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Abstract

Suspended microchannel resonators have proved to be the best candidates for a variety of tech-
nological applications requiring accurate measurements in liquid. These devices eliminate the
viscous damping by placing the solution inside a hollow resonator surrounded by vacuum, thus
reaching sub-femtogram resolution. The main fabrication method of suspended microchannel
resonators is standard cleanroom fabrication, which allows to create resonators with excellent
mass sensitivity. However, fabrication steps are expensive and complex, and inherently planar,
thus limiting three-dimensional design. In this scenario, polymeric resonators printed by two-
photon polymerization (TPP) emerged as a valid solution to increase the low prototyping speed
and accessibility of silicon-based resonators, but low quality factor and mass sensitivity limit their
performance. In this work, a novel fabrication technique based on a hybrid structure has been de-
veloped. A single mask cleanroom fabrication process was carried out to create silicon nitride
supporting beams. Then, 3D printing by TPP was used to fabricate microfluidic lids. The final
silicon chip can be plugged into a stereolithographic microfluidic interface for handling and con-
necting to the external world. Fabricated devices were mechanically characterised in vacuum by
laser Doppler vibrometry before and after the printing process. Damping analysis was conducted
to define the main dissipation sources in hybrid devices. Intrinsic losses in the polymer layer were
defined as dominant damping sources. A quality factor of 510 at 341 kHz was reached with a
350 µm x 50 µm hybrid double-clamped beam. The theoretical mass responsivity and maximum
mass resolution of this device were estimated to be 1.84 Hz/pg and 14.75 ag, respectively, which
still compete with conventional fabricated SMRs.
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Chapter 1

Preface

The MSc thesis project was carried out in the department of Electronic Instrumentation (EI)
in collaboration with the department of Precision and Microsystems Engineering (PME) at the
Delft University of Technology, The Netherlands. The work consisted of the fabrication and
study of suspended microchannel resonators (SNR) for weighting nanoparticles in liquid realised
as hybrid structures made of silicon nitride and polymer. Device simulation, fabrication, and
characterisation were preceded by a literature review. It was indeed necessary to understand the
working principle of the SNRs, the state of the art of this technology and the issues of systems
previously developed by the laboratory to design and realise a new device.

In this regard, a literature survey report is presented in chapter 2. It contains a study about
resonant cantilevers for mass sensing in liquid and, in particular, suspended micro- and nano-
channel resonators (SM/NR), and an analysis of quality factor and measurement noise (Allan
deviation). Added to this is the review of the main fabrication methods previously used by the
laboratory to realise SMRs, i.e., surface micromachining and two-photon polymerization (TPP).
The chapter ends with a description of the hybrid resonating structure developed during this
project (sec. 2.5), highlighting its advantages over previous fabricated devices and its possible
limitations.

Chapters 3 and 4 deal with the materials and methods involved in manufacturing, performed
experiments and achievements.

Details about the mechanical properties of the new device and its static and dynamic be-
haviour are covered in annex A, where FEM simulations are presented. In particular, the annex
includes: the study of microbeam stiffness and resonant frequency with and without the IP-Dip
layer; the derivation of the mass responsivity without liquid inside the channel through the anal-
ysis of the resonant frequency with a variable proof mass; and, finally, the impact of flow rate,
liquid density and viscosity on the device in both static and dynamic case.

In annex B the fabrication process carried out in Else Kooi Lab (EKL) and Precision and Mi-
crosystems Engineering (PME) laboratory is presented. It includes the realisation of supporting
silicon nitride U-shaped cantilevers and bridges with typical semiconductor processes and the 3D
printing of polymeric layers via TPP.

To conclude, the mechanical characterization and the frequency study of the devices are pre-
sented in annex C.1. It contains an analysis of the mechanical properties of the IP-Dip polymer,
i.e., Young’s modulus, and adhesion to the substrate, and the measurement of resonant frequency
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and quality factor of the beams with and without the polymer lid.
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Chapter 2

Literature review: suspended
microchannel resonators
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Literature review: suspended microchannel resonators

Literature review: suspended microchannel resonators

Suspended microchannel resonators (SMRs) are innovative resonant structures with integrated
fluidic channels, enabling highly sensitive mass detection in liquid environments. A key concept
related to SMRs is the challenge associated with the fabrication of such a kind of micro/nanome-
chanical resonators. The presence of a microfluidic channel inside the resonating structure com-
plicates the manufacture of the device, and standard Si-based fabrication processes become too
complex and expensive. In this scenario, hybrid SMRs combining silicon nitride support beams
with polymeric lids offer a promising solution to enhance performance and simplify fabrication
processes. A comprehensive review of microbeam resonators focusing on fabrication methods
and performance is presented in this work. The impact of mechanical parameters of materials
and fluid dynamics on energy dissipation is analysed to address crucial questions about the dom-
inant damping sources in hybrid resonators. The paper outlines a systematic approach, including
simulations, fabrication, and characterization, providing valuable insights into the design and
optimization of SMRs for diverse applications in mass sensing and biosensing.

Index terms – Suspended microchannel resonator, Resonant frequency, Damping, Quality
factor, Allan deviation, Two-photon polymerization, Bulk micro-machining.

2.1 Introduction

Cell mechanical properties, such as mass or
stiffness, and their significant variations during
the onset or progression of a disease proved to
be a useful biomarker for diagnostic and di-
agnosis of several pathologies [1, 2]. These
findings have enabled an increase in interest
in micro- and mano-electromechanical systems
(M/NEMS) for life-science applications over
the past two decades [3]. Continuous advances
in the field of micro- and nano-technologies al-
low to fabricate extremely small sensors (of the
size of some biomolecules) that guarantee re-
markable mass resolution and highly sensitive
mechanical response [4, 5].

Regarding the mass sensing of cells, this is
commonly performed with resonant cantilevers
or bridges [6, 7, 8], which are dynamic mechan-
ical devices that vibrate close to their resonance
frequency. These sensors achieve excellent
performances in gaseous environments, where
they can reach extremely high quality factors.
Nevertheless, the same is not true in liquid,

where they exhibit over-damped responses lim-
iting their mass resolution [9]. A solution to
overcome the drawbacks of these resonant can-
tilevers was developed by Burg and Manalis
in 2003: a hollow resonant structure with an
embedded microfluidic channel, the suspended
microchannel resonator (SMR) [10]. Since the
analysed liquid flows inside the resonator, vis-
cous damping is eliminated, and mass loading
is reduced. Furthermore, real-time analysis is
made possible while the entire apparatus can
be kept dry, preserving its mechanical perfor-
mance. High quality factors (up to 15000) and
excellent mass sensitivities (1 attogram) in 1
kHz bandwidth have been demonstrated [11].

Fundamentals of cantilever-like mass sens-
ing methods will be covered in section 2.2
along with the basis and the effects of damping
phenomena. Characteristics of the suspended
microchannel resonators will be reviewed in
section 2.3, while section 2.4 will discuss dif-
ferent fabrication methods of the SMRs. Fi-
nally, the novel hybrid structure will be pre-
sented in section 2.5.
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2.2 – Resonant beams for mass sensing

2.2 Resonant beams for mass
sensing

As transducers, microcantilevers and micro-
bridges (fig. 2.1) exploit their flexibility or elas-
ticity to produce a quantifiable change in re-
sponse to external stimuli. The reaction of the
cantilever to the stimulus is expressed in terms
of mechanical stress, which generates a varia-
tion of one of its mechanical or electrical prop-
erties. The most typical metrics for this change
are the cantilever’s resistivity, angular deflec-
tion, or natural resonant frequency. In order to
measure one of these properties, the cantilever
can be operated in either static mode or dy-
namic mode.

