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Preface

The thesis in front of you presents my work on precise mass measurements of nanoparticles using TUDelft
fabricated suspended microchannel resonators. This is one of the final steps in development of our device
providing single nanoparticle mass sensing in a robust and precise manner.

Readers who are mainly interested in nanoplastics and available detection methods can find them in Chap-
ter 1 to Chapter 3. SMR’s theory can be found in Chapter 4. The results and graphs can also be found in the
paper and throughout the supplementary notes, and readers, who are specially interested in PLL-resonator
design and modeling can find them in Section 7.1 and Section 7.2.

The gratitude I owe to my supervisors for numerous discussions during online or face to face meetings on
my project, which are the core of my understanding about mass sensing by a SMR, is disproportionate to
the small size: Dr. Murali k.Ghatkesar and Dr. Tomds Manazaneque. Thanks for continuous support of my
research by patience, enthusiasm, motivation and immense knowledge.

I am indebted to my brother, Salar, for encouragements and stimulating discussions.

Finally, this material would never have existed without continuous help and support of the rest of my beloved
family, over the past years.

Delft, February 2021
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Summary

In connection with growing in applications of nanoparticles in various industrial sectors such as cosmet-
ics and pharmaceuticals, the demands for in-line identification and characterization of nanoparticles sus-
pended in fluids has increased. In addition to that, nanoparticles in general and nanoplastics in particular,
can easily contaminate air and water resources, resulting in human health risks. Among available techniques,
suspended microchannel resonators can respond to the characterization demands in terms of mass detec-
tion and concentration of nanoparticles in fluids. This technique is based on changes in resonance frequency
of the suspended microchannel due to flowing of nanoparticles through the suspended hollow cantilever.

In this project we aimed to characterise TUDelft made suspended microchannel resonators in terms of mass
limit detection and speed of detection. To achieve this, firstly, the modal analysis was conducted to deter-
mine the resonance frequencies of two bending modes and first torsional mode. Secondly, a phase-locked
loop was designed to track the resonance frequencies. Then, the frequency stability of the measurements
was studied using the Allan deviation method. Finally, the mass detection limit was obtained by conversion
of Allan deviation’s data. The detection speed was also computed using the characteristic time constant of
the system.

We found that the lowest resolved mass can be detected by the second bending mode. This was 0.11 fg and
0.38 fg using an empty and a water-filled resonator respectively, for a system bandwidth of 1000 Hz that cor-
responds to a system settling time of 0.37 ms. We also managed to measure a buoyant mass of 21.2 fg which is
an equivalent gold nanoparticle of 130 nm in diameter, during one of the attempts to detect suspended gold
nanoparticles in deionized water.

In order to achieve continuous and precise mass measurements of nanoparticles suspended in fluids, it is
recommended that: i) fabrication of a new suspended microchannel resonator that allows for working con-
tinuously without experiencing fractures in it earlier than applying flow driven pressure, ii) equipping our
setup with a sensitive flow rate sensor in the range of (pL/s) that provides regulating fluid flow smoothly and
iii) applying matched filter methods that allows for automatic peak detections in a continuous measurement.
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Introduction

Today, plastic products are involved in many fields from health to textiles and construction. The world plastic
production has raised dramatically, from 2 million tons in 1950 to almost 360 million tons in 2018 [41, 45].
Synthetic polymers such as polyethylene (PE), polystyrene (PS), polyurethane (PUR), polypropylene (PP) and
polyvinyl chloride (PVC) are the core of plastics. In addition to polymers, additives are added to plastics to
enhance their mechanical, chemical and visual characteristics such as strength, fire resistance and coloura-
tion [45].

In recent years, the topic of nanoplastics pollution became a matter of public concern since the existence
of nanoplastics was reported in marine waters [127] and in facial scrubs [54]. However, break down of mi-
croplastics into smaller than 1um particles had already been claimed in publications [32]. This degradation
can be mechanical degradation by waves in aquatic environments, photodegradation by sunlight or ultravi-
olet radiation and thermooxidative degradation which occurs at moderate temperature [81]. Since this is a
new issue for researchers, size classification of nanoplastics is still under discussion. Some authors set the up-
per limit at 1000nm(1um) for nanoplastic, while others define nanoplastics in the size ranges 1nm — 100nm
[18, 47, 113, 127]. In the following discussion nanoplastics are defined as plastic particles in the sizes smaller
than 1um. Nanoplastics sources are categorized into primary particles, which are manufactured on purpose
e.g. nano scaled plastic particles used in cosmetics, and secondary nanoplastics particles, i.e. plastic particles
degraded and fragmented from larger plastic particles [81, 113]. Industrial and human activities such as waste
disposal and coastal landfill operations contribute to the distribution of secondary particles in freshwater and
marine environment [80, 81]. However, primary particles from pharmaceutic and cosmetic industries, which
are used in consumer products, are introduced directly into the environment via wastewater or during con-
sumption [80, 81].

Basically, nanoparticles properties in terms of physical, electric, chemical and mechanical characteristics dif-
fer from those of corresponding bulk material due to their broad range in size [16]. Therefore, there could be
a material which is nontoxic in bulk while it can be toxic at nanoscale owing its characteristic properties[64].
However, it has not been fully understood which parameter has the greatest influence on toxicity of nanopar-
ticles and there might be a large number of parameters (e.g. chemical composition, size, shape, mass concen-
tration, charge and high surface area to volume ratio and etc.) which are responsible for potentially harmful
effects of nanoparticles [81]. Nanoparticles can rapidly interact with biomolecules which are available in
biological fluids (e.g. human plasma) due to their high surface free energy [84]. This interaction with pro-
teins results in a biological coating which is know as "the protein corona" on the nanoparticle’s surface. This
corona changes the biological identity of the particle. This is detrimental in the medical applications in which
drugs delivery to the target organs is vital [126]. Suppose, nano drug particles, which are supposed to target a
specific organ of body, are covered by the protein corona and their biological identity are changed. Therefore,
they might target another organ which does not need drugs. Coming back to plastics, despite possessing vari-
ous chemical compositions, plastics also can transport other chemicals and materials due to their surface low
polarity. Consequently, plastic particles can adsorb or absorb hydrophobic contaminants such as persistent
organic pollutants (POPs) [80, 128]. This carrier effect can be enhanced in nano scale because of larger ratio
of surface area to volume in nanoplastics compared to micro or meso plastic paticles [80].
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In order to investigate health impacts of micro and nanoplastics, exposure routes need to be identified. Lit-
erature suggests that there are three possible routes of human exposure to micro and nanoplastics including:
oral exposure (drinking water and food chain), dermal exposure (water and cosmetics) and inhalation (air)
[72, 107]. Drinking water could be contaminated if filtration systems of water treatment do not detect micro
and nanoplastics which pass through filters. Plastic waste degraded to the nano size or manufactured nano
scale plastic particles can enter the aquatic food web via bacteria, zooplankton and algae, which are eaten by
filter feeders and then consumed by fishes and humans [80], as the presence of microplastics have already
been reported in zooplankton [30], mussels [73] and fishes [89]. Dermal exposure involves human’s skin
interactions either with water containing micro and naoplastics during washing or via available nano and
microplastics in personal care products. Although the uptake of microplastics by skin is unlikely to happen
due to the micron size which does not allow for penetration, nanoplastics can eventually enter the humans
skin [107]. Air can also carry micro and nanoplastics which become airborne, and they can be in contact with
humans through inhalation [72, 107]. Although concerns have been raised that micro and nanoplastics im-
pact human health, investigations are still limited and they are mostly concerned with microplastics rather
than nanoplastics. It is claimed that microplastics might enter the blood circulation through lymph, but due
to their size, translocation across cellular membranes is very unlikely, resulting in light penetration in organs
[18]. Therefore, they may locally engage the immune system as inflammation of the gut is expected[103]. In
contrast, nanoplastics, due to their small size, can pass biological barriers to penetrate organs and can move
across immune cells [18, 72]. However, the potential toxicity of nanoplastics on humans has hardly been ver-
ified [18, 107].

One of the barriers for conducting research on nanoplastics is the reliable detection methods in water and
tissues [72]. Inevitably, all research involving micro and nanoplastics contains two main steps: sample prepa-
ration and analysis of the prepared sample [90, 113]. The sample preparation step contains digestion ap-
proaches, concentration methods and separation methods [90, 113]. Digestion approaches, such as acid
treatment or enzymatic protocol, remove possible matrices such as organisms and tissue from the sample.
The concentration methods provide detectable amount of sample for a specific analysis method, but the
separation methods separate micro and nanoparticles from other particles with various sizes [90, 113]. The
separation methods are dependent on two factors: first, the type of sample such as biological samples (fish,
mussels or plankton), sediment samples (beach sediment or deep see sediment) or water samples (wastew-
ater, drinking water, see water or fresh water), and second, the analytical methods which are supposed to be
applied afterwards [90, 113]. The suggested methods for concentration of nanoplastics are [18, 113]: mem-
brane filtration, ultrafiltration (UF), ultracentrifugation (UC), while methods such as field flow fraction (FFF),
asymmetric flow field flow fraction (AF4) and hydrodynamic chromatography (HDC) have been claimed for
separation techniques. Following the sample preparation methods, analysis techniques, detection and iden-
tification of nanoplastics, which are the final aim of this report, are required. In order to detect and identify
micro- and nanoplastics, literature suggests some analytical techniques including thermal, spectroscopic, as
well as light scattering and microscopic methods which yield determining either physical characteristics such
as size and mass of particles or the chemical composition of particles [18, 81, 106].

In the following sections, first, the suggested detection techniques with their advantages and limitations are
introduced. An alternative method then is proposed and explained. Finally, the research questions, time plan
and approaches to obtain the desired result are discussed.



Detection methods

In this chapter, techniques that have already been applied in submicro- and nanoplastics are reviewed. The
physics behind the techniques and possible pros and cons are discussed.

2.1. Fourier Transform Infrared Spectroscopy (FTIR)
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Figure 2.1: (a) Schematic of FTIR technique [129]. (b) FTIR 7800, an example of FTIR spectrometer[101].

FTIR is an infrared spectroscopy technique which has been widely employed to identify the type of plas-

tics. Owing to its reliability, simplicity and accurate spectra, FTIR has become the predominant technique
for identifying the type of plastics[55, 75, 131]. This technique relies on changes in dipole moment of specific
group of materials as a result of molecular vibration caused by absorption of IR radiation of that molecule
[86, 116, 143].
In FTIR [33, 116, 119, 129]: First, a fitting light source generates IR radiation which enters an interferometer
(e.g. Michelson) and is directed to a beam splitter. Then, the split beams are cast over a fixed and moving
mirror respectively so that they cause interference in return. Next, the recombined beam, which leaves the
interferometer, is directed at a sample. The sample then absorbs some amounts of light (absorption), while
the remaining light which passes trough the sample (transmittance) will be collected by a detector to produce
a raw signal (interferogram) of light intensity versus mirror positions. Hence, the spectral information of all
wavelengths is gained at the same time. Thereafter, the information which was presented in the interfero-
gram is decoded by means of computers and Fourier transform. To do this, initially, an interferogram is made
without inserting the sample and the Fourier transform is mathematically applied to this raw information,
resulting in a plot of IR intensity as a function of wavenumbers (Reference spectrum). Afterwards, the last
step is repeated but this time in the presence of sample (Sample spectrum). Lastly, two spectra are combined
to form transmission spectrum of the IR light as a function of wavenumbers. In the finale stage of FTIR, once
the IR spectrum is obtained, the IR spectrum is compared with available reference spectra of other materials
to identify chemical type of the sample.
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FTIR is non-destructive, fast and reliable although its major disadvantage is the low detection sensitivity (par-
ticle down to = 25um in size) [123].

2.2. Raman Spectroscopy (RM)
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Figure 2.2: (a) Schematic of Raman spectrometer [33] and principle of Raman scattering [105]. (b) DXR™3 Raman Spectroscopy
Microscope[130], a commercial Raman spectrometer with microscope.

Raman is a spectroscopic technique which allows for the identification of polymers. The physics behind
Raman spectroscopy is concerned with the Raman scattering [33, 105]: When a sample is irradiated with a
laser light, some of the light is absorbed and scattered due to interaction between photons of light and the
molecules of the sample. Rayliegh scattering (elastic) and Raman scattering (inelastic) are two forms of scat-
tered light, as illustrated in 2.2(a). An extreme large portion of the scattered light is Rayleigh scattering(elastic)
which has identical frequency with the incident light, meaning that there are no energy levels differences be-
tween the incident and emitted photons. However, the energy exchange between the photons and sample’s
molecules also produces inelastic scattering light which is called either anti-Stokes scattering when the emit-
ted photons gain energy or Stokes when the emitted photons lose energy in this energy exchange.

In this technique [33, 105, 117]: First, a monochromatic laser source in visible or near IR region irradiates a
sample by means of optical devices. The sample then absorbs and scatters either elastically or inelastically
the incident light. Finally, the Raman scattered light which contains information about molecular structure
and characteristic of the types of bonds are collected by a detector to produce Raman spectrum, which is
unique for each type of materials, with characteristic peaks at a fixed wave lengths related to a particular
molecular vibration.

Raman is a non-destructive, easy, fast and potent technique for chemical identification of plastic particles
(micro plastics) [6, 33, 105]. Furthermore, this technique which also can be coupled to microscopy [30] is
able to identify small microplastics (down to 2 um).

2.3. Pyrolysis-Gas Chromatography-Mass Spectrometry (Pyr-GC-MS)

Pyr-GC-MS is an analytical thermal technique to identify sample’s compositions. In order to obtain com-
pounds, a pyrolyzer, a gas chromatograph (GC) and a mass spectrometer (MS) are combined (see 2.3(a)).
The operating principle is as follows: First, inside the pyrolyzer, large molecules of the sample in terms of
molecular weight are decomposed into smaller molecular weight molecules at a fixed temperature (between
200-600 °C) in an oxygen free atmosphere[33]. The decomposed molecules are then injected into GC under a
gas flow of helium (He) as carrier to be separated depending on their volatility (lower volatile particles move
slower and vice versa). Finally, the separated volatile particles enter the MS where they get ionized, deflected
by an electromagnetic field, and detected based on their mass to charge ratio [13]. The result of Pyr-GC-MS
is a chromatogram which can be compared by an electronic database of known compounds to identify the
unknown compounds.

