.8621
11.0 -0.0617 1.1821 0.5581 0.8770
12.0 -0.0512 1.1641 0.5698 0.8908
13.0 -0.0431 1.1492 0.5800 0.9019
140 -0.0368 1.1372 0.5912 0.9139
150 -0.0318 1.1266 0.6017 0.9238
16.0 -0.0277 1.1172 0.6116 0.9327
170 -0.0244 1.1097 0.6216 0.9410
18.0 -0.0216 1.1028 0.6313 0.9484
19.0 -0.0193 1.0967 0.6405 0.9547
20.0 -0.0173 1.0912 0.6496 0.9606
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the reflectance at wavelength \. The boundary conditions were set as follows: As a conser-
vative estimate, the PDMS (polydimethylsiloxane) fluid cell was assumed to be thermally
insulating; the vertical faces of the glass slide were set as open boundaries, because the glass
slide exceeds the dimensions of the fluid cell; the bottom of the glass slide, being in contact
with the peltier temperature control, was modeled as a heat sink at a constant temperature
0f293.15 K.

The simulated temperature profile is shown in Figure D.1b. A confined hot spot forms close
to the clamped end of the cantilever, where the excitation laser beam Pgx is absorbed. The
detection laser beam Ppg does not cause significant heating, because > 97% of its incident
power is reflected. Figure D.1c gives the average temperature increase inside the volume
probed by the cantilever. The increase in temperature inside the probed volume is below

2.3 K for all frequencies and is taken into account by a calibration step.

D.4 Data analysis of two-phase flow experiments

A hydrocarbon oil carrier fluid was used to separate aqueous samples in the two-phase flow
experiments. Due to the different refractive indices of the two fluids and the interfacial
forces, which deflect the cantilever, the laser beams are scattered during liquid phase ex-
change. During this time (about 3 s) the detection laser beam is not entirely incident on
the position-sensitive detector leading to a temporary decrease in laser power (Figure D.2a).
This results in a distorted spectrum and deviations in the determined viscosity and density
values. Therefore, an algorithm was applied rejecting data (with a delay of 3 s due to the
spectra acquisition time) that is recorded below a certain detection laser power threshold
(400 W, Figure D.2a). The density and viscosity raw data is shown in Figure D.2b and c and
the processed data in Figure 6 in the main paper.

D.5 Rheokinetic analysis of acrylamide polymerization

As discussed in the main paper an unexpected [40] decrease in mass density was measured
during acrylamide polymerization. The theoretical framework applied is only valid for New-
tonian fluids. As observed, non-Newtonian behavior arising from shear-thinning will lead
to deviations. The actual mass densities of water (H20) and the polyacrylamide (PAa) so-
lution were determined using a DMA 4500 M density meter (Anton Paar, Graz, Austria):
pH,0 = 998.2 kg/m3 and ppa, = 1010.6 kg/m3. Because the difference in density be-
tween water and polyacrylamide solution is small (1.2%), the data was additionally analyzed
while holding the density constant at 998.2 kg/m?. Consequently, the viscosity was directly
determined from the quality factor only. The results for analysis with variable density (as
displayed in the main paper) and constant density are shown in Figure D.3. The viscosity

values for both analyses are consistent, showing that the viscosity is almost unaffected by the
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Figure D.2: (a) Detection laser intensity and raw data of the (b) mass density and (c) viscosity.
Data points recorded below an intensity threshold (dashed black line) were excluded (vertical
grey lines).
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Figure D.3: Viscosity and mass density of the acrylamide polymerization; shaded areas indi-
cate water rinses. Data was analyzed with variable density / variable viscosity (solid colored
lines; displayed in the main paper) and constant density / variable viscosity (dashed grey
lines). The viscosity values are in good agreement for both analyses.

density decrease, which is an artifact caused by the non-Newtonian behavior of the polymer
solution.

The theoretical framework introduced by Kulichikhin, Malkin, Polushkina, and Kulichikhin
[196] was employed to describe the rheokinetics of the acrylamide polymerization reaction.

To fit the viscosity data, equation 16 from this reference was used as follows:

1+ k [Mo(pp L V"[1o 1 ot t—tp>0
1o n | Ip Ioliz‘(t*to) (1+IO"5i(t_t0))x 0

Tlo t—1ty <0
(D.4)

(D.5)

n(t) =

*
Kp

K
VKi B VEikt
with the following parameters from reference [196]: a = 3.4,b = 6, x; = 0.025 mol s k*

=3.14 mol~ %5570 and Iy = 4.4 mM, My = 478 mM. 7 is the viscosity of the monomer
solution (baseline). An induction period caused by atmospheric oxygen is taken into ac-

count by lag-time ty. Coefficient K, is a function of the initial concentration, temperature
and shear-thinning effects and, therefore, depends on the flexural mode of vibration n. The
parameters 7)o, to and K/, are determined by least-squares fitting of eq D.4 to the viscosity
data and provided in Table D.3. Combining equation 6 and 15 from reference [196], gives

the following expression to describe the degree of conversion 3:
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Table D.3: Parameters determined by fitting eq D.4 to the viscosity data.