When operated statically, the cantilever is
in stationary state. Any displacement of the
cantilever due to a load or intrinsic stress gen-
erated on or within the cantilever is measured.
Generally, the transducer’s surface is function-
alised with a probe coating, chemically sensi-
tive to specific molecules. As the molecules
to be analysed are adsorbed by the coating,
the surface stress or an overall mass variation
in the transducer leads to cantilever displace-
ment. This displacement is quantified to obtain
the unknown mass of the analyte. The bend-
ing of the cantilever is measured primarily by
means of a change in the angular deflection or a
change in resistance using a piezoresistive ma-
terial embedded as a structured layer within the
cantilever.

Figure 2.1. Double (a) and single (b) clamped res-
onator microstructures.

In dynamic mode, the measurement is per-
formed by monitoring any change in the nat-
ural resonant frequency. The structure is ex-
ternally excited at its resonant frequency by
piezoelectric, magnetic, or electrostatic actua-
tion. Any change in the physical characteristics
of the cantilever - such as its stiffness or mass
- changes its natural frequency. The displace-
ment of the structure is measured with optical
or electrical detection techniques.

The dynamic mass sensing method will be
the main focus of this study.

2.2.1 Fundamentals of nanomechani-
cal resonators

The resonance frequency fR,n of an oscillating
cantilever at an arbitrary mode number n in vac-
uum is given by the equation 2.1 [12].

fR,n =
α2

n

2π

√︃
Y I
ml3 (2.1)

where Y is the elastic modulus of the material,
I is the moment of inertia of the cantilever, l is
its length, b its width, h its thickness, m its mass
and α is a constant with values: α1 = 1.875, α2
= 4.694, αn = π(n - 0.5) [13]. The constant n
refers to the mode number, and, in particular, n
= 1 in the case of the fundamental frequency.

By differentiating fR,n of equation 2.1 with
respect to m, it is possible to derive the relation
between a change in mass ∆m and a change in
resonance frequency ∆ fR,n [14, 15]. A linear
approximation for added mass is obtained by
assuming m >> ∆m (equation 2.2).

∆m ≈−2me f f
∆ fR,n

fR.n
(2.2)

where me f f is the effective mass of the res-
onating beam, defined as m/4 and 0.3864m for
the fundamental mode of single- and double-
clamped beams, respectively [16].

The mass responsivity R can be derived
from equation 2.2. It represents the change
of resonance frequency ∆ fR,n as a result of
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Literature review: suspended microchannel resonators

changes in mass ∆m and is an indicator of the
resonator sensitivity. Equation 2.3 describes
the mass responsivity as a function of the reso-
nant frequency [14].

R =
∂ fR,n

∂m
≈− fR,n

2me f f
(2.3)

Assuming a constant stiffness of the can-
tilever, it can be observed that the higher the
frequency the better the mass sensitivity.

Another important parameter is the mass
resolution δm, which indicates the minimum
mass that can be detected by the sensor. This
parameter is given by the ratio between the
frequency noise δ f (standard deviation of fre-
quency fluctuations) and the responsivity R
(equation 2.4) [17].

δm ≈−2me f f
δ f
fR,n

≈−2me f f
1
Q

Noise
Signal

(2.4)

From equation 2.4 it is evident that, in or-
der to maximise sensing performances, a large
quality factor Q and signal-to-noise ratio are
needed.

The quality factor Q is a fundamental per-
formance indicator for resonators. It is obtained
by the sharpness of the amplitude peak at a res-
onance frequency in Bode plots and can be de-
fined as the ratio between energy stored E and
energy dissipated ∆E by the system within one
operating cycle at resonance. Its general defini-
tion is shown in equation 2.5.

Q = 2π
E
∆E

(2.5)

The dissipation phenomenon is dominated
by damping. As clear from the equation 2.5, the
lower the damping the higher the quality factor
of the system.

2.2.2 Allan deviation

An important indicator of the potential sensi-
tivity that the resonator can have as a sensor is

the frequency stability. It can be investigated by
the measure of the Allan deviation σy(τ). Allan
deviation is a function of the sample period τ ,
and it is generally defined by the equation 2.6
[18].

σy(τ)=
√︂

σ2
y (τ)≈

√︄
1

2(N −1)

N

∑
k=2

(
fk − fk−1

f0
)2

(2.6)
where fk is the average measured frequency in
the k-time interval τ within a total of N inter-
vals, and f0 is the mean oscillation frequency
calculated over the entire duration of the noise
measurement. A system with good stability
over the measured period τ is characterised by
a low Allan deviation.

Mass resolution also depends on the fre-
quency noise δ f , which is typically quantified
by the Allan deviation. So the equation 2.4 can
be simplified into equation 2.7 by substituting
δ f
fR,n

with the Allan deviation.

δm ≈−2me f f
δ f
fR,n

≈−2me f f σy(τ) (2.7)

2.2.3 Damping forces

The quality factor Q of a resonator is inversely
proportional to the energy dissipated by damp-
ing. It can be theoretically estimated using
equation 2.8 [19], where each term of the sum is
the inverted quality factors of a specific damp-
ing source.

1
Q

=
1

Qmedium
+

1
Qsup

+
1

QT ED
+

1
Qothers

(2.8)

where Qmedium is the air damping Q-factor, Qsup

is the support loss Q-factor, and QT ED is the
thermoelastic dissipation (TED) Q-factor. Q-
factor of other energy losses (e.g. bulk loss,
surface loss, PZT loss) is denoted by Qothers.

Medium interaction damping is related to
the gaseous or fluidic media surrounding the
oscillating beam. Support damping is caused
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2.2 – Resonant beams for mass sensing

by the energy dissipated at the junction be-
tween the beam and the substrate. Ther-
moelastic loss originates from the thermal en-
ergy dissipated by the mechanical resonator,
through irreversible heat conduction accompa-
nying its elastic vibrations. Other damping
sources are caused by internal friction, electro-
static charges, and magnetic fields.

The damping component due to the interac-
tion of the cantilever with the medium is differ-
ent when operating in a liquid or gaseous en-
vironment. When the cantilever oscillates in
a viscous medium, a hydrodynamic force gen-
erated by the squeezed fluid opposes the mo-
tion of the cantilever [20]. This force is critical
in liquid, where the performance of the beam
in dynamic mode strongly depends on its size
and shape, but it is heavily reduced in gas. In
liquid conditions, quality factors close to unity
have been reported at the fundamental resonant
mode of microcantilevers, while higher qual-
ity factors (up to 30) have been measured for
increasing resonant modes [21, 22]. The ef-
fects of the medium damping also depend on
the pressure. In particular, vacuum pressure al-
lows the resonator to be operated with minimal
gas damping.

Support or clamping damping arises from
the frictional interaction at the beam-clamp in-
terface. The transfer of vibrational kinetic en-
ergy from the beam to the supporting substrate
generates energy loss, which is strongly depen-
dent on the type of beam-support contact. In
particular, the greater the freedom of movement
of the cantilever at the anchors, the lower the
effects of the support loss [23]. It can be esti-
mated using two-dimensional elastic wave the-
ory with the assumption that cantilever thick-
ness t is much smaller than the wavelength of
the elastic wave propagation [24] (see equation
2.9).

Qsup =C · L3

t3 (2.9)

where L is the cantilever length and C is a con-
stant that ranges from 2.081 to near 0, depend-
ing on resonant mode and increasing with the
mode number.

Thermoeleastic damping is due to the tem-
perature gradient generated by the repeated
state of tension and compression in a vibrat-
ing beam [25], and it can be expressed approx-
imately by equation 2.10 [19].

QT ED =
CV

Y α2T0

1+(ωτ)2

ωτ
(2.10)

where Y is the elastic modulus of the material,
α is the thermal expansion coefficient, T0 is the
nominal equilibrium temperature, CV is the heat
capacity at constant volume, ω is the angular
resonant frequency, and τ is the relaxation time.