Advantages and disadvantages of this technique are [83, 100]: Pyr-GC-MS is an easy operating technique (the
samples only need to be transferred into pyrolyzer without any pretreatments). Furthermore, this technique
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Figure 2.3: (a) The Pyr-GC-MS instrument components[135]. (b) The GC Orbitrap-MS System [58].

is not affected by particle shapes. However, this technique is a time consuming (one run of Pyr-GC-MS takes
around 30 minutes) and destructive method which does not release information on particles sizes.

2.4. Multi Angle Light Scattering (MALS)
MALS detectors
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Figure 2.4: (a) Schematic of MALS technique and Deby plot[2]. (b) A commercial MALS (MALS) for detection of the molar mass and size of
macromolecules and nanoparticles in solution. [142].

The MALS is a powerful technique to measure the molar mass(M,,) and radius of gyration(Ry) of particles
and molecules. The MALS principle is based on the Rayleigh theory which describes the relation between the
average intensity of the scattered light (elastic scattering) by the sample and its R; and M, [102]. The Rayleigh
approximation [141] relates Rayleigh ratio Ry which is a function of intensity of the scattered light and M,
by:

KC 1
Ry ~ MyPy

(2.1)

where K is the optical constant, C is the concentration of particles in solution and Py which equals one at
0 = 0is the particle scattering function.

As it can be seen in 2.4(a), a laser beam irradiates a sample and the intensity of scattered light is detected
at various angles (3 to 18 different angles) by multiple detectors. The detected intensity is then brought into
Deby plot by using the Rayleigh equation. Finally, a best fit is drawn and extrapolated back to 8 = 0 where M,
is calculated from the intercept and the initial slope of the fit line is used to calculate Rg [2]. MALS is limited
to monodisperse flowing particles, while environmental suspensions are polydisperse [68, 144]. Therefore,
MALS is always fed by a size separation technique e.g. AF4 which could increase the measurement time and
complexity of this method [31, 83].
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2.5. Dynamic Light Scattering (DLS)
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Figure 2.5: (a) DLS Instrument Components[65] and (b) Zetasizer Ultra, a commercial DLS system [3].

Dynamic light Scattering (DLS), also recognized as "photon correlation spectroscopy”, is an optical tech-
nique which is concerned with measurements of dispersed particles size in liquid media [104]. The DLS
determines the hydrodynamic diameter d(H) of the particles by measuring the Brownian motion which is
defined as the random movement of particles due to collisions with the solvent molecules in the surround-
ing. It implies that how smaller are the particles, how faster they diffuse. The rate (velocity) of the Brownian
motion is characterized by the translational diffusion coefficient (D) which is used in Stokes-Einstein equa-
tion to calculate the hydrodynamic diameter d(H). Equation 2.2 describes this relation [77]:

KT

dH) = 3nnD

(2.2)

where T stands for the temperature in Kelvin, k is the Boltzmann constant, 7 is the viscosity , and D is he
translational diffusion coefficient and d(H) is the hydrodynamic diameter of the particle.

In DLS, particles are illuminated with a laser. Particles then scatter some of the light that hits them. It is called
dynamic since if these particles were completely still we would measure a constant intensity of scattered light.
However, since in a dispersion, diffusion causes the intensity of light scattered by the particles to fluctuate
over time. The fluctuating intensity signal is created by combining the detected light scattered from lots
of randomly diffusing particles. Afterwards, consecutive snapshots of the light scattering signal are taken
rapidly. These snapshots are always compared to the original signal measured to obtain a correlation graph.
Based on the correlation graph, the translational diffusion coefficient (D) which is used for determination of
the hydrodynamic size is calculated[65].

DLS has several advantages including: simplicity, fast operating time, being non-invasive, being low-cost
and requiring low amount of sample([86, 113, 134]. It should, however, be considered that DLS is concerned
with theoretical models which work with equivalent sphere’s radious, hence particle’s shape is ignored. DLS
optimally measures the monodisperse suspensions since scattered light intensity of smaller particles could
be masked by those of larger particles [74, 113]. Moreover, DLS overestimates large particles since the light
intensity (I) is theoretically correlated with (d®) which is the particle’s diameter to the power six[74, 113].

2.6. Mass Spectrometry (MS)

MS is a technique that is categorized under analytical methods for chemical composition and molecular
weight determination of the samples [74, 133]. This method is normally coupled to separation techniques
e.g. gas/liquid chromatography or Pyr-GC (see 22). MSs seek to acquire mass to charge (m/z) ratio of ionized
particles. The three major parts of mass spectrometers are an ion source which is responsible for producing
gas phase ions from chemical substances (ionization), an analyser that separates the ionized particles based
on their m/z values, and a detector which is responsible for generating signals from the separated ions [138].
There are various types of mass spectrometers since there are distinct techniques for either ionization of par-
ticles e.g. electron impact (EI), chemical ionization (CI), laser desorption (LD), electrospray ionization (ESI),
or separation of ions e.g. magnetic sector analyzers, quadrupole ion traps, time-of flight (TOF), quadrupole
mass filters analyzers [61, 138].
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Figure 2.6: (a) Simple schematic of a mass spectrometer [56] and (b) 10 kV Isotope Ratio Mass Spectrometer [5].

2.6(a) depicts the EI-magnetic mass spectrometer. Its operation is as follows [99, 138]: First, a small amount
of the sample is heated and evaporated and injected into the ionization chamber where an electron-beam
is produced by a filament to ionize the vapour particles via inductive effects and losing valance electrons.
Second, the ionized particles enter an electrostatic field which accelerates the ions by increase in their ki-
netic energy before their arrival at the analyzer. Third, in presence of a magnetic field which is perpendicular
to the ions moving direction, the accelerated ionized particles follow a curved track which allows ions to be
separated based on their momentum (particles are deflected inwards or outwards the curved path). Equa-
tion 2.3 which is an outcome of Lorentz force, angular momentum, as well as kinetic energy shows that ions
with various m/z ratio can be forced to reach the detector by varying either magnitude of the magnetic field
(B) or voltage of the electrostatic field (U). Other parameters are the charge of an electron (e) and the radial
path of the moving ion (r). Finally, a detector collects and sends the gathered information to a computer for
obtaining a mass spectrum of relative abundance of detected particles as a function of the m/ z ratio.
m _ B*r’e

P (2.3)

Despite its high accuracy and reliability in chemical identification, MS is a destructive and an expensive tech-
nique which only can detect charged particles, meaning that particles which are not ionized for any reasons
will be out of detection process [26, 74].

2.7. Ultraviolet - Visible Spectroscopy (UV-Vis)
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Figure 2.7: (a) Instrumental design for UV-visible spectrometer(118] and (b) An example of UV-vis spectrometer [4].

UV-Vis is another characterization method that is employed for both qualitative and quantitative study of
nanoparticle materials in transparent fluids [6, 114]. This technique is based on electronic energy transitions
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between orbitals of molecules and atoms of the sample so that the absorbed wavelength by the sample has
the required energy for moving an electron from lower energy level to the higher one [11, 51, 96].

In UV-Vis spectroscopy [96, 118]: First, a light source comprises one or more lamps which provide ultraviolet
and visible electromagnetic radiation shines on the entrance slit of a monochromator to filter out unneces-
sary wavelengths. A beam splitter is then used to split the light beam into two directions which simultane-
ously allow the light beams traverse both reference solution and the sample to two identical detectors. In the
end, the two outputs are used to determine either transmittance, absorbance, and concentration of the sam-
ple by applying the Beer-Bouguer-Lambert law or the UV-Vis spectrum which plots the absorbance changes
of the sample versus the wavelength ranges. The acquired UV-Vis spectrum can be overlaid onto the standard
spectra for identification of the sample.

Although, UV-Vis spectroscopy is simple to use and inexpensive for determination of sample’s concentra-
tion, it is not a reliable method for identification of nanoparticles due to the possible change in absorption
characteristic of nanoparticle while they interact with fluids [50, 96, 114, 137].

2.8. Scanning Electron Microscopy(SEM)
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Figure 2.8: (a) The SEM working principle diagram [148] and generation of some useful signals when a focused electron beam hits a
sample [121]. (b) The JSM-IT500HR InTouchScope™ SEM which has been designed for multiple attachments, e.g. energy dispersive X-ray
spectrometer (EDS) [62].

Scanning electron microscopy (SEM) is a microscopy technique for the analysis of micro- and nanostruc-
tures. SEM technique collects and processes signals that are generated when a focused beam of electron hits
a sample to provide useful information on the topography (by means of high quality images) and composi-
tion(in combination with EDS technique) of the sample’s surface[52]. The SEM basically consists of 4 major
parts: a vacuum column which contains the electron source and the electromagnetic lens system as well as
the scanning unit, a chamber which contains specimen holder, detectors and the imaging units(see 2.8(a)).
SEM working principle is as follows: First, the electron gun at the top of the SEM’s column emits electrons
that are accelerated by means of acceleration voltage. Second, these electrons pass through the lens system to
form a focused electron beam(referred to as primary electron (PE)) which can be deflected in X and Y direc-
tions by two pairs of scanning coils. The focused electron beam then hits the specimen’s surface and evokes
various type of signals which can be detected, amplified and translated either into topographic images or
into chemical characterization spectra. The principal signals which are captured in SEM are backscattered
electrons (BSEs) and secondary electrons(SEs). The BSEs and SEs are detected to form SEM images (physical
characteristics), however a portion of X-ray emission which is called characteristic X-rays is captured by a dis-
persive X-ray energy detector for composition analysis (referred to as Energy Dispersive X-ray Spectroscopy
(EDS)) of the sample [37, 52].

Although, SEM-EDS provides high quality images and elemental composition of a sample, this technique is
expensive and requires considerable time and effort for preparation of the sample when the sample is volatile
and less conductive [122].
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Figure 2.9: (a) Schematic diagram of transmission electron microscope (1] and (b) JEOL JEM-ARM300F Transmission Electron Microscope
with 55pm resolution at 300kV [60].

TEM is a technique which provides direct images of the sample to investigate nanoparticles shapes and
sizes [79]. In addition to morphological and structural analysis, other techniques (e.g. EDS) can be attached to
TEM for elemental composition analysis [79, 136]. Basically, electron microscopy techniques including TEM
and SEM (see ??) are based on wavelike characteristic of electrons. The electron wavelength is described by
Equation 2.4 [10]:

P 2.4
p m

<

where h, m, v,p stand for Planck constant, electron mass, speed of electron and momentum of electron re-
spectively. The achieved wavelength by this technique can pass through a solid of several um thickness [38].
A conventional TEM comprises an illumination system (electron gun and electromagnetic lenses), a speci-
men holder and an imaging system (see 2.9(a)).

In TEM [38, 124]: Initially, an electron gun generates electrons which are accelerated and focused by sev-
eral electromagnetic lenses. The focused electron beam then hits the sample resulting in transmission or
reflection of the electrons. Next, the transmitted electrons are magnified to produce an image on a fluores-
cent screen by means of certain number of electromagnetic lenses. Finally, there are cameras to capture and
transmit the images to a computer for further analysis.

Despite high resolution images and attachments (e.g. EDS) capabilities leading to physical and chemical
characterization of the sample, there are some drawbacks for TEM. As wel as being an expensive (roughly
3K€-7M<€) technique, TEM also requires costly maintenance due to their components such as high vacuum
environment, specimen holder, cameras and etc. Furthermore, TEMs require a very thin layer (nonometer
scale) sample which greatly increases time and effort in extensive sample preparations by highly trained op-
erators [79].
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2.10. Atomic Force Microscopy (AFM)
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Figure 2.10: (a) lllustration of operating principles of AFM[125] and (b) Park NX10 Atomic force microscope [97].
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AFM is a microscopy technique which is employed to obtain topographic images down to nanometer
scale primarily [43, 133], and mechanical properties (by means of force measurement) secondarily[27]. The
working principle of AFM is based on the forces (attractive or repulsive) interaction between cantilever’s tip
(probe) and the sample’s surface [44]. The main components of a standard AFM is as follows (see 2.10(a)): the
cantilever with very sharp tip, optical detection system containing laser light and a position photo detector,
scanner, and feedback control loop.

In AFM [85, 145]: initially, the probe comes into contact with the sample through the motion of raster scan-
ning. Next, the reflected laser beam at the back of the probe monitors all movements (lateral and vertical)
of the AFM tip due to raised or lowered features of the sample and height adjustments of the scanner by the
feedback loop during surface scanning. At the same time, there is a position sensitive photo detector which
traces the reflected beam, containing motion of the AFM tip. Lastly, the obtained information is sent to the
computer to form topographic image of the sample. There are three major modes available for AFM appa-
ratus: contact, tapping, and non-contact mode [78, 125]. A brief description of the modes is as follows [59]:
In contact mode, there is always physical contacts between the AFM probe and the sample in presence of re-
pulsive force and the feedback loop compensates for the constant deflection of the AFM cantilever. However,
in non-contact mode ,which the AFM tip oscillates just above the surface in presence of attractive force, and
tapping mode ,which the AFM tip has intermittent contact with the surface of the sample in presence of both
repulsive and attractive forces, the AFM cantilever is excited at its resonance frequency and the feedback loop
maintains constant resonance frequency of the AFM cantilever.

Although AFM is able to operate in different environments such as fluids and vacuum [46, 69], this technique
is inherently unable to give information about material identification of the sample. To overcome this draw-
back, AFM can be combined either with Raman or IR spectroscopy for chemical information of the sample
[35, 36, 147] with limitation of micron size particles. Furthermore, AFM is a noninvasive technique which is
less expensive compared to TEM and SEM, while it provides comparable resolution in nanometer scale [86].