mode to/s mo/mPa-s K/ /10710

2 599.2 1.21 9.306

3 562.4 1.19 4.10348

4 564.5 1.21 2.36746

5 558.5 1.18 1.56347

6 593.3 1.24 1.19768
mean 575.6 1.21 N/A
SD 19.1 0.02 N/A

an () =m0 [ To Toki(t —to) ]°
mw—*w<mK£[Mﬂ+hm@_m}) for n(t)—mw=0. (DS

The degree of conversion 3(t) was determined by inserting the viscosity 7)(¢) at each point in
time and is shown in Figure 7b of the main paper. In the initial stage of the reaction, 1(t) — o
can become negative due to random fluctuations in the baseline. This results in a negative
term under the root which cannot be determined.

To extrapolate the degree of conversion at the end of the reaction from the rheokinetic data,
parameter 3o, was introduced in equation 13 from reference [196]. Thus, the equation de-
scribes the degree of conversion /3 of a first order reaction with a second order initiation
reaction and a final degree of conversion [:

Kp

mw:ﬁw<L41+hm@—m»?Ew>. (D7)

Eq D.7 was fitted to the degree of conversion data of all modes simultaneously, while holding
Iy, Ky, ki, and k; at the values provided above. This resulted in S, = 95.3% and ¢ty = 538s.
The small deviation of ¢y from the lag-times determined directly from the viscosity data
(Table D.3), is most likely due to the weak viscosity-concentration dependence in the initial

stage of the reaction impairing their precise determination.
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Supporting Information: Automated high-
throughput viscometer using resonant nano-
mechanical sensors

E.1 openBEB macros

The openBEB macros [181] used to control the automatic sampler are provided below.

MV.AutosamplerTest.macro
#

I'store::endVial=10

I'store::indexVial=0

I'store::Vial=1

I'store::index=0

#

!do::1::index

#goto vials and aspirate sample

.!do::{endVial}: :indexVial
.lcalc::Vial=({indexViall}+2)
.!linclude::AS.gotoVial: :vialPos=1
.!linclude: :AS.aspirateSample: :waitTime=2000
.linclude: :AS.gotoVial::vialPos={Vial}
..linclude: :AS.aspirateSample: :waitTime=2000
.linclude::AS.gotoVial::vialPos=1
.!linclude::AS.aspirateSample: :waitTime=2000

AS.aspirateSample.macro

#
ldefault: :waitTime=1000
#
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'tellmodule: :microVisco.autosampler
.zEnable
.setzTargetPosition: :-76
.gotozPosition
.sendBoolean
.sendzSteps
.setzPosition

.wait::10

.zDisable

.sendBoolean

#wait time inside vial
.wait::{waitTime}

#

.zEnable
.setzTargetPosition::0
.gotozPosition
.sendBoolean
.sendzSteps
.setzPosition

.wait::10

.zDisable

.sendBoolean

#waittime in FC-40 (ms)
.wait::2000

AS.gotoVial.macro

#

!default::vialPos=1

#

Itellmodule: :microVisco.autosampler
.rotEnable
.setVialTargetPosition: :{vialPos}
.gotoRotPosition

.sendBoolean

.sendRotSteps

.setRotPosition

.wait::10

.rotDisable

.sendBoolean

#end

146
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Figure E.1: Water contact angle on glass slides after different treatment times with PDMS
solutions (Regenabweiser). The solid black line represents a fitted Langmuir adsorption ki-
netics and the error bars the standard deviation for perpendicular views on the water droplet.
Insets: image of the droplets on an untreated (0 min) and saturated (255 min) surface.

E.2 Surface modification

A PDMS-based chemical to render surfaces hydrophobic (Regenabweiser, Stolz GmbH, Ger-
many) was used to treat the fluidic system, including the fluid cell. This is crucial for homo-
geneous and reproducible droplet handling [203]. To assess treatment times, glass slides were
incubated in Regenabweiser for 0 min, 1 min, 5 min, 16 min, 30 min and 255 min. Contact
angles were measured using the setup described in reference [220] and analyzed using the
LB-ADSA (low-bond axisymmetric drop shape analysis) plug-in [221] in Image] [222]. As
shown in Fig. E.1, the treatment rendered the surface more hydrophobic resulting in a change
in contact angle from (45.6+0.9)° to (71.0£0.9)° (untreated versus 255 min treated, mean
+ SD). After 17 min treatment time, 99% of the final contact angle value was reached. To
assess the long-term stability the surfaces were immersed in water for 3 days. The untreated
surface became more hydrophilic (32.4 £ 0.2)°, whereas the treated hydrophobic surface
remained stable (69.5 £+ 0.8)°.