The principal loss mechanism in a resonant
cantilever included in other damping sources is
intrinsic or material damping. Material damp-
ing arises from the atomic arrangement of the
beam as well as its impurities, and it is linked to
material properties, fabrication processes, and
temperature. As material damping occurs at
the molecular level, it is a type of microscopic
damping. There are two different loss mech-
anisms falling within the intrinsic damping:
friction losses and phonon-phonon interaction
losses. Phonon-phonon interactions only affect
crystalline materials, and are due to atomic in-
teractions with the strain field; friction losses
originate from irreversible atomic motions dur-
ing vibration. The sources of this atomic mo-
tion can be defect dislocations in crystalline
materials, grain boundary slipping in metals,
phase boundary slipping in bilayer structures,
or molecular chain movement in amorphous
materials [15]. The internal friction Qint can be
analytically expressed by equation 2.11 [15].

Qint =

√
YuYr

∆Y
1+(ωτint)

2

ωτint
=∆

1+(ωτint)
2

ωτint
(2.11)
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where ∆ is the so-called relaxation strength
and depends on the relaxed Young’s modu-
lus Yr and the unrelaxed Young’s modulus
Yu=Yr+∆Y , ω is the angular frequency and τint

is the relaxation rate of the material, which is
a temperature-dependent parameter. The value
of τint can be obtained by means of the geo-
metrical average of the relaxation time at con-
stant strain τε and the relaxation time at con-
stant stress τσ (see equation 2.12) [15].

τint =
√

τετσ (2.12)

Significant damping occurs when the angu-
lar frequency and the inverse of the relaxation
rate are in the same order of magnitude.

2.3 Suspended micro/nanochan-
nel resonators

Micro- and nanomechanical resonators are
characterised by great mass sensitivity when
operating in vacuum thanks to low damping
mechanisms in gaseous environments. In these
conditions, their quality factor achieves val-
ues up to 100’000, enabling the detection of
individual analytes down to single molecules.
However, their performances are drastically re-
duced in liquid environment due to the over-
damped response caused by viscous loss.

In 2003 Scott Manalis’ group developed a
new promising device for mass sensing in liq-
uid: a mechanical suspended resonant structure
with an integrated fluidic channel [10], shown
in figure 2.2(a). The device, called suspended
microchannel resonator (SNR) is oscillated at
its resonant frequency in a dry environment by
electrostatic forces or by a piezoelectric actu-
ator integrated into the chip. Since the fluid
to be analyzed flows inside the resonator, vis-
cous damping is almost completely eliminated
and mass loading is reduced [17]. The buoy-
ant mass of the particle temporarily modifies
the cantilever’s resonant frequency as it passes

through the embedded channel (fig. 2.2(b) and
(c)) and this change is measured to determine
the particle mass.

Figure 2.2. (a) Schematic of a cantilever-shaped
SMR [26]. (b) Top view of the SMR with a par-
ticle at four different positions in the device. (c)
Time-variation of the resonant frequency with the
position of the particle through the channel. The
signal amplitude is proportional to the buoyant
mass of the particle [26].

The last advances in SMR technology
opened up the unique possibility to weigh sin-
gle cells, e.g. bacteria, yeast or mammalian
cells with femtogram precision in solution [26].
This brings the advantage of studying charac-
teristics and changes of biological components
at the single particle level, creating new per-
spectives on how to explore and resolve biolog-
ical and clinical issues.

2.3.1 Energy dissipation: effect of the
buried liquid

The presence of an embedded microfluidic
channel inside the resonating device strongly
impacts its behaviour as a function of liquid
density, fluid viscosity, and mode number. In
addition, the positioning of the fluidic channel
in the beam cross-section influences the flow
dynamics and hence the energy dissipation.

In general, although the device can be op-
erated in vacuum, it still experiences moderate
damping due to the liquid flowing inside the in-
tegrated channel. This damping typically rises
with increasing mode number, as opposed to
traditional cantilevers operated in liquid [27].
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2.3 – Suspended micro/nanochannel resonators

The damping mechanism due to the pres-
ence of the fluid in the channel can be expressed
as a quality factor, which can be derived under
the following geometrical assumptions:

• Cantilever length is much larger than its
width and thickness;

• Channel thickness is much smaller than
the channel width and its length is equal
to the length of the cantilever;

• The amplitude of oscillation is much
smaller than the cantilever length so that
linear motion and flow are ensured.

With these assumptions the Q-factor can be
obtained by the equation 2.13 [27].

Qliquid,n = FQ(βn)
ρaverage

ρliquid

h
hc

w
wc

l2

h2
c

(2.13)

where n is the resonant mode number, ρaverage

is the average mass density of the whole can-
tilever with the liquid, ρliquid is the mass den-
sity of the fluid, h is the height, w the width
and l the length. These quantities are related
to the internal channel when indicated with the
subscript c. The parameter FQ is the normalised
quality factor and βn is commonly referred to as
Reynold’s number, indicating the fluid inertia.
Its behaviour not only depends on the type of
fluid flowing in the SMR, but it is also closely
related to the relative position of the embedded
channel with respect to the neutral axis of the
beam.

On-axis channel placement

As a first analysis, the simplest case of on-axis
channel placement should be considered.

For the first three resonant modes, the
behaviour of FQ(βn) as a function of the
Reynold’s number βn is shown in fig. 2.3. The
functional FQ(βn) is described in details by the
equation 2.14 [15].

FQ(βn)≈
38.73

βn
+0.1521

√︁
βn (2.14)

where βn can be expressed by equation 2.15
[15].

βn =
ρliquidh2

c

µ
ω (2.15)

where ω is the angular velocity of the cantilever
vibration and µ is the fluid viscosity.

From figure 2.3 it is clear that the quality
factor due to the presence of the liquid inside
the embedded channel is not a monotonic func-
tion of the Reynold’s number, and hence of the
fluid density and viscosity.

For large Reynold’s numbers, the fluidic
behaviour is governed by its inertia, and the be-
haviour of the beam is more logical: viscous
boundary layers produced by this inertial flow
cause energy loss [27]. Hence, a small quality
factor is produced by increasing the fluid vis-
cosity or reducing the liquid density (decreas-
ing the Reynold’s number). An opposite be-
haviour is observed for small Reynold’s num-
bers: the influence of fluid inertia vanishes and
the fluid behaves like a rigid-body that does not
produce any viscous boundary layer [27]. This
means that an increasing fluid viscosity or a
decreasing density (decreasing Reynold’s num-
ber) results in a higher quality factor.

Figure 2.3. Plot of normalized quality factor
FQ(βn) as a function of βn for the first three modes
of vibration, n= 1, 2, 3 [27].
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Off-axis channel placement

In the case of off-axis channel placement, the
relationship is more complicated: the beam vi-
brations cause an axial strain in the channel,
which in turn yields a pumping mechanism of
the fluid into and out of the reservoir. As a
consequence, the energy dissipation increases,
thus reducing the quality factor. The latter also
shows a striking non-monotonic dependence on
Reynold’s number and varies dramatically with
mode number and distance of the channel from
the neutral axis [27]. This dependence is shown
in fig. 2.4, representing the behaviour of FQ(βn)
as a function of the Reynold’s number βn for
different off-axis displacements.

From the graph (fig. 2.4) it is evident that
an increase in the channel distance from the
neutral axis of the beam causes a significant de-
crease of the normalized Q-factor, especially in
the range β < 10. This means that tuning the
off-axis channel placement will cause a change
of orders of magnitude in Qliquid,n.

Another parameter that affects the Q-factor
in case of off-axis placement is the Poisson’s
ratio ν of the beam [28]. The dependence of
FQ(βn) on ν can be seen in fig. 2.5, where it is

Figure 2.4. Quality factor FQ(βn) for several Z0,
with normalized acoustic wavenumber γ=0.0337;
black dashed line is the on-axis case [29]. The
off-axis placements Z0 is defined as the displace-
ment of the channel with respect to the neutral axis
normalized to the channel height.

clear that increasing the Poisson’s ratio pro-
duces an improvement of the quality factor.