General assessment

The available detection and identification methods which were introduced in chapter 2 possess various pros
and cons that cause each method to be powerful in some aspects while suffering from drawbacks in another
aspects. Table 3.1 compares the mentioned techniques. Apart from physical or chemical characterizations,
which none of the techniques measures the plastic nanoparticles masses, it is noticed that potent micro-
scopic techniques such as AFM, TEM and SEM are expensive and mostly large in size. On the other hand,
light scattering techniques suffer from lack of accuracy in polydisperse liquid samples. Similarly, MS spec-
troscopic related techniques are destructive and light spectroscopy methods are not accurate enough. The
mentioned limitations call for a new device which can determine nanoparticle mass and would be inexpen-
sive, accurate and portable, as well as being non-destructive and polydispersity compatible. A suspended
microchannel resonator (SMR) which is introduced in chapter 4 can be a wise solution for the observed gap
among other methods.
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3. General assessment

Table 3.1: Analytical techniques for evaluation of the physical and chemical characteristics of microplastics, nanoplastics and nanomate-

rials
Minimum particle size,
Technique Method Sample size spatial resolution, Advantages Limitations \Disadvantages References
(Volume\mass) or particle mass
FTIR Spectroscopy Milligrams Particle size> 25um Chemical characterization Physical characterization [20, 25, 67, 123]
Non-destructive Detection resolution
Fast and reliable
Device size (small)
Inexpensive
RM Spectroscopy Milligrams Particle size>2um Chemical characterization Physical characterization [22,67,123]
Non-destructive Detection resolution [25]
Fast and easy
Device size (small)
Inexpensive
Pyr-GC-MS Thermal low mg 50nm— um Particle size Chemical characterization Physical characterization [53, 100, 115]
ng — ug Particle mass No sample preparations Destructive [83,113]
Long measurement time
Device size (large)
Expensive
MALS Light scattering few ul 10nm —1000nm Physical characterization Chemical characterization [68, 113, 141, 144]
Particle size Non-destructive Polydispersity
Low sample
Fast and easy
Device size (small)
Inexpensive
DLS Light scattering few pl 1nm—-3um Physical characterization Chemical characterization [19, 74, 113]
Particle size Inexpensive Large particles [87]
Low sample Polydispersity
Fast and easy
Device size(small)
Non-destructive
MS Spectroscopy 107910721 nm Particle size Chemical characterization Physical characterization [26, 74, 86]
mol Particle mass< 1MDa Low sample Destructive [29, 48, 91, 98]
High accuracy Device size (large)
Any type of samples Only charged particles
Expensive
UV-Vis Spectroscopy few pl nm-—pum Quantitative characterization Chemical characterization [50, 120, 137]
Particle size Inexpensive [4, 8, 96]
Device size(small)
Non-destructive
SEM Microscopy Sub-pug lnm—1um Physical characterization Sample preparation [68, 95, 133]
Spatial resolution Chemical characterization Expensive [25]
(by EDS coupling) Device size (large)
TEM Microscopy Sub-ug >0.1nm Physical characterization Sample preparation [47,113,133]
Spatial resolution Chemical characterization Very expensive [25]
(by EDS coupling) Device size (huge)
AFM Microscopy Sub-ug =0.1nm Physical Characterization Chemical characterization [86, 110, 133]
Spatial resolution Non-destructive Complexity [25]
High accuracy Expensive

Device size (small)



Suspended Micro-Nanochancel Resonators
(SMRs/SNRs)

Nearly three decades ago, micro- and nanomechanical resonators, which could provide high sensitivity for
mass sensing, were introduced [15, 39, 57, 132, 146]. These mechanical resonators measure the mass ad-
sorbed on their surfaces by utilizing the natural frequency of the resonators. Blake’s [63] publication provides
several applications for this method. FEM simulation software e.g. COMSOL can be employed to model these
resonators. The dynamics of such cantilever beams including natural frequency and mode shapes have been
well determined using either Rayleigh’s method or beam’s theory in [109] or [17].

2\
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Figure 4.1: (a) Schematic of a mechanical resonator [111]. (b) Lumped-element model for clamped-free beams [111].

A lumped-element model can also be employed to describe behavior of a mechanical resonator. The forced
vibration of a cantilever shaped mechanical resonator, shown in 4.1(a), can be modelled with a linear spring,
a mass and a linear damping element as depicted in 4.1(b). The equation of motion of this system can be
expressed as a second order differential equation which is [112]:

mde +ch +kX=F@) (4.1)
dr? dr B ‘

Using the Laplace-transform, the transfer function for the total compliance C;(s) is derived [112]:
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where C; = % is the spring’s compliance, wy = \/% is the undamped natural frequency and { = 5 \/Can is the
damping ratio. If Equation 4.2 is solved for a free unndamped vibration, the natural frequency will be [112]:

Q=4/— (4.3)
m

while the damped natural frequency (wg,,) and damped resonance frequency (wg4,,) for driven damped vi-
bration are given as [112]:

Wan=0/1-? 4.4)

wa,r=Qy/1-2¢2 4.5)

From Equation 4.5, it is evident that the resonance frequency is approximately equal to the undamped reso-
nance frequency (wg, = Q) for slight damping.

In order to show the behavior expectation of the system graphically, the amplitude and phase of the system
are derived from Equation 4.2 [112]:

X C
ICi @) === e (4.6)

EoyJa-2zeeryy

w

/X(s)/F(s) = = arctan(— (29 ) 4.7)
(2)2-1

The dimensionless form of the Equation 4.6 which is called "dynamic gain" is given by [111]:

X Xk 1
[=]|=—|= (4.8)
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Figure 4.2 plots both the amplitude and phase response of a linear resonator.
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Figure 4.2: (a) Relative amplitude response of the driven damped system [111]. (b) The corresponding phase response of the system [111].

To complete our analysis, the quality factor (Q) of the resonator is defined. The quality factor (Q) indicates the
sharpness of the resonance peak of resonators in bode plots and can be defined as the ratio between energy
stored (W) and energy lost (AW) of the system within one operating cycle [111, 112]:

Q=2 w mwg r .9)
=2l ——— = .
AW c

Considering Equation 4.5 and knowing ¢ = 5 \/’;Tm = 52 and wg , = Q, mathematical equation for quality
factor (Q) is given by [112]:

Q=— (4.10)
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As Equation 4.10 indicates, a higher Q is obtained once lower damping occurs in system. Experimentally, the
quality factor (Q) can be determined from the phase response (see 4.2(b)) in which the slope of the phase
response at resonance frequency is proportional to the Q [111]:

a9 _ 20

4.11
do Q ( )

Now we return to single mass sensing by mechanical resonators. Since a mechanical resonator is a con-
tinuous structure and by knowing Equation 4.3,Equation 4.4 and Equation 4.5, the simplified dynamics of an
individual resonance mode is given by [111]:

1 |k
fa=5= 7 (4.12)
T\ Meff

where m,rr and k,rr represent effective mass and effective spring constant of the particular mode respec-
tively. By differentiating f,, of Equation 4.12 with respect to the m,rf, a linear approximation for added
mass(Am) is obtained, showing in Equation 4.16:

df, 1

3
=——./k -3 413
dmesy 4 eff X (Mefyp) 2 (4.13)

and from Equation 4.12 and supposing mefr + Am = m, s, we have:

\ Kep =27\ /Mess x fu (4.14)

Afn 1 Am (4.15)
fao o 2mepy
A
Am =~ —2meyy L (4.16)
fu

Another important parameter is the mass responsivity (R) which is defined by the change of resonance fre-
quency (A f;,) as a result of changes in mass(Am) [39, 111]:

R= Afn :_li
Am 2 Mefy

(4.17)

Equation 4.17 clearly shows that a high responsivity is reached by increase in resonance frequency (f;) and
lowering the effective mass (m, ). Knowing system responsivity leads to determination of system sensitivity
(SEN) which is inverse of R and it is defined as smallest mass sensing per 1 Hz frequency shift.

Although mechanical resonators have been greatly successful in gaseous environments, they exhibit over-
damped responses in liquid [23]. In liquid, due to fast dissipation of energy which results in lower quality
factor (Q) and viscous drag which increases the effective mass (m,f), mass sensitivity and frequency resolu-
tion are degraded [9, 23].
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Figure 4.3: (a) A simple drawing of Micro-Nanochannel resonator and its operation [92]. (b) Archimedes, an instrument which uses SMR
technique for mass measurement [76].
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In 2003, Burg and Manalis introduced a breakthrough to overcome this drawback of micromechanical res-
onators by implementing a micro fluidic channel inside the resonator. Afterwards, in 2006, this suspended
microchannel resonator (SMR) was employed in the vacuum environment, resulting in a quality factor, in the
order of 700 [23]. There are two operating modes for SMRs including "affinity-based capture" in which target
particles are captured by receptors of the inside walls of SMRs and "flow-through" in which mass measure-
ment is done when target particles pass through the microchannel [9]. In this project, flow through SMRs are
only considered. As it has been mentioned, SMRs/SNRs devices are utilized for measuring the mass of parti-
cles suspended in liquids [21, 93], as well as fluid properties (density and viscosity) [66]. Literature claims that
this technique is able to precisely measure the particle’s mass in ranges down to femtogram (1fg = 10" g)
by SMRs and atogram (1ag = 10~ '8 g) by SNRs for various samples such as nano gold particles [24, 71, 93] and
polystyrene beads [49, 88].

The working principle of SMRs/SNRs, like the basic AF M technique in dynamic mode (non-contact and tap-
ping modes, see section 2.10), relies on an oscillating cantilever[70]. In SMRs/SNRs, as 4.3(a) shows, fluid
containing particles passes through an embedded U-shape channel which covers the entire length of the
suspended micro cantilever. This suspended cantilever can be excited by different mechanisms, e.g. a piezo-
electric actuator or electrostatic forces. As soon as a particle enters the U-shape channel, depending on its
position inside the channel, the resonance frequency of the cantilever reduces to a minimum in the first half
of the way (time t3 in 4.3(a)) and it returns to its previous frequency as particle exits the channel. These
changes in resonance frequencies which show themselves mechanically by changes in deflection of the can-
tilever can be detected by optical systems (e.g. (LDV) Laser Doppler Vibrometer ) which focuses on a certain
point of the cantilever.

In order to estimate consecutive changes in resonant frequencies leading to particle’s mass determination,
there a control system is needed. A common architecture is the phase-locked loop (PLL). As 4.4(a) shows, a
PLL consists of three elements: a phase detector (PD), a voltage controlled oscillator (VCO) and a loop filter
(LF).A phase detector is responsible for comparing the phase of input signal (®;) which is received from SMR

Phase Lpop VCO
Input Detector Filter
Signal
» SMR - » PD > LF
oi Ad Fo
A
do $o
(a)

Figure 4.4: Block diagram of the SMR with PLL

and the VCO signal (¢p,). This phase difference (A®) then is utilized to obtain the frequency difference (Aw)
and to control the frequency of the VCO by means of the loop filter (LF). The out put of LF changes the
frequency of VCO so that the phase difference between input signal and VCO is kept at the resonance value
(-90deg).

In chapter 3, it was claimed that this device, which uses a non-destructive method, can detect particles with
different masses, implying particles with different sizes. In addition, due to its small size and simple instru-
mentation, it will be inexpensive as well. However, it only provides the particle mass without indicating chem-
ical composition, leading to miss-interpretation of results when there is no information about the chemical
compounds prior to the sample analysis.

Based upon device dimensions and first resonance frequency of our device filled with clean water (124K Hz),
which have been provided by [34], K, ff» Meff, TESPONSIVity and sensitivity of our device can be determined

such that |R| = 7.74(%) orS= 12.9(%). It implies that a frequency shift of A f = —2.15(H Z) in the frequency

response can be observed if there is a PS spherical particle flowing inside the channel with p = 1.05(%) and
diameter of 100(nm).



Conclusion

5.1. Summary

There are various types of plastics, depending on their synthetic polymers. Basically, nanoplastics are ei-
ther fabricated purposefully or as a result of microlplastics degradation. The existence of naoplastics has
previously been confirmed. Nanoplastics can be toxic due to their chemical nature, their additives and the
adsorbed chemicals. The uptake of nanoplastics by organs and immune cells have been proven. However,
there is a lack of conducted research about potential toxicity of nanoplastics on human being. There are few
techniques available for detection and identification of nanoplastics. Each method owns advantages and
limitations. Since each method determines a parameter which differs from the determined parameter by an-
other technique, it is unreasonable to compare them with each other and select the best one. However, from
a general perspective, the observed gaps among the explained techniques were identified and an alternative
method for bridging those gaps was introduced. The presented alternative was a suspended microchan-
nel resonator which can measure the particle mass. At the same time, SMRs are highly sensitive and small
in size. However, "flow through" SMRs suffers from disability of chemical characterization of nanoparticles
since they are meant to sense particle mass. Although it seems that physical characterization of nanoparticles
without knowing the chemical composition is not very useful or at least when a chemically unknown envi-
ronmental sample is being analysed, there hopefully could be improvements in the physical characterization
techniques in the future so that these techniques also become capable of chemical identification, as there
is a hope to improve this technique (SMR) in such a way that allows for particle density determination and
possibly chemical identifying in the future. Therefore, this device at the end can find its place among other
existing characterization techniques without claiming superiority over others.
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5.2. Research questions

Considering that SMR devices have already been used for mass measurement of nanoparticles and by keep-
ing in mind that MNE group of HTE department of TUDelft has already fabricated a microchannel resonator
for density measurement of fluids, the aim of this project is to answer the following questions:

* Canthe fabricated silicondioxide SMR at TUDelft enhanced with the PLL control system detect nanoplas-
tic particles?

Based upon evidences in literature, our device is likely sensitive enough to detect nanoplastic particles. In
case of a positive answer to the first question, the second question which considers the DUT performance
will be investigated.

o What is the performance of silicondioxide SMR in terms of mass limit detection and maximum detec-
tion speed?

5.3. Approach

In order to answer the research questions, two experiments at least must be accomplished, but before that the
fabricated device should be tested in terms of quality factor and resonance frequency. The next challenge is
the theoretical design and actual implementation of PLL on a FPGA board and post-processing calculations,
leading to visual outputs.