E.3 Automatic sampler

The automatic sampler, used to aspirate microliter samples in a two-phase configuration with
fluorinated oil, was operated by two linear stepper motors. Figure E.2 shows a photograph
and Figure E.3 the connection diagram between the motor controllers (SAMATRONIC 101),
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Figure E.2: Photograph of the automatic sampler. (A) Fluorinated oil (FC-40) bath, (B) open-
ended sample vials partially immersed in the oil, and (C) rotating stage connected to the (D)
rotational stepper motor. The capillary and z-motor to aspirate sample are not visible.

the CMOS analog switches (DG445, Maxim) serving as TTL-inverters and the LabVIEW
DAQ card (NI USB-6009, National Instruments).
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Figure E.3: Circuit to drive the stepper motors of the automatic sampler.
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List of Abbreviations

IH-NMR

AFM
APS

DDHO

FEM/A

LD

MEMS

OEG-silane
OEG-thiol

PD
PDMS
PEEK
PID
PLL
PSD

RF

SD
SHO

TEMED

Proton-nuclear magnetic resonance.

Atomic force microscopy.

Ammonium persulfate.

Driven damped harmonic oscillator.
Finite element method / analysis.
Laser diode.

Microelectromechanical system.

2-(methoxy(polyethyleneoxy)propyl)trimethoxysilane.

(1-Mercapto-11-undecyl)tetra(ethyleneglycol).

Photodiode.

Polydimethylsiloxane (SYLGARD"184).
Polyether ether ketone.
Proportional-integral-derivative (controller).
Phase-locked loop.

Position-sensitive detector.

Radio-frequency.

Standard deviation.

Simple harmonic oscillator.

Tetramethylethylenediamine.
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List of Symbols

ap
am

b, w
Cs

Csound

Co

fn
fO,n

F, drive
F hydro

h,t

kg

Kefe
KC

me

Meffn

Amplitude of vibration (m).

Added mass coeficient, a,,, = %

Width of the cantilever (m).

Total damping coefficient per unit length (Pa-s).
Structural damping coeflicient per unit length
(Pa-s).

Speed of sound (m/s), for water Cyund
1482 m/s.

Viscous damping coeflicient per unit length (Pa-s).
Young’s modulus (Pa), for silicon £ = 169 GPa.
Eigenfrequency of mode n (Hz).

Vacuum frequency (undamped eigenfrequency)
of mode n (Hz).

Force per unit length (N/m).

Driving force per unit length (N/m).
Hydrodynamic force per unit length (N/m).

Gap between cantilever and surface (m).
Thickness of the cantilever (m).

Normalized gap between cantilever and surface,
H=1.
Area moment of inertia (m?), for a rectangular
beam I, = %.

Boltzmann constant, kg = 1.3806488- 1023 J/K.
Effective spring constant (N/m).
Keulegan-Carpenter number, KC = 27ra—b0.
Knudsen number, Kn = )‘—b*.

Length of cantilever (m).

Mass of the cantilever (kg).

Effective mass of mode n (kg).
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mpf

M

Qn
Re

we
W(z,t)

(ﬁnL)’ (077}

S

s

T

Ky Kn,

)\*
He

M

Pe

Co-moving fluid mass (kg).
Bending moment (N-m).
Flexural mode of vibration.
Pressure (Pa).

Quality factor of mode n.

The Reynolds number of an oscillating beam,
Re = pb’w

= 2.
Temperature (K), 7" = 293.15 K if not otherwise
indicated.
Flow velocity field.
Flow velocity (m/s).
Shear force (N).
Gaussian beam radius (m).
Deflection function of the cantilever as a func-
tion of lateral position = and time ¢, W (z,t) =
O(x)W(t).

Eigenvalue of the n-th flexural mode of vibration,
(BpL) = 1.875,4.694,7.855, - ~ 7 (n — ).
The hydrodynamic function.

Rate of shear deformation, strain rate (1/s).
Linear thermal expansion coefficient (1/K).
Viscous boundary layer, § = 0277; (m).
(Dynamic) viscosity of fluid (Pa-s), for water n =
1.00 mPa-s.

Relative viscosity, for a solution with solvent vis-
cosity g, 7, = n%'

Intrinsic viscosity, for spherical particles [] =
2.5.

Normalized mode number, x,, = (ﬂnL)%
Wavelength of electromagnetic radiation (m).
Mean free path of molecules in a fluid (m).
Linear mass density of the cantilever (kg/m), . =
pcbh.

Linear mass density of the co-moving fluid
(kg/m).

Mass density of the cantilever (kg/m?), for silicon
pe = 2330 kg/m3.



List of Symbols

P Py Mass density of the fluid (kg/m?), for water p; =
998.25 kg/m?3.

o Shear stress (Pa).

S Normalized wave number, ¢ = C::id.

Tth Time constant of the photothermal excitation (s).

O(x) Spatial deflection function of the cantilever

(eigenfunction, mode shape) as a function of

lateral position z.

0] Phase-lag between the excitation and the mechan-
ical vibration (rad).

© Volume fraction of a solute.

U(t) Temporal deflection function of the cantilever as
a function of time ¢.

Wn, Angular eigenfrequency of mode n, w,, = 27f,
(rad/s).

\Y% Nabla operator, V = (8%1, R 8‘301_ )

7] Imaginary part of complex expression z.

R[2] Real part of complex expression z.
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