Figure 2.5. Quality factor FQ(βn) for several Pois-
son’s ratio ν , with normalized acoustic wavenum-
ber γ=0.12 and Z0=0.06; black dashed line is the
on-axis case [29].

The effect of Poisson’s ratio can be trans-
lated into an equivalent off-axis channel place-
ment: Ze f f ≈ (1−2σ)Zo f f−axis.

Furthermore, it provides an additional de-
gree of freedom that can be used to modify the
energy dissipation in SMRs. Since decreasing
Ze f f reduces the effects of any off-axis flow, the
use of materials with high ν is highly recom-
mended to improve the Q-factor, and thus the
sensitivity of frequency shift measurements.

2.4 Fabrication methods of
SMR

SMR fabrication can be a complex and expen-
sive process, since the device must meet the
requirements of mechanics, microfluidics and,
in the case of integrated transduction, electron-
ics [17]. Materials and geometrical dimen-
sions must be suitable for both sensor function-
ality and manufacture. Moreover, the choice
of the resonator material should take into ac-
count factors like thermal constraints, residual
stress, and fabrication cost along with features
like biocompatibility, chemical stability, and
hydrophilicity [17].
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Typically, SMRs are made with silicon-
based materials using semiconductor manufac-
turing processes. In this case, the main ap-
proaches can be classified in two categories:

• Process requiring sacrificial materials:
the fabrication involves the deposition
of a sacrificial material for microchan-
nel definition that enables precise con-
trol over channel geometry and size [30].
However, this approach is costly and ex-
tremely complex.

• Process not requiring a sacrificial ma-
terial: the embedded channel is obtained
without sacrificial layers, by means of al-
ternative techniques. Examples might be
fusion bonding of two SOI wafers [31,
32], previously etched to define the mi-
crofluidic channel cavity, or silicon res-
onator with self-assembled buried cavi-
ties [33]. This technique can be less com-
plex than the process involving sacrificial
layers, but equally expensive.

In both cases, the definition of the microflu-
idic channel within the resonator represents one
of the most challenging steps of the fabrica-
tion, which remains difficult and costly. In ad-
dition, semiconductor manufacturing processes
limit geometrical freedom, material choice and
prototyping speed.

A viable alternative could be to realise a 3D
printed cantilever by using two-photon poly-
merisation (TPP) [34, 35]. This technique al-
lows rapid prototyping in a 3D design space and
reduces fabrication costs. However, polymer
cantilevers are characterised by higher intrinsic
damping and lower Young’s modulus compared
to silicon-based materials (below 5 GP), result-
ing in lower sensitivity.

Both bulk micro-machining and two-
photon polymerization were used for proto-
types previously developed by the MNE and EI
group of TUDelft. With the first technique, a

silicon dioxide hollowed cantilever has been re-
alised. It was able to measure a mass of 21.2
fg, equivalent to a gold nanoparticle of 130 nm
diameter [36]. A second device was made by
two-photon polymerization (TPP), reaching a
theoretical mass sensitivity of 175 fg, which
corresponds to the dimensions of an E.Coli bac-
terium [37]. However, although the first solu-
tion allows to reach excellent mass sensitivity,
it turned out to be too expensive and complex.
The second one, instead, guarantees low cost
and high accessibility, but to the detriment of
quality factor and mass sensitivity.

A detailed analysis of the two fabrication
processes and the obtained results will be cov-
ered in the following two sections.

2.4.1 Bulk micro-machining

The device realised by bulk micro-machining is
a silicon dioxide U-shaped suspended microflu-
idic channel (fig. 2.6).

The fabrication process relies on the bond-
ing of two silicon wafers, previously etched to
create the microfluidic channel in one wafer
and the inlet and outlet reservoirs in the other.
Thermal oxidation of the internal cavities de-
fines the final device. Then the SiO2 cantilever
is released by etching the external Si substrate
in KOH. In order to connect the channel to the
outside world, the inlet and the outlet of the de-
vice are connected to a 3D-printed interface.

Figure 2.6. Optical microscope top-view image
of the U-shaped silicon dioxide SMR. A scanning
electrode microscope image of the cantilever cross–
section is shown in the inset [36].
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The flow chart of the fabrication process is
shown in fig. 2.7.

All experiments to determine frequency
stability and mass detection limit were carried
out in vacuum. A minimum mass of 377 ag,
equivalent to a 34 nm diameter gold nanopar-
ticle, was measured in water-filled cantilever
[36], thus demonstrating the device’s capabil-
ity of detecting attograms of buoyant mass.

Although this SiO2 SMR proved to reach
excellent mass resolution and detection limit,
performing continuous measurements with
high throughput, the fabrication process is
time-consuming and costly. Creating the em-
bedded channel requires extra steps with sac-
rificial material, and makes the whole fabrica-
tion process challenging. Moreover, the device
is developed in a 2.5D design space with low
prototyping speed, due to the design-specific
masks.

Figure 2.7. Flowchart of the fabrication process
[36]. (1) LPCVD of silicon nitride and patterning by
RIE. (2) Wet etching of Si to create the fluid reser-
voirs and release trenches. (3) Removal of silicon
nitride. (4) Thermal oxidation of Si and pattern-
ing by RIE. (5) Etching of Si by RIE to create the
channel. (6) Removal of silicon dioxide. (7) Wafer
bonding. (8) Thermal oxidation of the channel cav-
ity. (9) Backside RIE. (10) Release of the cantilever
by KOH etching. (11) Manual release of the chips.

2.4.2 Two-photon polymerization

A second device was made with two-photon
polymerization. This technique allows to sim-
plify the fabrication of the device, eliminating
the complex steps to create the channel. Fur-
thermore, rapid prototyping is possible thanks
to the 3D design space.

TPP is a nonlinear optical process based
on two-photon absorption (TPA). In TPA, a
molecule is excited from its ground state to a
higher energy level by the simultaneous absorp-
tion of two photons with different or equal fre-
quencies [38]. This molecular excitation is ex-
ploited in TPP, where a focused high-energy
laser triggers the two-photon absorption in a
highly localized region of the photosensitive
material. Free radicals are released in the resin
and 3D microstructures are created via photo-
chemical reactions by moving the focal point of
the laser. The photosensitive resin is a transpar-
ent material, highly absorptive in the UV range
and normally transparent in the IR region.

TPP has several advantages over other con-
ventional microfabrication techniques: the non-
linear response of the photoresists guarantees
high resolution (up to tens of nanometers), the
method creates complex 3D structures directly
from a CAD drawing and allows the fabrication
of high-aspect-ratio microstructures. However,
the number of commercially available materi-
als is limited, and they are also characterised by
low Young’s modulus and high friction damp-
ing. This makes them unsuitable for applica-
tions that require high quality factor and fre-
quency stability.

The resonator realised by TPP is a double-
clamped beam with an embedded channel made
of IP-S polymer, shown in fig.2.8. The struc-
tures were printed on 3DM fluidic interfaces for
easy fluidic connection. SMRs were suspended
by domes, providing a microfluidic connection
between the fluidic interface and the hollow
bridge.
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2.5 – Hybrid suspended microchannel resonator

Figure 2.8. Electron microscopy image of sus-
pended microchannel resonator with domes (purple)
for microfluidic connection to the interface [37].

In terms of mass resolution, the device is
able to reach a theoretical mass sensitivity of
175 fg. This value is limited by its low quality
factor (Q ∼ 1000). Moreover, due to the leak-
ing and clogging problems, the mass sensing
capabilities of the water-filled device have not
been proved.

The mass density of IP-S is significantly
lower than that of the materials typically used
for SMRs, e.g., silicon, silicon dioxide and sili-
con nitride, giving the devices a significant im-
provement in mass resolution when operating
in lower quality factor conditions dominated by
medium interaction damping.