The first question will be answered by conducting two separate experiments in which the frequency re-
sponses of clean water and water containing the purchased nanoengineered plastic particles with different
sizes circulating inside the channel are observed and then compered. Any shifts in frequency response which
are detected by PLL indicate sensitivity of our device to nanaoplastic particles.

The second question involves experiments including circulation of polluted water with various bead’s diame-
ter sizes (from few nanometers to micron) inside the channel connected to a PLL and PC for signal processing.
Maximum detection speed can either be determined by measuring the time which is needed to detect only
one particle or testing our device with specific pollution concentration per specific volume of clean water and
measuring the determination time.

If project’s time permits, buoyant mass difference between uncoated and coated particles (protein corona)
will be investigated as well. This can be done by conducting an experiment by which two mass histograms
(one for fluid with bare particles and another one for fluid with coated particles) will be compared to deter-
mine the corona mass.
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Precise measurement of a nanoparticle

mass in liquid using silicon dioxide

suspended microchannel resonators

owadays, nanoparticles applications
N are growing in various industrial

fields such as cosmetics and phar-
maceuticals. Hence, demand for flow-
through characterization techniques, that
allow for in-line assessment, are on the
rise. The most interesting parameters for
in-line assessment are mass and concentra-
tion of nanoparticles, that reveal informa-
tion on yield and aggregation in a solution.
The Suspended Micro-channel Resonator
(SMR) is a device that can provide precise
flow-through mass sensing down to the at-
togram. Here, we present our findings of a
TUDelft made SMR on frequency stability
and mass resolution.

1 Introduction

Today, plastic products are involved in many
fields from health to textiles and construction.
The world plastic production has raised dramat-
ically, from 2 million tons in 1950 to almost
368 million tons in 2019 [4, 5]. Synthetic poly-
mers such as polyethylene (PE), polystyrene (PS),
polyurethane (PUR), polypropylene (PP) and

polyvinyl chloride (PVC) are the core of plastics.
In addition to polymers, additives are added to
plastics to enhance their mechanical, chemical
and visual characteristics such as strength, fire
resistance and colouration [4]. Although the po-
tential toxicity of nanoplastics on humans has
hardly been verified, nanoplastics, due to their
small sizes, can pass biological barriers to pene-
trate organs and can move across immune cells
[6, 7, 8]. This shows the necessity of studying
nanoplastics.

On the other hand, progression of tools for pre-
cise identifying and quantifying of nanoparticles
(not only nanoplastics but also exosomes, viruses,
protein aggregates) suspended in liquids in terms
of physical properties is still challenging [9, 15].
There are few approaches available mostly based
on scattering light measurements such as MALS
and DLS. However, these methods can be prone
to errors in polydisperse fluids [16, 17]. Hence,
there still is demand for more precise and more
efficient techniques for precise characterization of
nanoparticles.

The Suspended Microchannel Resonator (SMR)
is a MEMS mass sensor which allows for measur-
ing of nanoparticles in a flow-through mode to
characterize buoyant mass and concentration of
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them [10, 11, 15]. Flow-through mode is based on
a cantilever in which a micro fluidic channel has
been embedded. The resonator’s quality factor
(Q) will be maximized as the device is placed into
a vacuum environment. The working principle of

b Transit time

0 Buoyant mass
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Resonant Freql;ency

Pressure

source tit2 t3 '_tr4 5 t6t7 t8

Ime

Fig. 1: A graphic representation of SMR, showing a
particle is flowing through eight different po-
sitions. On the right, the corresponding fre-
quency shifts made by a particle as it moves
from t1 to t8.

SMRs is as follows (see Fig. 1): As a particle flows
inside the cantilever through the micro channel,
resonant frequency of the cantilever is modulated.
This change in resonant frequency is transient
and is according to particle’s density which could
be higher or lower than that of the carrier liquid,
hence resonant frequency decreases or increases
respectively. Then this resonance change can be
translated into buoyant mass of the particle. Fi-
nally, using Archimedes principle, the density of
particle can be obtained when weighing particle
in fluids with different densities. Given that mass
and density are known, volume of particle can be
obtained as well [12].

In this paper we aim to obtain the limit of de-
tection or mass sensitivity of silicon dioxide sus-
pended microchannel resonant cantilevers, and
the evidence of particle detection is shown.

2 Methods
2.1 Theory

The core of mass sensing by a resonator is based
on Eq. (1) which has been derived from the mass-
spring equivalent system Eq. (2) [14]. By def-
inition, Am is the mass change that causes a
resonance frequency shift of Af,,, while k is the

equivalent spring constant of lumped system and
meys is the effective mass of a vibration mode
and fluid flowing inside.

Am ~ —2meff% (1)
Ja
1 k
- 2
= g )

In order to provide consecutive mass determi-
nation of suspended particles in fluid flowing
through the resonator, resonance frequency of a
resonator must be monitored continuously. This
can be done by a Phase-Lock Loop (PLL) (see
Fig. 2). As PLL will lock the phase of the sys-
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Y

< SMR <
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Fig. 2: Block diagram of the SMR with PLL

tem, a laplace domain transfer function of the res-
onator’s phase is given in Eq. (3), where 7, = %
(Q is the resonator’s quality factor and f,, is the
resonance frequency of the resonator) is the char-
acteristic time of the resonator, ®,, is the phase
of the actuation signal, assumed approximately
harmonic and ®,,, is the phase of the resonator’s

response signal [10].

q)out(S) 1

(s) = D, (9) - Tes + 1

(3)

The phase domain model (see Fig. 3) is obtained
by replacing the resonator phase transfer func-
tion and simplifying other components. Finally,

Resonator PLL ki
Input > Output
frequency -2Q/ay 1 rﬁ 1 > + frequency
|> i = (+ >
Tes+1| 1St kp
LPF 1st order
Tc =2Q/wo

Fig. 3: Generalized Phase-domain model of the
resonator-PLL
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tailoring the desired system response is done by
equating the transfer function of the system to
a Butterworth filter, that allows for determina-
tion of PLL constants (k,, k; and ;) (see the
supplementary notes).

2.2 Experimental setup

A device and its accessories, which can be seen in
Fig. 4(a), consists of two major parts: Microflu-
idic chip and fluidic interface.

2.2.1 Microfluidic chip

The chip had a total of 3040 microns long mi-
crofluidic channel, including on-chip and sus-
pended part. The chips were fabricated at the
cleanroom facility (Else Kooi Lab) at TU Delft,
whose process is described elsewhere [1, 2]. The
main fabrication steps are: i) A Si wafer was
etched for reservoirs. ii) Another Si wafer was
etched for fluidic channels. iii) The two pat-
terned wafers were bonded, oxidized and selec-
tively etched to form the cantilever and remain-
ing microfluidic channels. About 200 devices are
fabricated on a wafer. Each chip was manually
released from the wafer. The resonator is a U-
shaped hollow cantilever and made of silicon diox-
ide (see Fig. 4(b)). There are two reservoirs on
the back side of the chip that connect the hollow
cantilever to the outside world. The dimensions
of SMR are given in Table 1.

Table 1: Chip and resonator dimensions

Parameter Value (um)
Resonator total length 408
Gap between the legs (outer) 5.4
Channels width (outer) 11.3
Channels width (inner) 9
Channels height (outer) 3.5
Channels height (inner) 2.5
Chip length 2850
Chip width 1984

2.2.2 Fluidic interface

The fluidic interface was made of HT'M140 (High
Temperature Mold Material), produced using

Envisiontec Micro Plus 3D printer with 30 mi-
cron resolution. Then, they were ultrasonically
cleaned in %99 isopropyl alcohol followed by a
2min UV curing before using. On the interface,
first the needles and later the chip were glued us-
ing epoxy adhesive (EA 9492) to the interface. Af-
ter attaching needles and before gluing a chip on
the interface, a supplementary cleaning step was
performed to reduce the chances of having block-
ages in the channels and reservoirs of the plastic
interface. This procedure was implemented in
the following sequence: i) Injecting ethanol us-
ing a syringe via needles multiple times, while
the whole interface was already immersed in a
beaker of ethanol. ii) Ultrasonic cleaning bath for
5 minutes with low power intensity. iii) Repeat-
ing step one while ethanol was substituted with
DI water. iv) Repeating step one while ethanol
was substituted with Isopropanol. v) Drying the
interface and needles using a nitrogen gun. The
main function of a fluidic interface was to provide
a substrate allowing for fluid exchanges between
the chip and fluid reservoir outside the setup.
This is done using two reservoirs that must be
aligned with two openings on the back side of
the chip. These two reservoirs are connected in-
ternally to the raised portion on the sides of the
plastic interface where two dispensing tips (Nord-
son, 32G A) were attached for further connection
using TYGON E-LFL TUBING with 0.19 mm
inner and 2.03 mm outer diameter.

2.2.3 Fluids

Deionized (DI) water was used solely for the char-
acterization of the cantilever. The DI water was
provided by (Elga, Demiwater Purelab Flex) with
resistivity of 18.2 MQ cm, and it was double fil-
tered with 0.2 pm syringe filter to be cleaned from
possible existing large contaminations. To mea-
sure mass of nanoparticles, two other fluids were
prepared using the DI water. These two solutions
were obtained by diluting 100 nm diameter gold
nanoparticles and 800 nm diameter Polystyrene
nanoparticles that were supplied as aqueous sus-
pensions with 0.05 mgmL~' and 10% concen-
tration, respectively. Gold nanoparticles were
purchased from nanoComposix and polystyrene
nanoparticles were obtained from Sigma-Aldrich
Chemie. Both gold and polystyrene nanoparticles
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Fig. 4: (a) A chip containing a resonator, glued to an interface with needles, mounted on a Nanosurf
AFM cantilever holder and clamped. (b) Top view of the U-shaped silicon dioxide resonator.

were suspended in DI water before dilution. For
conducting experiments, 5 mL of the mentioned
solutions with a concentration of 1.022 x 107 par-
ticles mL~! was provided in advance. This con-
centration was one order of magnitude lower than
the concentration that can provide one particle
per volume of the cantilever. By this, the proba-
bility of having two or more particles simultane-
ously in the suspended channel is small.

2.3 Experiments

Modal analysis was performed to characterize the
empty and water-filled resonator. Next, by em-
ploying a Phase-Locked Loop, frequency changes
over time were recorded.

2.3.1 Modal analysis

The sample including a chip, interface and two
needles was mounted on an AFM cantilever-
holder from Nanosurf (see Fig. 4(a)). The AFM
cantilever-holder provided clamping by a clamp-
ing lever and excitation by an embedded piezo-
electric. Next, the AFM holder was placed inside
a vacuum chamber with four connection slots
(one for excitation signal, two for vacuum pump
and its sensor and one for solution’s inlet and out-
let). Finally, a laser Doppler vibrometer (Polytec
MSA-400-PM2-D), including function generator,
scanning head, decoder and a PC, was employed

to identify the resonance frequencies and eval-
uate quality factors. A Pseudo random signal
was selected to excite the piezoelectric material.
This signal has nominally a constant power in fre-
quency domain, therefore all the frequency range
of interest is excited. The measurement laser
beam was adjusted on the cantilever by looking
through the microscope on the vibrometer. The
Vibrometer can detect only out of plane motions
and modes. Next, the optical signal was decoded
and processed to an electrical analog signal which
is proportional to either velocity or displacement
depending on the decoder used. Then, it was
digitized and sent to the PC where the modes
and spectrum are visualized. A schematic of this
experiment is shown in Fig. 5.

2.3.2 Phase-Locked Loop (PLL)

Initially, experiments were performed to investi-
gate frequency stability, and to track frequency
changes leading to single particle’s mass detec-
tion. The mounted resonator on the AFM holder
was placed into the vacuum chamber to which
excitation signal, fluids input and output tubes,
vacuum hose and pressure sensor were connected.
The laser Doppler vibrometer (PolytecMSA-400-
PM2-D) was used for optical signal decoding into
analog signal, and a UHFLI (600 MHz) Lock-in
Amplifier from Zurich Instruments) was employed
for the PLL implementation. The lock-in pro-
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vided a sinusoidal excitation signal until 1.5V
that allowed detection until the onset of non-
linearity in the cantilever resonance. To avoid
saturating the input of the lock-in, a 10 dB atten-
uator was used between the vibrometer decoder
and the lock-in. A schematic of this setup is
shown in Fig. 5.

Polytec
; MSA-400- ‘ >{ Decod
PM2-D /Fluidinlet
Fluid outlet, N
Pressure
ﬁ controller ((_) PC

OB1 MK3+
y

Signal
generator

&

W |Vacuum chamber
UHFLI

| Piezoelectric !<
&1 Lock-in

w amplifier

Vacuum ,t

pump

Fig. 5: Schematic of the measurement setup. For
modal analysis the actuation signal is gen-
erated by internal signal generator of the
vibrometer. However, in phase-locked loop
mode, the internal Zurich UHFLI instru-
ment’s oscillator excites the piezoelectric.

Pressure
sensor

To lock the phase at resonance, initially, several
frequency sweeps with varying actuation power
around specific resonance frequencies were per-
formed until the onset of nonlinear regime. Next,
required parameters for a PLL circuit such as
quality factor (Q), resonance frequency and phase
value at resonance were recorded. Then, a PLL
circuit was made (see the supplementary notes).
Ultimately, by applying PLL, a phase and fre-
quency measurement over a period of 5 minutes
was performed and recorded.

2.4 Data processing

To characterize the resonator in terms of stiffness
(k), effective mass (m.sr) and quality factor (@)
in both empty and filled cases, the following steps
were taken.

Quality factors were measured experimentally us-
ing both 3dB and phase slope techniques. Given
that the displacement Power Spectral Density
spectrum (PSD) of the resonator was measured
using the vibrometer (It was obtained by an ex-
periment, performed similar to modal analysis
with two major differences: i) no excitation sig-
nal was involved, and ii) the displacement PSD

in (m?Hz™!) versus frequency was measured in-
stead), k and m.s; were obtained by [18]:

AK 5 TQ
e e 4
w, PSD(w,) 4)
k
mefs = 2 (5)

Where T is the temperature in kelvin, Kp is
Boltzmann’s constant in joule per kelvin, w, is the
resonance frequency and PSD(w,) is the power
spectral density of the resonator displacement
evaluated at the resonance frequency.