2.5 Hybrid suspended mi-
crochannel resonator

The limitations and the advantages of SiO2 can-
tilever and polymeric beams realised in the lab-
oratory were taken into account to develop a
new resonating structure. This SMR consists
of two separate parts: a supporting silicon ni-
tride beam realised by bulk micro-machining
and a polymer lid with a patterned channel fab-
ricated by TPP. A schematic view of the device
is shown in fig. 2.9.

The hybrid structure allows to reduce and
simplify the fabrication steps in cleanroom,
since the channel, which is the most challeng-
ing part of the device, is fabricated via TPP. At

Figure 2.9. Schematic of the hybrid
cantilever-shaped suspended microchannel
resonator.

the same time, it guarantees a higher qual-
ity factor than that of the polymeric resonator,
thanks to the presence of the SiN beam. Choos-
ing silicon nitride as supporting material also
reduces the possibility of cracks due to intrin-
sic stress with respect to the SiO2 formerly used
and limits the dissipation effect due to the off-
axis flow thanks to its higher Poisson’s ratio (ν
= 0.27 [39]).

However, the polymeric lid also has draw-
backs. First of all, the polymer is a damping
source for the device, and this entails a reduc-
tion of the quality factor. In the second place,
the position of the fluid, and thus of the buoyant
mass to be detected, does not coincide with the
neutral axis of the silicon nitride beam, hence
affecting the device’s sensitivity. Added to this
is the problem of the adhesion between the two
layers, which has to be guaranteed when a liq-
uid flows inside the channel. On this premise,
an analysis of Young’s modulus and adhesion to
the substrate of the different available polymers
will be carried out in order to choose the most
promising resin. Then, the adhesion forces to
the pristine and treated substrate will be mea-
sured for the chosen material.

Further analyses will be carried out to study
the frequency behaviour of the hybrid device.
In fact, one of the effects produced by the poly-
meric layer on the silicon nitride beam is the
resonant frequency variation. The distributed
mass and the additional stress due to the lid
change the resonant frequency and the mass re-
sponsivity of the device. These variations will
be analysed by means of theoretical calcula-
tions and FEM simulations (see annex A).
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2.5.1 Material analysis for the poly-
meric layer

Resins considered for creating the polymeric
lid with the channels are listed in table 2.1.
Here are also indicated some material param-
eters such as Young’s modulus, mass density,
resolution, and adhesion to silicon or silicon-
based materials.

The adhesion to the substrate is a qualita-
tive parameter and can be improved by means
of silianization of the surface before TPP in the
case of IP-Dip and IP-S resin [40, 41, 42].

The resin must ensure low damping, which
translates into a high resonator quality factor,
and a good resolution, in order to reduce the
channel cross-section. This results in high
Young’s modulus, low mass density and small
minimum features. Based on this, the most suit-
able material is IP-Dip.

2.5.2 Experiments

Once the realisation of the hybrid resonator
is completed, a series of experiments will
be conducted to investigate its performance.
These experiments will take place within a
temperature-controlled vacuum chamber, pro-
viding an ideal testing environment. A piezo-
electric actuator will be utilized to excite the
resonator, and the deflection of the beam will
be optically detected using a laser Doppler vi-
brometer. Amplitude and frequency data will
be processed to derive eigenfrequencies and
quality factor for cantilevers of different sizes.

All experiments will be performed in high
vacuum (5x10−4 mbar) to eliminate the effect
of the medium damping on the Q-factor.

2.6 Research aim

2.6.1 Research questions

Considering the laboratory’s previous achieve-
ments with IP-S and SiO2 SMRs, the aim of this

project is expressed by the following question:

• What is the performance of the hybrid
SMR in terms of mass limit detection
and resolution?

2.6.2 Approach

In order to answer the research question, two
experiments and COMSOL simulations must
be performed.

A first experiment will be conducted to
achieve a baseline and compare the perfor-
mance of two types of devices, i.e., cantilever
and bridge, with those of the polymer and SiO2
resonators. The performance will be evaluated
by means of the quality factor, measured at
room temperature and without fluid inside the
channel.

A second experiment will be carried out to
study the damping sources. In particular, the
damping effects caused by the introduction of
the IP-Dip lid will be considered.

In order to determine the effect of fluid in-
side the integrated channel on the resonance
frequency and quality factor of the device,
COMSOL simulations will be performed. Sev-
eral liquids will be injected into the channel,
and the quality factor will be calculated for dif-
ferent resonant modes.

Finally, the mass limit and resolution will
be determined by combining the results ob-
tained from simulations and experiments.

2.6.3 Project organization

The following four milestones are established
to monitor development and results during the
research project:

• Simulations on hybrid SMRs: study of
the resonant frequency and mass respon-
sivity in clamped and clamped-clamped
resonating beams with and without liquid
inside the embedded channel; analysis of
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the dissipation caused by polymer lid and
off-axis channel placement.

• Fabrication of SiN microcantilevers
and bridges: fabrication of two different
devices: clamped beams (bridges) and
clamped-clamped beams (cantilevers),
and measurement of the internal stress of
silicon nitride films by substrate bending.

• Fabrication of the polymeric patterned
lid: measurement of the maximum appli-
cable share force before the polymer de-
taches from the silicon nitride substrate
without adhesion promoter, and fabrica-
tion of the polymer lids with channels for
bridges and cantilevers.

• Characterisation: Measurement of the
resonant frequency of both devices with-
out liquid, evaluation of the mass sensi-
tivity and analysis of the damping com-
ponents.

A Gantt chart is used to have a planned ap-
proach in executing the research project (fig.
2.10). The project starts in mid-February with
the literature review on resonant structures and
the design and simulations with COMSOL.
Fabrication starts in April and can take up un-
til August with design improvements gained
from experiments. Finally, the results and con-
clusions will be presented at the beginning of
November.
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Polymer Young’s
modulus [GPa]

Mass density
[kg/m3]

Lateral/axial
resolution [nm]

Adhesion to
silicon [µm]

IP-S 4.6 [43] 1110 [43] 595/3313 [44] moderate [40]

IP-Dip 0.75 - 2.9 [43] 1170 [43] 340/826 [44] moderate [41]

OrmoComp 1 [45] 7000 [43] 100 [45] good [41]

SZ2080 0.6 - 1.1 [46] 1200 [46] 150 [41] poor [41]

Table 2.1. Materials parameters for differ-
ent polymers.

Figure 2.10. Gantt chart of the research project.
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Hybrid suspended microchannel
resonator for mass detection in liquid
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Hybrid suspended microchannel resonator for mass detection in
liquid

Suspended microchannel resonators are the best candidates for a variety of technological appli-
cations requiring accurate measurements in liquid. These devices eliminate the viscous damping
by placing the solution inside a hollow resonator surrounded by vacuum, thus reaching sub-
femtogram resolution. In the last few years, TPP-printed polymeric resonators emerged as a
valid solution to increase the low prototyping speed and accessibility of silicon-based resonators,
but showed a low quality factor and mass sensitivity. In this work, a novel fabrication tech-
nique based on a hybrid structure has been developed. A single-mask cleanroom fabrication
process was carried out to create silicon nitride supporting beams. Then, 3D printing by two-
photon polymerization (TPP) was used to fabricate microfluidic lids. Fabricated devices were
mechanically characterised in vacuum by laser Doppler vibrometry before and after the printing
process. A quality factor of 510 at 341 kHz was reached with a 350 µm x 50 µm hybrid double-
clamped beam. The theoretical mass responsivity and maximum mass resolution of this device
were estimated to be 1.84 Hz/pg and 14.75 ag, respectively, which still compete with conventional
fabricated SMRs.

Index terms – Suspended microchannel resonator, 3D printing, Two-photon polymerization,
Silicon nitride microbeam resonator, Damping, Quality factor, Mass sensing, Mass resolution.

3.1 Introduction

Resonant cantilevers or bridges have long been
employed as dynamic mechanical devices for
cell mass sensing [1, 2, 3]. These sensors ex-
hibit exceptional performance in gaseous en-
vironments, achieving high quality factors and
precise mass measurements. However, their ef-
fectiveness is compromised in liquid environ-
ments due to over-damped responses, limiting
their mass resolution capabilities [4].