To investigate frequency stability, Allan deviation
(0y) was computed for the specific gate times (7)
with M number of periods as following [19]:

M—-1 ,_ _
1 Z (yk+1_yk)2

i 5 (6)

oy (T) =
k=0

Where 3 is averaged fractional frequency. The
theoretical Allan deviation of thermomechanical
noise was also computed by [20]:

mw,kgT
S o

Where Ay is the applied force at resonance.
And Egs. (6) and (7) were related to limit of mass
detection by [21]:

(7)

(8)

After frequency over time measurement with a
liquid solution containing nanoparticles was done,
unwanted frequency variations over time were
eliminated by a finite impulse response (FIR)
high-pass filter with 10 Hz bandwidth.

dm ~ —2mesro,(T)

3 Results and discussion

3.1 Resonator characterization

Characterization was done when the resonator
was empty and when it was filled with water.
In case of water-filled cantilever, DI water was
driven by 70 mbar pressure difference. It was
noticed that there are various cantilever’s filling
times from a small fraction of 1 s to 25 s under the
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same pressure difference. This indicates the exis-
tence of different resistance magnitudes in front
of the flow in every single tested device. This
could be either due to manual gluing of the chip
and interface, which would cause partial blockage
of inlet or outlet of reservoirs on the interface, or
due to residues in channels during fabrication of
micro-channels that would lead to non-uniform
internal surfaces of the channels. Fig. 6 shows a
cantilever fluid flow inside the SMR.

Fig. 6: Suspended hollow cantilever being filled with
liquid from left-leg to right-leg. (See supple-
mentary notes). In the zoomed inset, the
darker section is the water-filled section.

Furthermore, in a frequency range up to 2 MHz,
for both empty and water-filled cantilever, three
modes were identified in a vacuum environment of
0.012 mbar using Polytec vibrometer. All modes
occurred at frequencies below 1 MHz, including
two bending modes and one torsional mode (see
Fig. 7). There might be higher modes between
1-2 MHz, however due to their low amplitudes,
they were hidden in the base line of spectra. In
the frequency spectra, several other spikes were
also observed. These peaks, which correspond
no mode shapes, can be considered as rigid body
motions of the cantilever or its base, since the
actuation is provided by a piezoelectric and there
is a clearance, albeit very slight, between the
interface and its holder, hence we do not know
about the exact place of actuation, the way that
excitation energy is absorbed and how this en-
ergy is released to the cantilever. Therefore, these
spike frequencies might change from time to time
without showing any vibration modes.
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Fig. 7: Complete spectra of the empty and water-
filled resonator up to 2 MHZ

Comparing both two spectra, it was also observed
that the base line of the water-filled cantilever
was slightly higher in amplitude beyond 10 kHz.
As these spectra were obtained in different days
(the device was dismounted from the setup and
mounted several days later), this can be explained
by the same mentioned reasons earlier in this sec-
tion. The Important parameters of the detected
modes are shown in Fig. 8.
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Fig. 8: Summary of the resonator’s parameters for
different modes, obtained from the modal

characterization experiment.

In terms of resonant frequency, the water-filled
resonator experienced a reduction of 23 kHz, 134
kHz and 129 kHz for bending 1, bending 2 and
torsional mode respectively. These shifts in reso-
nance frequencies are mainly due to the increase
in effective mass of water-filled cantilever, which
is inversely proportional to the resonance fre-
quency. The predicted values from COMSOL
simulation (see supplementary notes) of the reso-
nance frequencies (112.24 kHz, 674.45 kHz and
698.54 kHz) are lower than of that obtained exper-
imentally for empty cantilever. This discrepancy
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is attributed to different value of Young’s modu-
lus or due to possible discrepancy in thickness of
cantilever, which might be slightly non-uniform
as a result of the fabrication process.

In terms of quality factors, torsional mode in
the empty case showed the highest and bending
2 the lowest. This reduction of quality factor
from bending 1 to bending 2 is in accordance
with previous work on this device [13]. More-
over, significant drops (62.6%, 75.5% and 89%
in bending 1,2 and torsional mode respectively)
were noticed in case of water-filled cantilever com-
pared to empty. The effective mass increased for
each mode of water-filled compared to those of
empty one. This was expected as water’s mass
was added to cantilever’s mass.

3.2 Frequency stability

A PLL as described in Section 2.3.2 was imple-
mented with PLL bandwidth (fp;,=1000 Hz),
PLL low-pass filter bandwidth (f,pr=1414 Hz),
sampling frequency (f;=3.598 kHz) and K,, K;
that are available in the supplementary notes.
We first obtained the experimental fractional fre-
quency Allan deviation for the empty cantilever
operated at the first bending mode with low-pass
filter orders 1,4 and 8 (LPF1, LPF4 and LPFS).
This is illustrated in Fig. 9. The validity line
shown in red-dashed line specifies the maximum
obtainable sample rate of our system. In other
words, the validity line specifies the detection
speed of system. This speed is 0.37 ms for 1000
Hz bandwidth, used in Fig. 9.

It was observed that in the validity region 7 >
2.33/wprr [3], indicated by the red-dashed line in
Fig. 9, the Allan deviation curve, associated with
the system with LPF1, intensively oscillates over
7 (see the green line in Fig. 9). These fluctuations
are mainly due to inefficient low pass filtering in
the demodulator, that was insufficient to remove
2w, term from the signal out of the multiplier
(see Fig. 2). Furthermore, comparing the systems
with LPF4 and LPFS8, it was observed that the o,
changes over gate times are very similar. Hence,
LPF1 and LPF8 were excluded from further anal-
ysis.

To compare empty and water-filled resonators,
the Allan deviation curves are then represented in
Fig. 10 for the already mentioned system param-

I | | = LPF 1
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LPF8

= = :Theo.LiM

— = Validity line | |

-
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T
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s
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Gate time (7) [s]
Fig. 9: Fractional frequency Allan deviation for the

empty cantilever operated at the first bending
mode.

eters. The measured Allan deviations of empty
and water-filled cantilever in all modes demon-
strate similar trends. It is observed that there
are continuous reductions in o, until a gate time
between 20 ms and 400 ms, where the minima
are reached in case of empty and water-filled res-
onator respectively. In both cases, Allan devia-
tions at minima have almost the same magnitude
in the first and second bending modes (bending
1 shows slightly smaller Allan deviation). These
minima values are approximately one order of
magnitude larger (amount of noise is higher) in
case of torsional mode compared to first and sec-
ond bending modes. By passing the minima, the
curves thereupon follow a positive slope in case
of first and second bending mode, while almost a
zero slope is seen in torsional mode.

The zero slope in Allan deviation is an indica-
tion of having 1/f noise (flicker frequency or pink
noise), while a positive slope is mostly attributed
to the thermal drift which is defined as slow varia-
tions of temperature induced to the device. This
thermal drift is dominant just after the minima
(right side of minima) in the first and second
bending modes, and causes earlier rise of Allan
deviation in case of water-filled compared to the
empty one. The curves, however start converg-
ing in long gate times around 1 s, implying the
existence of the same amount of thermal drift at
long gate times.

Another type of noise, that shows a slope of ap-
proximately -0.5 in Allan deviation graph (thus
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Fig. 10: Fractional frequency Allan deviation for (a)
Bending 1 mode, (b) Bending 2 mode and
(c) Torsional mode. The right side of va-
lidity line (red-dashed) belongs to frequency
noise and is determined by (2.33/wpLL).
The blue-dashed and green-dashed lines
show the minimum Allan deviation that
can be achieved theoretically by our system.

it is white noise), is the thermomechanical noise.
Thermomechanical noise is defined as random
vibrations of a mechanical device due to ther-
mal motion of the particles that form it. This
noise will exist even if all other types of noise are
removed from systems. Therefore, this noise de-
termines the fundamental Allan deviation for our
device (Green and blue dashed lines in Fig. 10).
From Fig. 10, we notice that there is almost two
orders of magnitude discrepancy between ther-
momechanical limit curves and their correspond-
ing experimental curves in the first and second
bending modes. This discrepancy becomes more
conspicuous in torsional mode, where there is five
orders of magnitude difference. This means that
there is another noise source in short gate times
that is larger in magnitude than the thermome-
chanicl noise of the system. In other words, the
Allan deviations (in empty and water-filled cases)
became limited by the same source of noise in
short gate times (left sides of minima), that we
call it instrument noise. This instrument noise
could be either from the vibrometer or the lock-in
amplifier.

3.3 Mass resolution

To address and compare minimum detectable
buoyant mass over gate time for an empty and for
a water-filled resonator, Allan deviation graphs
obtained in Section 3.2 were translated into
mass limit of detection, shown in Fig. 11. The
smallest detectable masses by modes are given in
Fig. 12(a), and equivalent gold and polystyrene
particles diameter are seen in Fig. 12(b).

Comparing both cases, the lowest mass detection
limit is achievable by the second bending mode,
first bending mode and torsional mode respec-
tively. In addition to that, the empty resonator
is capable to sense smaller masses compared to
the water-filled resonator in almost all gate times.
It is noted, however, that we could have obtained
better mass resolution if we had recorded data in
presence of only thermomechanical noise (dashed
lines in Fig. 11) in short gate times for both cases.

Looking at the numbers, in case of empty
resonator, the lowest mass detection limits are
0.11 fg, 0.26 fg, 1.49 fg for the second bending
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Fig. 11: Comparison among different modes of
water-filled and empty cantilever in terms
of lowest buoyant mass detection with a
PLL with LPF order 4

mode, the first bending mode and torsional mode,
respectively. This detection can be performed at
averaging times between 200 ms to 400 ms (for
different modes). However, in case of water-filled
resonator, the lowest mass detection limit is
achievable by the second bending (0.38 fg or
380 ag), first bending (1.75 fg) and torsional (20
fg) mode respectively. This detection can be
performed at shorter gate times compared to the
empty case, that is between 20 ms to 40 ms.
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Fig. 12: (a) Comparison among different modes
with LPF order 4 in terms of smallest de-
tectable mass in fg.(b) Summary of the
smallest detectable equivalent spherical par-
ticle’s diameter for gold and polystyrene
nanoparticles by different modes.
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3.4 Introducing nanoparticles into
resonator

To assess the particles mass detection ability of
our system, two liquid samples containing gold
and polystyrene nanoparticles were used. In case
of gold nanoparticles, two different driven pres-
sure differences were tested using the first bending
mode, and in case of polystyrene nanoparticles,
three different driven pressure differences were
tested using the second bending mode. In this
section, we present a result with gold nanoparti-
cles solution flowing for only one value of pressure
difference (500 mbar). The results for other cases
can be found in the supplementary notes.

Using the described PLL systems with bandwidth
100 Hz and low pass filter order 4, the resonance
frequency was recorded for a period of 300 s. To
target the limit of detection in bending 1, the
obtained data points were averaged on 5ms (see
Fig. 11(a)). The chosen fpr; provides 3.7ms
detection speed, which is faster than selected
averaging time (5ms) for this experiment. The
evolution of the resonant frequency with time
can be seen in Fig. 13, along with the phase shift
introduced by the resonator, where 0 corresponds
to the phase shift at resonance. Sudden changes
in the resonance frequency produce deviations in
the phase from 0 (see the spikes of lower graph
in Fig. 13), that the system rapidly corrects. It
is evident that resonance phases were locked ef-
ficiently during experiments, as the base line of
phase shift remained almost invariable regardless
of spikes that stand for events corresponding to
resonance frequency shifts.

Furthermore, frequency shifts are observed which
were not present in the previous situation that
liquid was only DI water that was driven by lower
pressure difference (see Fig. 14). Some of this
variations belong to the flow of particles or ag-
gregate of particles through the cantilever that
demonstrate expected peak profile shape (a fre-
quency shift shape that a particle makes when
flowing through the hollow cantilever) and will
be later used for the determination of particles
masses (see red profiles in Fig. 15). These mostly
small peaks are almost invisible (large ones are
visible) in Figs. 13 and 14. This result shows
the suitability of the system to detect spherical
gold particles of 130 nm in diameter as we discuss
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Fig. 13: Frequency shifts (upper) and Phase shifts
(lower) of 5 minutes measurements of an
aqueous solution containing 100 nm gold
nanoparticles with fpr; = 100 Hz, LPF
order 4 and averaging time of 5ms.

later.

In addition to small frequency shifts, there are
some other extreme frequency variations that are
repeated regularly over time (the large peaks seen
in Fig. 14). These drastic variations start with a
considerable rise to reach a peak, then it is fol-
lowed by a rapid plunge to a minimum and rises
again (see an example of them in Fig. 16). This
type of frequency changes were observed in the
second mode as well (see supplementary notes).
It is remarkable that they were repeated more
frequently by increase the pressure difference of
the flowing fluid (see supplementary notes). To
address the reason of these changes, three possi-
ble hypotheses were considered: i) passing large
aggregates of particles, ii) temperature drift, and
iii) over pressure in the cantilever.

To answer them, firstly, they cannot be a fre-
quency shift profile of large or slow moving parti-
cles, since they have similar profiles for the first
and second bending modes, whilst they must be
different. Secondly, they are not temperature
drifts, since there were no such abnormal peaks
when the sample solution was solely DI water,
while the two solutions equilibrated for one hour
with ambient temperature (21 °C). The third
hypotheses might be the case, since the number
of such variations raised when the driven fluid
pressure increased. To explain this, suppose some-
where on the internal passage is partially clogged
or the outlet reservoir is not able to flow the
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Fig. 15: The visually detected frequency shift pro-
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noises for an interval of less than 1 sec-
ond of the experiment’s duration time. The
large peaks are surely particles, however de-
tecting small peaks are prone to errors due
to being in the range shifts of noise. There-
fore the 10 mHz shift on the left side could
be noise.

liquid uniformly, then fluid does not flow unless
pressure is built-up to remove that clog. As soon
as the clog is cleared, the channel experiences
a brief moment of underpressure. This shift in
pressure differences might induce pulsating stress
on the cantilever, leading to changes in Young’s

modulus and changes in the resonance frequency.
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Fig. 16: The zoomed representation of a drastic fre-
quency variations happened between t=120
to 150 in terms of both frequency and phase
shifts. None of them resembled particle’s

profile shift.