To overcome these challenges, a ground-
breaking solution was introduced in 2003 by
Burg and Manalis: the suspended microchan-
nel resonator (SMR) [5]. The SMR presents a
unique hollow resonant structure with an em-
bedded microfluidic channel, which allows the
analyzed liquid to flow inside the resonator.
This design eliminates the effects of viscous
damping, reducing mass loading and enhancing
the sensitivity of the device.

When particles suspended in a solution flow

through a resonating hollow cantilever, changes
in mass inside the channel translate into shifts
in resonant frequency. This shift can be deter-
mined from equation 3.1 [6]:

f =
1

2π

√︃
k

m∗+α∆m
(3.1)

Where the spring constant of the resonator
is denoted by k, m∗ is the effective mass, and
α is a numerical constant that depends on the
geometric localization of the added mass ∆m.

Sub-femtogram accurate mass measure-
ments in vacuum [6] have been performed by
using suspended microchannel resonators fab-
ricated by standard cleanroom micro/nanofab-
rication techniques. These manufacturing
methods enable the realization of micrometer-
sized structures with nanometric precision by
means of repeated steps of deposition, pho-
tolithography, and etching. Multiple nearly
identical devices are realised simultaneously on
the same substrate, with precise control over
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the process parameters. To proceed with each
stage, a patterning mask is necessary, and any
modifications in the design necessitate the cre-
ation of a new mask, resulting in increased pro-
totyping costs. Furthermore, the height of the
cantilever designs is limited to a few microme-
ters height due to the reduced thickness of the
deposited materials.

A fabrication technique that overcomes
these limitations and provides enhanced flexi-
bility is 3D printing. This method facilitates
rapid and cost-effective prototyping, reduces
equipment costs, and streamlines the process
into a single step. By leveraging 3D printing,
the design space gains an additional degree of
freedom, enabling the creation of out-of-plane
designs that would otherwise be impractical us-
ing conventional micro/nano-fabrication tech-
niques.

However, 3D-printed structures are usu-
ally made of polymeric materials. This entails
the fabrication of resonators with low Young’s
modulus, and thus low Q-factors [7, 8].

A technique that allows for greater flexibil-
ity and more rapid prototyping than cleanroom
fabrication alone, and ensures higher Young’s
modulus than 3D-printed structures consists of
combining the 3D printing and the silicon-
based processes.

In this work, the limitations and the ad-
vantages of standard cleanroom fabricated can-
tilevers and polymeric beams were taken into
account to develop a new hybrid resonating
structure. The resulting suspended microchan-
nel resonator consists of two separated parts: a
supporting silicon nitride beam realised by bulk
micro-machining and a polymer lid with a pat-
terned channel fabricated by two-photon poly-
merization (TPP). The final silicon chip with
the polymeric channel can be connected to ex-
ternal tubing through a 3D-printed microfluidic
interface. A schematic view of the device is
shown in figure 3.1.

Figure 3.1. Schematic picture of the concept.
The connected external tubing is labelled as 1,
the fluidic interface as 2, the TPP-printed chan-
nel as 3, and the silicon chip with the silicon
nitride supporting beam as 4.

Two 3D printing techniques have been used
for realisation of the complete device: stere-
olithography, to produce the microfluidic inter-
face, and TPP, to print the hollowed layer with
micrometer resolution.

The materials used for the two fabrication
steps are different, i.e., Si-rich silicon nitride
for the supporting beam, and IP-Dip resin for
the polymeric lid, and therefore adhesion be-
tween the cleanroom fabricated structure and
TPP-printed layer was investigated. The can-
tilever was mechanically characterized with
and without the TPP-printed lid to evaluate the
impact of the polymeric layer on resonant fre-
quency and Q-factor. Its fluidic functionality
was analysed, and its limits in terms of resolu-
tion and mass sensitivity were defined.

3.2 Materials and methods

3.2.1 Cleanroom microfabrication

Supporting cantilevers and bridges in silicon ni-
tride have been realised simultaneously using a
single-mask fabrication process. Schematic of
the manufacturing steps is shown in fig. 3.2.

A silicon nitride layer was deposited by
LPCVD on the silicon substrate and then pat-
terned by RIE. A subsequent KOH etching step
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enabled the release of the suspended structures.
Aluminum–silicon(1%) was sputtered on the
whole wafer to create a thin reflecting layer for
the 3D printing step. The two holes connecting
the channel to the outside world were realised
by laser drilling after the wafer dicing. Further
details of the fabrication process can be found
in annex B.2. Table 3.1 shows the relevant di-
mensions of the devices.

Figure 3.2. Flowchart of the cleanroom fabrica-
tion process: (a) cleaning of Si<100> substrate,
(b) deposition of low-stress SiN by LPCVD, (c)
photoresist (PR) spin coating and photolithography,
(d) RIE of SiN to create the suspended structures
and scribelines, (e) PR removal, (f) release of the
bridges and cantilevers by KOH etching and wafer
cleaning, and (g) AlSi(1%) sputtering

Parameter Value [µm]
Beam thickness 2

Beam width 30 - 50

Beam length 250 - 500

Bridge channel length
(suspended)

250 - 500

Cantilever channel
length (suspended)

515 - 1025

Cantilever gap 15 - 25

Table 3.1. Dimensions of the devices.

3.2.2 Two photon polymerization

A TPP-printer (Nanoscribe GmbH. photonic
professional GT) with sub-micron resolution
was used for printing the lid with the embedded
channel on bridges and cantilevers. The same
printer was employed to create the microflu-
idic connection from the inlet/outlet to the sus-
pended channel.

The computer-aided design (CAD) of the
microfluidic channel is shown in fig. 3.3. The
polymeric structure was designed to reduce the
printing time, and to maximize the attached sur-
face area, thus increasing the adhesion to the
substrate. The rectangular slits at the base of
the domes (see fig. 3.3(b)) were added to help

Figure 3.3. (a) Schematic of the IP-Dip struc-
ture with the two domes connecting the suspended
channel to the external fluidic interface; (b) section
showing the base of the IP-Dip structure.
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with the issue of bubble formation when print-
ing on metals. These bubbles are generated
when the femtosecond laser locally changes
the methacrylate/acrylate-based material into a
gaseous plasma, which reforms into gaseous
carbon compounds. The slits can stop the
small, originally generated bubbles from con-
solidating and shielding the laser.

IP-Dip photoresist (Nanoscribe GmbH
& Co. KG, Germany) with a carba-
mate/methacrylate base was utilised. This resin
allows to reach the lowest resolution and obtain
a channel with the smallest section.

The polymeric structure was printed on the
AlSi sputtered surface using the ”Dip-in laser
lithography” (DiLL) or "dip-in" configuration,
shown in fig. 3.4.

In this configuration, the surface is covered
with a drop of liquid resin and turned upside
down. The resin serves both as a polymer pre-
cursor and an immersion medium for the mi-
croscope objective. The laser beam is directed
through the liquid resin after passing through
the microscope objective. Printing starts on the
interface between the resin and the substrate
and proceeds downwards [9].

Figure 3.4. Schematic of the DiLL configuration.

Printing settings are shown in table 3.2 and
further details of the TPP-printing step can be
found in annex B.3.

Parameter Value
Solid laser power 28.5 mW

Base laser power 17.1 mW

Scanning speed 10 mm/s

Objective 63x NA 1.4

Slicing distance 0.3 µm

Hatching distance 0.2 µm

Base count 10

Table 3.2. TPP-printing parameters.

3.2.3 Stereolithography

The fluidic interface for the connection of the
chip to the external world has been realised by
stereolithography (SLA). It is a printing tech-
nique based on the photochemical solidification
of a liquid photopolymer resin: a UV laser illu-
minates a thin layer of resin at a time to create
the 3D object layer-by-layer.