Another possible explanation can be the change
in frequency due to momentum impact caused by
over pressure and under pressure that were ex-
plained above. This momentum impact can have
influence on the vibration of cantilever, shown
itself as large peaks that are stabilized over time.
However, this needs to be investigated more in
the future.

For the observed frequency shifts, we attribute
fast changes to nanoparticles and slow changes
to pressure fluctuations inside the channel. To
remove the latter, we applied a high-pass filter of
10 Hz cutoff frequency to the data. A comparison
between filtered and unfiltered data is shown in
Fig. 17.
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Fig. 17: A low pass filter of 10 Hz was able to refine
unfiltered data (blue) into (red) smooth one.
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As soon as unwanted frequency variations were
filtered, the smooth frequency shifts over time
were monitored to find distinguished peak pro-
files. Some indications of flowing nanoparticles
with their calculated masses are shown in Fig. 18.
It was noticed that the smallest distinguished fre-
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0
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18: Few examples of detected masses with their
equivalent particle’s diameters in different
one second periods of time, and the current
flow rate V.

Fig.

quency shift was —10 mHz, which is equivalent
to a gold nanoparticle of 130 nm (a buoyant mass
of 21.2 fg), (A particle with 70nm to 130 nm
diameter can be considered as a single particle,
because of diameter variations among particles
of 100 nm nominal diameter according to manu-
facturer). This is less than two folds of expected
smallest detectable gold nano particle’s diameter
using the first bending mode with fp;, =100 Hz
at 5 ms gate time (According to Fig. 11(a), 3.5
fg buoyant mass, which is equivalent to a gold
nanoparticle of 71 nm in diameter, was expected
to be measured). This degradation in mass limit
detection is understandable, since there was a
seven days gap between conduction of Allan devi-
ation experiment and mass detection experiment
performing, that might have caused increase in
effective mass of the used device, resulting in
lower sensitivity.

4 Conclusion

In this work, we presented frequency stability
and mass detection limit of the silicon dioxide
suspended micro channel resonators. In terms of

frequency stability, in short gate times (7 < 20
ms in water-filled case and 7 < 200 ms in empty
case), the system’s stability was limited by in-
strument noise in all three modes. However in
long gate times, thermal drift and flicker noise
were dominant in bending modes and torsional
mode respectively.

In terms of mass detection limit, the best mass
resolutions were obtained by the second bending
mode, first bending mode and torsional mode re-
spectively. The lowest resolved mass for an empty
and a water-filled resonator using second bending
mode was 0.11 fg and 0.38 fg respectively, for a
PLL bandwidth of 1000 Hz that corresponds to
a system settling time of 0.37 ms.

We then tried to prove it experimentally by im-
plementing a Phase-Locked loop for a system
bandwidth of 100 Hz, and we succeeded to mea-
sure mass of 21.2 fg which is an equivalent gold
nanoparticle of 130 nm in diameter.

We envision that ultimately our sensor will be ca-
pable of measuring mass of nanoparticles continu-
ously, precisely and robustly if the following steps
would taken: i) A new chip must be fabricated
(new fabrication methods) that allows for work-
ing continuously without fractures in it earlier
than applying flow driven pressure, ii) equipping
a sensitive flow rate sensor in the range of (pL/s)
that provides regulating fluid flow smoothly and
iii) applying matched filter methods that allows
for automatic peak detection in a continuous mea-
surement.
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Supplementary notes

7.1. PLL-Resonator design

To design a system consisting a resonator and a PLL, it is rational to start with input and output compatibility
of one to another one. Although it is eventually a voltage or currents signal which goes across the components
of resonator-PLL, it might contain different phase, frequency and amplitude. If we look back into the reason
of choosing PLL for our project, we could realise that we aimed to track resonator’s frequency and quickly
bringing it back into resonant frequency when it is deviated. This could be done by locking the resonator’s
phase at its resonant frequency, which PLL is responsible for that. Therefore, the output and input phase is
the prime target for a PLL, and hence a transfer function for resonator’s phase and resonator-PLL model in
the phase domain are essential parts of our design. Furthermore, determination of resonator-PLL parameters
completes this design.

Note: This chapter is mostly based on Selim Olcum et al. work [94].

7.1.1. Phase-domain transfer function

In order to determine the phase domain transfer function of system, as it has been described in supple-
mentary material of[94], phase-space transfer function of the resonator is required. This can be obtained by
analyzing the time domain response of the resonator. Since, particularly, the resonator’s phase response to
small changes in the excitation frequency needs to be modeled, linear superposition as a mediator is applied
to break down this problem into sum of two simpler problems. To do this, two situations, which resemble
instantaneous change in resonant frequency by varying of the m, s of resonator, are considered: response of
the system to a harmonic excitation at resonant frequency wg until time zero and response of the system to an
excitation at w, slightly different from (wg), after time zero. Based on linear superposition, the sum of these
two decomposed responses together are the desired (total) response that is required. Suppose, as Figure 7.1
shows, the excitation forces (input forces) are Fysin(wot) and Fysin(w, t) for the first and second situation
respectively. The system response is then depicted in Figure 7.2.
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Input force in situation 1 Input force in situation 2
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Figure 7.2: System response when (a) the input force switched off at t=0 (b) the input force switched on at t=0

The total response that we need, is the response of the system after time zero, which are summation of
zero-input and zero-state response, coloured in blue and red respectively, shown in Figure 7.2. Therefore, the
total response is as follows:

x(1) = Alwg)e”""esin(wot +0(wp) + Alw1) (1 — e~ ™) sin(w; t +O(wr) (7.1)
Zero-input and zero-state responses can be derived from the following equations with their initial conditions:

. Wo . 2 .
Zero—Input: x+6x+w0x:0 for x(0)=A(wy) and x(0)=0 (7.2)

w
Zero—state: 55+60x+ng=@sin(w1t) for x(0)=0 and x(0)=0 (7.3)
m

Where A(w), 8(w) and 7, are amplitude, phase delay of the response and characteristic time of the system
respectively, and can be found by:

Alw) = folm (7.4)

V@ - 092+ o0/ Q)?

wow

0((0) = arctan(Q(wz—_w(z)))

(7.5)
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Tc= 2Q (7.6)
Wo

To access to the phase of resonator, Equation 7.1 should be converted to the form of x(t) = A(t)sin(w, t+¢(1)),
where ¢ (1) is the instantaneous phase of the resonator. This conversion is done using a trigonometric identity,
simplifying and then linearizing the resonator phase around the resonant frequency. Next, the phase transfer
function is determined by normalizing the time domain phase response and taking a Laplace transform of
it. This process has been well described in the supplementary notes of [94]. The resonator’s phase transfer
function obtained from the mentioned process is given:

D(s) = M = ; (7.7)

The transfer function above, which is also used in Figure 7.4-Figure 7.7, is identical to a first order lowpass
filter with the bandwidth of 1/7,.
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7.1.2. Resonator-PLL modeling

As it was earlier decided, a PLL architecture is employed, which controls the resonator’s phase, resulting in
tracking and stabilizing frequency of the resonator. This can be seen in Figure 7.3. However in a PLL, the
most interest input and output variables are the input and output phase of a signal and not the currents and
voltage. Therefore, a phase model for our system is much more efficient. This model, which describes the
phase-space model of the resonator-PLL in way of [94], is shown in Figure 7.4.

Phase detector (PD)

vVCO

O
Controller

.....................................................

F 3

4 SMR <

Output signal Input signal

Figure 7.3: Block diagram of the resonator-PLL
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Figure 7.4: Phase-domain model of the resonator-PLL

In the phase-domain model, VCO is replaced by an integrator which converts the drive frequency into

corresponding phase. Furthermore, the resonator is represented by a first order lowpass filter (LPF), whose
determination was given in the subsection 7.1.1. In order to have access into the input frequency, an equiva-

lent model can be obtained by adding a positive feed-forward path, a differentiator and a conversion gain to
the phase -domain model. This is shown in Figure 7.5.
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Figure 7.5: Phase-domain model of the resonator-PLL with access to the input frequency

It can be shown that both model used for resonator’s phase in Figure 7.4 and Figure 7.5 are equivalent and
it was done to get access to the input frequency. This can be proven, if transfer function of the model bellow
becomes identical to Equation 7.7.
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Figure 7.6: Resonator’s phase model
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Dour(s) = Din(s)+Din(s) =(1- 1Din(s) = D(s)= =1- = (7.8)
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The model shown in Figure 7.5 can even become simpler when the negative feedback cancels the positive
feed-forward and also when the integrator cancels the differentiator. Furthermore, a general form of LPF
transfer function with cut-off frequencies 1/7 is placed, which is crucial for determining the PLL parameters
in subsection 7.1.3. Figure 7.7 illustrates the mentioned modifications. This model is used to compute the
required parameters in subsection 7.1.3.
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Figure 7.7: Generalized Phase-domain model of the resonator-PLL

7.1.3. Resonator-PLL parameters determination
Final goal of a resonator-PLL system is to lock the resonator’s phase at its resonant frequency. In other words,
the output phase must follow the input phase (®,,; = ®;,) as fast as possible, resulting in well-tracking the
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resonant frequency. To achieve this, a wise decision is to have an identical transfer function for resonator-PLL
closed loop to a Butterworth lowpass filter. Looking at Figure 7.8 reveals the truth of this decision. The But-
terworth, has the most flat amplitude gain before reaching the cut-off frequency, which guaranties chasing of
the output signal by input signal.

G IBultellfworthl G Cr:uebyshlev . G . EIliPtic [
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Figure 7.8: Three types of a lowpass filter [140]

To obtain such flat amplitude, the closed loop transfer function of phase domain model shown in Fig-
ure 7.7,Equation 7.9, has to equate general form of Butterworth transfer function (Equation 7.11), where S is
the Butterworth cut-off frequency or resonator-PLL bandwidth, n is the order of Butterworth filter and B, is
Btterworth poles polynomial of order n [28, 40] . In this way, PLL variables such as k;, k, and 7 are paramet-
rically determined based on desired resonator-PLL bandwidth g.

kps + k;
H(s) = — (7.9)
(2 + /T (Tes+ D) + kps+k;
H(s) = ; (7.10)
By (s/B) '
Equation 7.9 and Equation 7.11 can be equated as follows:
kys+k; 1 kys+ki
A AR (7.11)

= *
P+t Gres+ D +kps+ki - Bu(s/P)  kps+ki

By parametrically solving them, required parameters are determined. These parameters for the first three
Butterworth filter orders are tabulated in Table 7.1.

Table 7.1: Resonator-PLL parameters

Butterworth filter order | Proportional gain Integral gain  Lowpass filter time constant  Lowpass filter time constant

n ky k; T1 T2
kP
1 B > _ _
, b ky V2 ]
\/z Tc 2p
5 kp 1+j 15
3 5 — — —

T¢ 2p 2p

7.1.4. MATLAB and Simulink simulation

Once required parameters have been found in Table 7.1, to ensure that they perform like a Butterworth low-
pass filter, amplitude response as a function of normalized frequency is plotted. As it was expected, Figure 7.9
shows ultimate flatness for the passbands and 20,40 and 60[dB/decade] attenuation for the stopband of
system order 1,2 and 3 respectively. More extensive investigation reveals that system order 1 demonstrates
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slightly larger bandwidth, resulting in faster response to the input, than order 2 and 3. This is shown in Fig-
ure 7.10.
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Figure 7.9: Amplitude response of the closed loop system
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Figure 7.10: Comparison among system orders in terms of (a) bandwidth, and (b) Step response.

To choose one of the system orders for further simulations and possibly practically implementation by
Zurich instrument, possessing larger bandwidth (larger flat passband) is in the first priority, regardless of
concerning about the roll off speed. Therefore, system orders 1,2 and 3 respectively, are the most efficient
ones. However, keeping in mind that system order 1 does not need a lowpass filter to work in the phase do-
main (see Table 7.1), but in reality, phase detection is not possible without a lowpass filter. Therefore, system

order 1 is eliminated from the candidates and the second choice, which is system order 2, is selected for fur-
ther simulations.

In Simulink, the performance of phase domain model shown in Figure 7.7 with a step signal as an input is
tested. To do this, f and 7, should be determined. From the work of previous students, Q and wy = w, thus
7. isknown, and wpy = B can be determined under following condition:

® WpLL<WL<Wy

w1 < wy, since, it is technically impossible to block a signal with higher frequencies than cut-off frequency
of a low pass filter, and in our model, we need to suppress such signal in the phase detector. To elaborate it,
looking at Figure 7.3 and considering PD block, where its output is a signal containing the phase difference
and inputs are two signals, e.g. cosinusoidal, V,(¢) = Arcos(w,t+ ¢;) and V,(f) = Apcos(wot + o), and w, =
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w,- Recall that a multiplier multiplies two signals as follows:

Ao Ay

2cos(A)cos(B) =cos(A—B)+cos(A+B) — V(1) = >

(cos(pr — o) + cosCw, + ¢y +dy)) (7.12)

Therefore, there will be one output containing the cosine of the phase difference and one output at twice the
input frequency. Since we need only the phase difference component, the doubled frequency component
must be blocked by the lowpass filter with the same cut-off frequency as 2w,. However, in reality, we do not
have an ideal lowpass filter, which can block signals at its cut-off frequency. Thus, we take a safe distance
from it by choosing wy = l—loa) r» which explicitly implies w; < w;.

wprr < wr is required so that a closed loop transfer function, which is identical to Butterworth lowpass filter,
is obtained as it can be seen in Table 7.1.