The commercial desktop stereolithography
printer (EnvisionTEC GmbH. Micro R Plus
Hi-Res) used for the interface fabrication has
a minimum xy-resolution of 30 µm and a
z-resolution of 25 µm. The printed mate-
rial was a methacrylate/acrylate-based resin
(HTM140V2M, EnvisionTec GmbH.).

The resolution limit is low enough to cre-
ate channels that can be connected to the holes
drilled into the silicon die, and high enough
to obtain a device that can still be handled by
tweezers and connected by hand to the tubing.

The CAD of the interface is shown in fig.
3.5. Its shape allows for mounting the fluidic
interface on the AFM Nanosurf holder that is
located in the vacuum chamber for frequency
measurements.

The same technique has been employed to
fabricate a holder for the TPP printing.
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Figure 3.5. CAD design of the fluidic interface.
The channels for the connection to external tubing
are labelled as 1, and the holes for the connection to
the inlet and the outlet of the SMR as 2.

3.2.4 Pillar fabrication for Young’s
modulus and adhesion force mea-
surements

In order to measure the Young’s modulus of the
TPP-printed IP-Dip layer, an array of twelve
square pillars with a cross-sectional area of
35 µm x 35 µm and a height of 45 µm
was designed. The structures were printed
on a Si substrate, on which a 2 µm thick
Si-rich SiN layer was deposited by LPCVD
and then a 30 nm thick AlSi layer was sput-
tered. Compression test was performed us-
ing FTNMT03 Nanomechanical Testing Sys-
tem (FemtoTools AG, Switzerland) to obtain
the force-displacement curve and derive the
mechanical parameter (see fig.3.6(a)). Size and
cross-section of the pillars were designed so as
to match the tip shape and dimensions, and not
to exceed the force-displacement limits of the
measurement system.

After a first measurement to determine the
initial Young’s modulus, the pillars were ex-
posed to ultraviolet (UV) light. The effect of
the post-development treatment has been an in-
crease in the elastic modulus of the polymer
due to homogenization of the cross-linking of

the printed resin [10]. The treatment lasted
40 minutes and was performed with the PHO-
TOPOL light (Dentalfarm SRL, Italy) with a
UV wavelength ranging from 320 to 550 nm.

Pillars with different cross-sections were
printed on the same substrate to study the ad-
hesion force to the substrate. Two square pil-
lars of 70 µm x 70 µm x 250 µm and 80 µm
x 80 µm x 250 µm volume were designed to
perform a compression test and obtain a share
force-displacement curve.

The experiment was performed with an
FTNMT03 Nanomechanical Testing System
(FemtoTools AG, Switzerland) using a 15◦ tip.
The experimental setup is shown in fig.3.6(b):
the tip exerts a share force against the lateral
side of the pillar until the structure detaches
from the substrate. A load range from zero to
11 mN in steps of 10 µN was applied on each
cube. Further details on the printed structures
and compression tests are illustrated in annex
C.1.

Figure 3.6. Schematic view of the experimental
setup used for compression tests: (a) the tip is
pushed against the top side of the pillar to vertically
deform the structure, (b) the tip is pushed against the
lateral side of the pillar to detach it from the surface.

3.2.5 Resonant frequency measure-
ments

An MSA-400-PM2-D Laser Doppler vibrome-
ter (Polytec GmbH, Germany) equipped with
the MSA-A-M20X lens was used to charac-
terise the resonators. Resonant frequency and
Q-factor of both bridges and cantilevers were
obtained with and without the IP-Dip lid. The
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presence of the AlSi(1%) sputtered layer al-
lowed the resonators to be enough reflective for
both measurements.

To study the effect on the Q-factor of the
metal layer sputtered on top of the beams, fre-
quency measurements were also performed for
bare SiN resonators. Furthermore, a compar-
ative frequency analysis was carried out on
beams before and after sputtering a 30 nm thick
gold layer.

The velocity peaks at the resonant frequen-
cies and their quality factor were derived from
single-point and multi-point data. The samples
were placed inside a home-built vacuum cham-
ber and mounted on an AFM Nanosurf holder
connected to a piezoelectric actuator made of
PIC255 (PI Ceramic GmbH, Germany) with a
resonance frequency of roughly 4MHz. All the
measurements were made at a vacuum pressure
of 5x10−5 mbar and room temperature (20°C).
The piezo was actuated by a pseudo-random
signal with an amplitude of 3 V and a frequency
range from 0 Hz to 2 MHz.

3.3 Results

3.3.1 Cleanroom fabricated devices

Suspended beams obtained by standard micro-
fabrication process are shown in fig. 3.7.

The cavities were completely etched and
the measured lateral over-etching is 4.3 µm.
Both bridges and cantilevers appeared straight,
thus proving the uniformity of the residual
stress in the SiN layer.

3.3.2 TPP-printed hollowed structure

In order to study the impact of the polymeric lid
on resonant frequency and Q-factor, structures
with different shapes and printing parameters
were printed on top of the supporting beams.

As the printing direction has an impact on
Young’s modulus and mass density of the IP-
Dip layer [11], two different printing directions

Figure 3.7. SEM picture of (a) 400 µm long can-
tilevers and (b) 250 µm long bridges after AlSi(1%)
sputtering with a tilting angle of 50◦.

have been selected: a first direction parallel to
the length of the beam (see fig. 3.8(a)), and a
second direction perpendicular to the length of
the beam (see fig. 3.8(b)).

As a first step, a continuous 5 µm thick IP-
Dip layer was printed on both bridges and can-
tilever, in order to observe the impact of the
polymeric layer on Q-factor and resonant fre-
quency. The results of the printing test are
shown in fig. 3.9. The thickness of the layer
was measured around 4.6 µm, which is slightly
less than expected.

As can be seen from the image, in the
case of cantilevers the interface to be printed
on was not found correctly. Cantilevers bent
when printing due to the surface stress induced
by the polymeric coat, thus precluding proper
adhesion between the two layers. In the case
of bridges, instead, the double clamping of
the beam prevented the bridge from bending
and the adhesion between the layers was bet-
ter. Moreover, only the layers on 50 µm width
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beams were printed along the whole length and
without discontinuity. In the other cases, i.e.,
beams with 30 µm and 40 µm width, the in-
terface was not always found and the printing
results were not consistent. On these premises,
the following structures were printed only on
bridges with variable length and fixed width of
50 µm.

Figure 3.8. SEM pictures of IP-Dip layers printed
on top of bridges with (a) parallel printing direction,
and (b) perpendicular printing direction.

Figure 3.9. SEM pictures of IP-Dip layers printed
on top of (a) cantilevers and (b) bridges with per-
pendicular printing direction.

A second type of structure was printed on
top of the bridges to simulate the behaviour
of an SMR and, at the same time, to be sure
that the channel was completely free of uncured
resin. This structure consists of two separated
layers of 7.5 µm x 16.5 µm corresponding to
the walls of the channel and no lid. The result
is shown in fig. 3.10. The measured thickness
of the walls is 5.7 ± 1.2 µm, which was slightly
less than expected.

Lastly, a thin layer of 1.5 µm between the
two walls was added to a final printed structure
(see fig. 3.11). The measured thickness of the
walls and the middle layer are 6.8 ± 0.5 µm and
1.6 ± 0.2 µm respectively, which were pretty
similar to the nominal ones.

Figure 3.10. SEM pictures of IP-Dip layers
printed on top of 400 µm width bridges with (a)
perpendicular and (b) parallel printing direction.

Figure 3.11. SEM pictures of IP-Dip structure
with the two walls and the thin layer in between.
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The additional layer allows to completely
close the liquid inside an IP-Dip channel, thus
reducing the possibility of leakage due to par-
tial adhesion between IP-Dip layer and print-
ing substrate. Indeed, it was observed that
the printing process is not fully reproducible
and, depending on the tilt of the substrate, the
printed layer is more or less continuous.