Therefor, following steps result in determination of §, k;, and k;:

A leé/_g_’ﬁzﬁ—)kpz%—)kl:_

The parameters above are the inputs of Simulink’s model, shown in Figure 7.11. The step response of the
system then can be seen in Figure 7.12, where it confirms tracking of the input signal by resonator-PLL and
it is evident that resonator-PLL response time is much shorter than resonator’s phase response time. To have
an exact comparison on response speeds, settling time t;, in which the error between the output response
and final response falls within 2% of finale response, is employed. Next, Figure 7.13 and Figure 7.14 compare
the resonator’s phase responses of cantilevers, made by PME former students: S.D Savio and X.Hu, to a step
input in case of resonator itself and resonator-PLL respectively. To complete this section, frequency response
of X.Hu —2nd is depicted in Figure 7.15, where its flat amplitude before the bandwidth can be seen. The
corresponding data is also gathered in Table 7.2.

Resonator Lowpass filter P1 Controller

pEH
J— +& Cont N Cont Cont 1 Copt | 1 oni
Input NG tau_c s+ 1 taul - s+ 1

1 Cont
tau_c-s+1

Resonator's phsae

Figure 7.11: Phase model under test
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Figure 7.14: Step responses of different resonator-PLLs.
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Figure 7.15: Frequency response of X.Hu—2nd

Table 7.2: Resonator-PLL parameters

7.2. Frequency stability

A SMR device attached to a PLL consists of different mechanical and electrical components that introduce
noises to the measured signal. If there were noise-free measured signal, we could have a precise system
by which we could measure smallest masses. However, in presence of noises, we are confined to a specific
precision, which affects mass sensing precision. Therefore, it is necessary to recognise the dominant noises
in our system in terms of their behaviors and ways to reduce them in our system. At the same time, it is
necessary to determine sensitivity/responsivity of the product and improve it in the future. Since in this
project we need to determine possible smallest measured mass by our system, we need to define a way for
it. Frequency stability methods are normally applied for this purpose, and this chapter is concerned with the
mentioned aspects of noise and determination of mass sensing by a SMR.

There are five noise types for a frequency source [7] : white phase- modulation (P M) noise, flicker P M noise,
white frequency-modulation (FM) noise, flicker FM noise and random walk FM (RW FM). It is noted that
in FM and PM, the frequency and the phase of the carrier signal are varied respectively. Therefore the five
mentioned noises can be categorized into three types, including: white, flicker and random walk noises which
their frequency spectrums are shown in Figure 7.16. It is noticed that white noise has almost equal intensity
when frequency changes. However in the cases of flicker and random walk, the intensity attenuates as the
frequency increases. This attenuation is more intense in random walk than in flicker.

SMR name wr Q wy, wpLL Tc TpLL ts(R) ts(PLL) @piL Kerr R S
Mode nr. [Hz] [-] [Hz] [Hz] [ms] [ms] [ms] [ms] [-] [N/m] [Hz/fg] [fg/Hz]
S. D Souza-1st 124007 1233 12401 8768 3.165 0.018 12.381 0.108 14.1421 2.37 0.0159 62.9554
S. D Souza-2nd 764848 2084 76484 54083 0.867 0.0029 3.4 0.017 14.1421 2.33 3.7924 0.2637
X. Hu-1st 130437 21639  1304.37  9223.29 52.806  0.017 206.6 0.103 14.1421 4.53 0.0097  103.4589
X. Hu-2nd 760900 3507 76090 53803.75 1.467 0.0029 5.7 0.018 14.1421 3.98 2.1826 0.4582
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Figure 7.16: frequency spectrum [139] of (a) White noise (b) flicker noise and (c) random walk noise.

Frequency stability can be characterized in the frequency domain and also in the time domain. Before
introducing them, a short introduction on noise model is given.
Suppose the output signal of a precision oscillator is given by [42]:

V() =[Vo+e(®)]sinrvot + ¢p(1)) (7.13)
Where

¢ Vh: nominal peak output voltage
* ¢(#): amplitude deviation by time
¢ vy: nominal frequency [Hz]

* ¢(1): phase shift [rad]

Knowing that the instantaneous angular frequency is the derivative of the total phase, the instantaneous
frequency is then determined as follows:
1 d¢

Vi=Vo+ —— 7.14
t=Vot oo ( )

And the fractional instantaneous frequency is given by [12]:

V(1) 1 do¢
=—=1 L
y(® Vo * 2nvy dt

(7.15)
Now the two frequency stability approaches are introduced briefly by stressing on the time domain analysis
more than the frequency domain approach, since the former is tightly concerned with this project.

In frequency domain analysis, a Fast Fourier Transform FFT is performed on the time domain data to ob-
tain power spectral densities (PSDs) that describe frequency or phase fluctuations as a function of frequency.
There are different PSDs which describe the frequency stability, however the two most important PSDs are
PSD of Frequency Fluctuations Sy, (f) and PSD of Phase Fluctuations Sy (f) . In this stability analysis, the pre-
viously mentioned noises can be modeled in the form of % which is approximately equal to Sy (f), where a
is the exponent of the power law noise process and f is the Fourier or sideband frequency [108]. This a varies
for different noises, for example, a equals 0,—1, -2 for white, flicker and random walk noises respectively.
Figure 7.17 depicts different types of noise with their exponents of the power law noise.
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Figure 7.17: Example of noises with different a [108]

In time domain analysis, statistics is employed to measure the frequency stability. To do that, some vari-
ances i.e., Allan, Hadamard, time and Theol [108] can be used to characterize instabilities of a frequency
source, but standard variance is excluded and should not be used for this purpose. The reason is that it shows
a non-convergent behavior for the non-white FM noise types [7] which are commonly seen in frequency
sources. This can be seen in Figure 7.18, where the standard deviation (blue curve) of flicker FM noise di-
verges by increase in number of samples, while the number of data points is not important when the noise
level is the same. However, Allan deviation (red curve) demonstrates its independence from the number of
data points. That is why Allan deviation is widely used for the purpose of frequency stability.
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Figure 7.18: Standard and Allan deviation convergence for flicker FM noise [108]

Here, Allan variance (AVAR) and Allan deviation (ADEV) are introduced in the way of [12]. Allan deter-
mines the averaged fractional frequency from fractional instantaneous frequency obtained in Equation 7.15
by [12]:

_ 1 798
Vi = ;[ y(dt (7.16)
f

k
In Equation 7.16, 7 is the averaging time or gate time and f#x,, = fx + 7. Averaging is a method in signal
processing to increase signal to noise ratio (SNR), which is a measure for strength of a signal relative to the
engaged noise. Here is the same, we want to decrease noise influence in order to be able precisely measuring
fractional frequency. The smallest averaging time is identical to sampling period (time interval between two
consecutive measurements of fractional frequency) T = % [s]. However, we might be interested in different
time intervals causing different number of data points inside the interval. These intervals can be found by
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multiplying an increasing factor e.g. m = {1,2,4,8...}, which is called averaging factor, with sampling period

T. Hence, averaging time can be calculated by r = m * T.

Allan variance and Allan deviation are then computed for a specific 7 with M number of periods as follows:
1 Gy —V0)°

AVAR: 0% (1) = —
(@) MkZ:O 5

ADEV :0,(1) =/05(1) (7.18)

(7.17)

Allan deviation as a function of averaging time can be an appropriate measure for the fractional frequency
as a function of time, by which mass precision (6m) of a SMR device at a specific averaging time 7 can be

obtained as follows 5 . . .
Uy(r)=—f: freque.ncy imprecision (7.19)
fo nominal frequency

1)
5m:—2meffT(]: = =20y (T) (7.20)

A pictorial representation of Allan deviation oy as a function of gate time 7 is shown in Figure 7.19, where the
slope of the graph represents the dominant noise type in that certain gate time 7. There are also relations that
converts the slopes of 0, — 7 to the ones of Sy, (f) diagram and vice versa [108]:

oy(1) = TH? (7.21)
Sy(N) = f* (7.22)
pu=—-a-1 (7.23)

Where «a is the exponent of the power law noise that were described earlier, and u is the slope of 6y, — 7 graph.
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0
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Flicker PM

Figure 7.19: 0y, — 7 diagram
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7.3. Chip and hollow cantilever dimensions
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Figure 7.20: a) Top view of the chip and fluidic channels with dimensions. b) Top view of on-chip and suspended channel. ¢) and d) Top
view of the U-shaped silicon dioxide resonator with dimensions.

Table 7.3: Chip and resonator dimensions

Parameter Value (um)

Resonator total length 408
Gap between the legs 5.4

Channels width (outer) 11.3
Channels width (inner) 9
Channels height (outer) 35
Channels height (inner) 25

Chip length 2850

Chip width 1984
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7.4. Simulated modes

This COMSOL study was performed based on our resonator’s dimensions with a Young’s modulus of 87 GPa.
The fact is that there are a range of values from 60-92 GPa for modulus of elasticity for SiO,. Therefore,
different modes irrespective of mode numbers would appear in very different resonance frequencies. We
chose this value based on a study conducted by our department [14]. The resonance frequencies were 112

kHz, 674 kHz and 698 kHz for first bending, first torsional and second bending modes respectively.

Eigenfrequency=112.24 kHz Surface: Total displacement (um)

Eigenfrequency=482.41 kHz Surface: Total displacement (um)
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Figure 7.21: Results of eigenfrequency analysis by COMSOL including three out of plane bending modes, two torsional modes and one
in-plane bending mode. a) First bending mode, b) First in-plane bending mode, c)First torsional mide, d)Second bending mode, e)Second
torsional mode, f)Third bending mode
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7.5. Characterization of the empty SMR
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Figure 7.22: (a) Complete frequency spectra of the empty resonator up to 2 MHZ. Mode shapes of (b) first bending mode at 149.420 kHz, (c)
second bending mode at 893.287 kHz and (d) first torsional mode at 869.414 kHz.

Table 7.4: Important parameters of the empty resonator in a vacuum environment of 0.012 mbar

Parameter Bending 1 Bending 2 Torsional
fr kHz] 149.420 893.287 869.414
Q- 25993 13214 43634
Kopp INm™1] 71.45 538.25 1503.17
merr (8] 8.107x1078  1709x1078  5.037x107%8
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Figure 7.23: (a) Top view of the cantilever with girds corresponding measurement points. Normalized amplitude response at resonance
for (D) first bending mode, (c) second bending mode and (d) first torsional mode. (e) Normalized amplitude responses of the three modes,
which indicates that the torsional mode has the highest quality factor. The highest amplitudes were obtained at the tip of resonator for the
first and second flexural modes (point 27), and at a point near the middle of the resonator in the first portion of the length for the torsional
mode (point 13). These points are of the utmost importance for better sensing the mass of particles,due to having highest signal to noise

ratio.
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Figure 7.24: (a) The total displacement PSD at point 13 of the empty resonator, and (b) at point 27. (c) PSD of the first bending mode at
point 27, (d) PSD of the second bending mode at point 27, and (e) PSD of the torsional mode at point 13. Power Spectral Densities (PSD)s
were measured when the resonator was not excited by piezoelectric. This was done to measure vibrations of the resonator in presence of
thermo-mechanical noise. This was obtained to compute the stiffness of resonator for different modes. The following equation was used
to compute the cantilever stiffness (k) [82]: k = %, where T is the temperature in kelvin, kg is Boltzmann’s constant in joule per

kelvin, wy is resonance frequency and PSD(wy) is the power spectral density of the resonator displacement evaluated at the resonance
frequency.
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7.6. Characterization of the water-filled SMR
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Figure 7.25: (a) Complete frequency spectra of the water-filled resonator up to 2 MHZ. Mode shapes of (b) first bending mode at 126.393
kHz, (c) second bending mode at 759.192 kHz and (d) first torsional mode at 740.528 kHz. These shifts in resonance frequencies compared
to empty case are mainly due to increase in effective mass of filled cantilever, which is inversely proportional to resonance frequency.

Table 7.5: Important parameters of the water-filled resonator in a vacuum environment of 0.012 mbar

Parameter Bending 1 Bending 2 Torsional
fr lkHz] 126.393 759.192 740.528
Q] 9716 3241 4784

Kerr INm~™1 71.45 538.25 1503.17
mesr gl 1.133x1077  2.365x1078  6.943x 10708
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Figure 7.26: Amplitude response of the water-filled cantilever at different measurement points (see Fig. 7.23(a)) on the resonator for (a) first
bending mode, (b) second bending mode and (c) torsional mode. (d) Normalized amplitude responses of the three modes, indicating that
the first bending mode has the highest quality factor.
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7.7. PLL circuit of the lock-in amplifier
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Figure 7.27: Schematic of the PLL in Zurich Instrument (UHFLI): The reference signal generated by a Voltage Controlled Oscillator (VCO)
and its 90 ° version are multiplied with the input signal that comes from DUT. The outputs of this mixing are then low pass filtered and
converted into polar coordinates which provides the signal phase ©. The phase is then compared with the resonance phase, and a new
phase, that corrects the resonator’s dynamics, is computed by the PI controller. Finally, this signal is applied to the DUT for a new loop.

7.8. UHFLI transfer function and parameters
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Figure 7.28: Generalized phase domain diagram of resonator and PLL in UHFLI

For the diagram above, transfer function below is obtained:

~360k,s — 360k;

H(s)= —
(s2+ s/t [T}, (Tks +1) —360ky s — 360k;

(7.24)

The parameters for first five order of the system are given in Table 7.6 and the corresponding frequency re-
sponses and step responses are shown in Fig. 7.29.
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Table 7.6: Resonator-PLL parameters when 3 is in HZ

System order kp ki T T T3 Ty
) )
360 . - - _ _
) b V2 _ _ _
360v2  Tc 2p
3 S Kk 1%j 1%
720 T, 2P 2 - -
p 0.667 0.320+O.687j 0.320—0.687j
4 —0.0011 - _
b3, 5 p B
5 0.0009 Kp 0.609+0.301; 0.609-0.301; 0.1994+0.793j 0.199-0.793j
' c B B p p
0 1.2
g 50| ——
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Figure 7.29: Frequency responses and step responses of the resonator based on parameters given in Table 7.6 and target bandwidth of 1000

Hz. n is system order which is one number higher than the PLL's LPF order.
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7.9. Step responses
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Figure 7.30: Comparison between the theoretical step responses (based on the transfer function which was obtained in Section 7.8) and
the experimental ones using Lock-in amplifier for different PLL bandwidths. In each PLL bandwidth, the theoretical and experimental
systems overlapped in case of LPF1. In this case, the settling times to within 5% were equal to 0.465ms, 4.65ms, 46.5ms and 465 ms
for the corresponding fpr; of 1000Hz, 100 Hz,10 Hz and 1 Hz respectively. However, the experimental systems responded faster in case
of LPF4. This is mainly due to use of "PLL advisor" of the Lock-in amplifier instead of inputting the theoretically needed values of the
PLL parameters. While we obtained the step responses based on the transfer function of the system, the advisor of the Lock-in amplifier
determines the PLL parameters based on the actual system and considers input to output delay of the system. Therefore, this discrepancy
between the step responses are understandable. In case of LPF4, the settling times to within 5% were equal to 1.1 ms, 11 ms, 110 ms and
1010 ms (for experimental systems), and 1.22ms, 12.2ms, 122ms and 1220ms (for theoretical systems) for the corresponding fpr1 of
1000 Hz, 100 Hz,10 Hz and 1 Hz respectively.
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7.10. Fluids dilution process

Two different types of NPs used in experiments: Gold NPs and Polystyrene NPs. Polystyrene NPs of 800
nm from SIGMA were suspended in a 1 mL DI water when we received. Gold NPs of 100nm diameter with
Polyvinylpyrrolidone (PVP) surfactant from nanoComposix arrived at university, while they were suspended
in DI water of 50 mL. It was claimed that PVP is a large polymer that covers the particle surface and provides
stability when particles are exposed to a variety range of solvent with salt and pH. However, DI water is con-
sidered as a safe solvent for that.

To dilute and obtain the desire volume and concentration, C; x V; = C, x V, relation was used with stress on
the lowest available pipette volume at the chemistry lab (2 pL) and needed volume of fluid for experiments
(=5 mL). Definitions and procedures are given in Tables 7.7 to 7.9.

Table 7.7: Parameters and definition for dilution process

Parameter Gold nanoparticle  Polystyrene nanoparticle

Diameter (nm) 100 800
Stock Mass concentration (mgmL_l) 0.05 -
Stock Weight concentration - 0.1
C1 =Particle concentration (particles mL™ 1) 4.94 x10° 3.57 x 1011
C, =Needed concentration (particles mL™1) 1.022 x 107 1.022 x 107

V1 =Removed volume from stock (mL)

As low as possible

As low as possible

V> =Needed volume (mL)

~5mL

=~5mL

Table 7.8: Dilution process of gold nanopatilces of 100 nm diameter

Dilution | V1 (mL) CI (particlesmL™!) DIWater (mL) V2(mL) C2 (particles mL™})
1 1x1072 4.94x10° 4.824 4.834 1.022 x 107
Table 7.9: Dilution process of Polystyrene nanoparticles of 800 nm diameter
Dilution | V1 (mL) CI (particles mL’l) DI Water (mL) V2 (mL) C2 (particles mL’l)
1 2x1073 3.57x 10! 0.998 1 7.141 x 108
2 7x1072 7.141 x 108 4.82 4.89 1.022 x 107
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7.11. SMR filling scene

(e)

Figure 7.31: Suspended hollow cantilever being filled with liquid from left-leg to right-leg. The cantilever becomes dark when it is filled.
The snapshots were taken when a) the cantilever was empty, b) the left leg was half-filled, c) the left leg was totally filled and the right leg
was empty, d) the right leg was also filled in half and e) both legs were totally filled.
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7.12. Allan deviation and mass detection limit
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Figure 7.32: Allan deviation (on the left) and limit of detection (on the right) for different modes with fpy;=1 Hz. The "Validity line"
determines the lowest averaging time that our system can provide. Therefore, longer averaging times than the validity line are region of
interest in graphs. "Theo.LIM" stands for theoretical limit. It represents the thermomechanical noise level of the system in different gate

times.
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Figure 7.33: Allan deviation (on the left) and limit of detection (on the right) for different modes with fpy;;=10 Hz. The "Validity line"
determines the lowest averaging time that our system can provide. Therefore, longer averaging times than the validity line are region of
interest in graphs. "Theo.LIM" stands for theoretical limit. It represents the thermomechanical noise level of the system in different gate

times.
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Figure 7.34: Allan deviation (on the left) and limit of detection (on the right) for different modes with fpy; =100 Hz. The "Validity line"
determines the lowest averaging time that our system can provide. Therefore, longer averaging times than the validity line are region of
interest in graphs. "Theo.LIM" stands for theoretical limit. It represents the thermomechanical noise level of the system in different gate

times.
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Figure 7.35: Allan deviation (on the left) and limit of detection (on the right) for different modes with fpy;=1000 Hz. The "Validity line"
determines the lowest averaging time that our system can provide. Therefore, longer averaging times than the validity line are region of
interest in graphs. "Theo.LIM" stands for theoretical limit. It represents the thermomechanical noise level of the system in different gate

times.
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7.13. Introducing nanoparticles into the SMR

The experiments always started with a low driven pressure difference such as 70 mbar, however no fluid
movements could be seen at the inlet of fluidic channels. Therefore, driven pressure difference increased un-
til fluid entry was confirmed. Since no flow could be detected visually or by the flow rate sensor, the pressure
at the inlet was repeatedly increased.

Two devices were used for conducting this experiment. First device, which lasted only 2 hours during this
experiment and broke from a corner of on-chip fluidic channel, was the one that had survived from the Allan
deviation experiments (thus it had worked for two consecutive days). This device only used for gold nanopar-
ticles. Second device, with the same material and dimensions of the first device, was operative in total 4 hours
in two days and used for measurements of polystyrene beads. Introducing nanoparticles in the first device
was done 7 days after the primary experiments, while this was only 1 day for the second device. This delay
led to blockage in fluidic channel, hence higher driven pressure was applied such as 500 mbar or 1200 mbar
for having fluid stream. It was noticed that this blockage due to particles aggregation or dirt led to change
in resonance frequency and mey ¢ of the cantilever on the day of conducting the experiment. Assuming that
kerr remained constant, a comparison of values in first bending mode is given in Table 7.10.

Table 7.10: Resonator’s parameters comparison in a period of 7 days between two experiments.

Parameter Only DI water DI water+Au particles

fr [kHZ] 126.393 119.4522718
Qll 9716 8850

megr (gl 1.133x 1077 1.268x 1077

In case of gold nanoparticles, due to suffering from cracks in fluidic channels after 2 hours operation, only
the first bending mode was examined. The PLL configuration was set as follows: fp;;=100 HZ and fipr=141
Hz, while fluid pressure difference was set to 500 mbar and 1200 mbar (see Figs. 7.36 and 7.37).

In case of polystyrene nanoparticles, second device was employed. During 2 hours operating time of this
device, the second bending mode (f; = 711.7 KHz, Q=1220 and meff = 2.69 x 1078 g) was used with a PLL
configuration of fpy;=100 HZ and f;pr=141 Hz, while fluid pressure difference was set to i) 100 mbar, ii) 200
mbar and iii) 400 mbar (see Figs. 7.38 to 7.40).
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Figure 7.36: Mass measurement’s graphs of gold nanoparticles with fpy ;=100 Hz, fluid driven pressure of 500 mbar and averaging time of 5
ms. (a) Raw data of frequency shift and phase shift measurement for 5 minutes, (b) Frequency shifts comparison between two solutions: DI
water with and without gold nanoparticles, (c) An example of large frequency variations (seen in (a)) with its phase shift, (d) An example
of small frequency shifts that corresponds transition of gold nanoparticles, (e) Comparison between raw data and filtered data, (f) Few
examples of detected buoyant mass and corresponding equivalent particles diameters.
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Figure 7.37: Mass measurement’s graphs of gold nanoparticles with fpy; =100 Hz, fluid driven pressure of 1200 mbar and averaging time of
5ms. (a) Raw data of frequency shift and phase shift measurement for 5 minutes, (b) Frequency shifts comparison between two solutions: DI
water with and without gold nanoparticles, (c) An example of large frequency variations (seen in (a)) with its phase shift, (d) An example
of small frequency shifts that corresponds transition of gold nanoparticles, (e) Comparison between raw data and filtered data, (f) Few
examples of detected buoyant mass and corresponding equivalent particles diameters.
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Figure 7.38: Mass measurement’s graphs of polystyrene nanoparticles with fpy;=100 Hz, fluid driven pressure of 100 mbar and averaging
time of 5 ms. (a) Raw data of frequency shift and phase shift measurement for 5 minutes, (b) Frequency shifts comparison between two
solutions: DI water with and without polystyrene nanoparticles, (c) An example of large frequency variations (seen in (a)) with its phase
shift, (d) An example of small frequency shifts that seem to be noise, (e) Comparison between raw data and filtered data, (f) Three examples
of filtered data, however particles profiles can not be distinguished.
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Figure 7.39: Mass measurement’s graphs of polystyrene nanoparticles with fpy ;=100 Hz, fluid driven pressure of 200 mbar and averaging
time of 5 ms. (a) Raw data of frequency shift and phase shift measurement for 5 minutes, (b) Frequency shifts comparison between two
solutions: DI water with and without polystyrene nanoparticles, (c) An example of large frequency variations (seen in (a)) with its phase
shift, (d) An example of small frequency shifts that seem to be noise, (e) Comparison between raw data and filtered data, (f) Three examples
of filtered data, however particles profiles can not be distinguished.
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Figure 7.40: Mass measurement’s graphs of polystyrene nanoparticles with fpy ;=100 Hz, fluid driven pressure of 400 mbar and averaging
time of 5 ms. (a) Raw data of frequency shift and phase shift measurement for 5 minutes, (b) Frequency shifts comparison between two
solutions: DI water with and without polystyrene nanoparticles, (c) An example of large frequency variations (seen in (a)) with its phase
shift, (d) An example of small frequency shifts that seem to be noise, (e) Comparison between raw data and filtered data, (f) Three examples
of filtered data, however particles profiles can not be distinguished.






Conclusion

This project has obtained its expected outputs which were the determination of the mass detection limit and
detection speed of the silicon dioxide SMR. The expected outcomes of this project were detection of gold and
polystyrene nanoparticles suspended in DI water and detection of nanoparticles suspended in environmen-
tal samples. This project has also partially gained its outcomes, which were proof of nanoparticles (gold and
polystyrene) detection. However, the entire outputs of this project will be achievable, if the recommendations
of this project (see Section 8.2) are taken into account.

8.1. Research questions answers

¢ Canthe fabricated silicondioxide SMR at TUDelft enhanced with the PLL control system detect nanoplas-
tic particles?

This research revealed that the fabricated chip is barely capable of measuring nanopaticle’s mass in a flow-
through mode. This chip, in most cases, cannot mechanically tolerate working in a simple vacuum environ-
ment. This is mainly due to the lack of stiffness on fluidic channels and not the cantilever itself, which results
in fractures on channels even before entering fluid. However, during the two opportunities, we detected gold
nanoparticles. Therefore, there are no reasons not being able to detect plastic nanoparticles if the research
recommendations are considered for future experiments and improvements.

o What is the performance of silicondioxide SMR in terms of mass limit detection and maximum detec-
tion speed?

The lowest mass can be detected at averaging times between 20 ms and 400 ms using the second bending
mode, first bending mode and first torsional mode respectively. The lowest resolved mass for an empty and a
water-filled resonator using second bending mode was 0.11 fg and 0.38 fg respectively, using a PLL bandwidth
of 1000 Hz. The maximum speed of detection is determined by the PLL bandwidth. The higher the bandwidth
is, the faster is the detection. This detection speed is 0.37 ms and 3.7 ms for 1000 Hz and 100 Hz respectively.
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8.2. Recommendations
¢ Improving strength of micro-fluidic channels.
Unfortunately, two third of the current devices suffered from fractures on micro-fluidic channels (not
on the cantilever itself, but on the on-chip microchannel) as soon as they were placed in a vacuum
environment. This shows the necessity of revision in design and fabrication of this device. There will
be no experiments and results, when there is no operative devices.

¢ Providing a highly sensitive flow rate sensor.
Not having a valid confirmation for fluid flow in the channels was one of the reasons that we were
forced to use high pressure differences to regulate flow. We would be more confident about the effect
of pressure on variations of frequency over time if we could have monitored the flow rate.

¢ Validating the concentration and the particles sizes in solutions.
As long as we cannot test particles sizes and their concentrations in a liquid solution that was used for
measurements by our SMR, we cannot ensure about what we have obtained as mass of particles. It is
recommended having access to a DLS system at our university (if it is available) or outside.

¢ Equipping our data processing with matched filter method.
To provide automatic peak detection from the raw data, match filtering technique could be useful.
Matched filtering method is a convolution method in signal processing, in which a template function
is defined in such a way that it is only sensitive to the peak profiles of the particles with different mass
and the rest will not be detected.

8.3. Self reflection

I started this project by having a literature survey on plastic nanoparticles and currently existed methods of
characterization. I learned about techniques that later I never used them during the project or even never
was asked during the literature survey presentation, but instead, I was asked about PLL that I had not studied
it completely until that time. Moreover, until the end of project, I only had one opportunity to test polystyrene
nanoparticles using our device and that lasted for less than two hours. This tells me that project’s goal and
title were defined very unrealistic at the beginning. This made me frustrated when I saw that not having a
good device (I was not responsible for its fabrication) has jeopardized obtaining even primary results.

During weekly meetings, we mainly discussed the obtained results or encountered problems of the last week.
Therefore, I had to organize stuff in some slides. The slides and comments that I put on them helped me until
the last day. This highlighted the importance of internal communication and feedback in a group, which is
the safest place for committing mistakes and learning from them.

In total, this project provided me with experiences not only in technical filled but in self management and
project management.
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