3.3.3 Mechanical characterization of
IP-Dip pillars

Young’s modulus

Results of the compression measurements for
one of the pillars before and after UV-light ex-
posure are illustrated in fig. 3.12.

The average Young’s modulus before the
UV treatment was 2.43 ± 0.30 GPa; while the
value after the UV-light exposure is 3.46 ± 0.41
GPa. Structures did not show any shrinkage
due to the exposure.

The Young’s modulus before the treatment
was in line with the value reported in the lit-
erature and used for the FEM simulations. It
increased after UV-light exposure, as expected.

Figure 3.12. Compression force as a function of
the tip displacement in the vertical direction.

Adhesion force

Adhesion strength between the AlSi(1%) sub-
strate and the TPP-printed layer determines the
maximum pressure that can be exerted by the
liquid flowing inside the channel without caus-
ing the detachment of the IP-Dip lid. This value
can be extracted from the adhesion force mea-
surements illustrated in fig. 3.13.

The vertical jump in each curve represents
the abrupt shift of the tip due to the complete
detachment of the pillar, as demonstrated by a
microscopic analysis.

The maximum adhesion forces before de-
tachment obtained from the test are 10.7 mN for
the 80 µm x 80 µm x 250 µm pillar and 7.6 mN
for the 70 µm x 70 µm x 250 µm pillar. As ex-
pected, the pillar with the largest cross-section
showed a higher adhesion force.

It follows that these pillars can withstand
a maximum shear stress of 1.67 MPa and 1.55
MPa, respectively. These values are indicative
of the maximum applicable pressure before de-
tachment.

Figure 3.13. Shear force as a function of the
tip displacement in the horizontal direction. The
curve has been plotted for two pillars with dif-
ferent cross-sections.
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3.3.4 Resonant frequency measure-
ments

SiN beams

Resonance frequency of the first resonant mode
was measured for all cantilevers and bridges.
Tables with the results are reported in annex
C.2.

The measured resonant frequencies of the
bridge and cantilever with length and width of
250 µm and 30 µm respectively were compared
to the simulated ones in table 3.3.

Beam Mode fsim fmeas

C 1 44.45 45.15

2 251.59 261.82

3 283.97 288.48

B 1 297.99 629.78

2 821.03 1347.91

3 1594.50 >2000

Table 3.3. Simulated (sim) and measured
(meas) resonant frequencies in kHz of SiN can-
tilever (C) and bridge (B).

Measured values match the simulated ones
in the cantilever case (error in the range 1.6%
- 3.9%); while there is a discrepancy in the
bridge case (more than 40% error). The signif-
icant increase in the resonant frequency of the
double-clamped resonator is due to the intrinsic
stress in the SiN, which was not considered in
the FEM simulations.

In order to estimate the intrinsic stress ef-
fect on the first bending resonant frequency,
the analytical model proposed by [12] has been
used. The frequency was obtained from eq. 3.2:

f = 1.028

√︄
Y
ρ

h
L2

√︃
1+0.295(

L
h
)2ε (3.2)

Where Y is the Young’s modulus of silicon
nitride, ρ is the mass density, h is the thickness
of the beam, L is its length, and ε is the strain

obtained from the measured stress σ using the
relation σ = εY .

All the parameters are listed in annexes A
and B.2. The obtained frequency is 684.55
kHz, which is more in line with the measured
one (less than 10% error).

Beams with AlSi(1%) layer

To study the effect of the AlSi(1%) layer on
resonance frequency and quality factor of the
beams, the resonant frequency of the first reso-
nant mode was measured for all cantilevers and
bridges. Since it was not possible to do mea-
surements on the same samples before and after
sputtering, a different wafer was used for this
step. Tables with the results for all bridges and
cantilevers are reported in annex C.2.

Table 3.4 shows the resonant frequency and
the quality factor of one of the devices in
the case of bare SiN and SiN with sputtered
AlSi(1%).

fSiN fAlSi QSiN QAlSi

271.2 271.4 11590 5950

Table 3.4. Measured resonant frequencies in
kHz and Q-factors of 500 µm x 50 µm bridge
with 30 nm AlSi(1%).

After the metal layer was added, the reso-
nant frequency varied because of the change in
effective stiffness and mass, and the quality fac-
tor turned out to be lower than the one without
any metallic layer.

Before and after gold sputtering

In order to determine whether the reduction
of Q-factors was due to differences between
wafers or to the addition of a metal layer, a fur-
ther study has been performed. The effect of a
sputtered metal layer has been studied by mea-
suring the resonance of the devices before and
after sputtering a 30 nm thick gold layer. Ta-
bles with all the recorded frequencies and the
respective Q-factors are reported in annex C.2.
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The resonant peaks of one of the bridges
measured before and after sputtering are shown
in fig. 3.14.

Figure 3.14. First bending resonant fre-
quency of 500 µm x 50 µm bridge before and
after gold sputtering.

The measured values of resonant frequency
and quality factor are listed in table 3.5.

fSiN fgold QSiN Qgold

270.10 263.56 9300 5490

Table 3.5. Measured resonant frequencies in kHz
and Q-factors of 500 µm x 50 µm bridge before and
after gold sputtering.

The image shows the presence of multi-
ple peaks in the case of gold sputtered sam-
ple. These peaks have similar mode shapes
but different movements of the anchor points,
which can be fixed (fig. 3.15(a)) or oscillate in
phase or anti-phase with the center of the bridge
(fig. 3.15(b)). Fundamental frequencies of the
beams correspond to the peak with minimum
displacement of the anchor points.

Figure 3.15. Movement of the bridge at the first
bending resonant frequency.

The phenomenon of multiple peaks was
only observed during experiments on bridges,
while was not present in cantilevers. It follows
that it is related to the anchor geometry, which
is different in the case of clamped and double-
clamped beams. Moreover, even when chang-
ing the excitation voltage, the relative ampli-
tude of the multiple peaks was not affected.

As expected, after sputtering, the resonant
frequency undergoes a shift due to the varia-
tion of the overall Young’s modulus and mass.
The Q-factor decreases significantly, as also ob-
served in the case of AlSi(1%) sputtering.

In metals, energy loss is mainly caused by
dislocation movement and is notably high in
soft metals like gold and aluminum. Instead,
engineering ceramics, e.g., silicon nitride, have
low damping since the enormous lattice resis-
tance pins dislocations in place at room tem-
perature [13]. It follows that the high internal
friction in gold results in increased internal loss
and reduced Q-factor. This occurs for even ex-
tremely thin gold coatings [14]. In addition, the
presence of a rough thin layer on SiN adversely
affects the Q-factor of the beam [15].

Similarly, energy dissipation in AlSi(1%)
coated devices can be traced back to the same
damping sources: the internal friction in Al and
Al alloys is higher than in silicon nitride and the
surface of the sputtered layer is quite rough.

With IP-Dip layer

All printed structures were designed so as to
have nearly the same mass of polymer on top
of the bridges. It follows that the shift in the
resonant frequency due to the effective mass
should be negligible. However, there is some
variability in the thickness of the IP-Dip layer
from beam to beam and along the bream itself,
which causes a mass and thus a frequency vari-
ation in bridges of the same length. In addi-
tion, depending on the printing direction, the
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mass density and Young’s modulus of the poly-
mer vary [11]. This means that identical poly-
mer structures are expected to exhibit different
resonant frequencies in the case of parallel and
perpendicular printed layers (see fig. 3.16).

As concerns the Q-factor, given a fixed
length, significant variations are present both
considering different types of structure and
printing direction. Figure 3.17 shows the be-
haviour of the quality factor for distinct IP-Dip
structures.

Figure 3.16. Resonant frequency vs bridge length
for IP-Dip structures with parallel (red) and perpen-
dicular (blue) printing direction. The structures are
a continuous layer of 4.6 µm (layer), two layers of
7.5 µm (walls) and two walls with a thin middle
layer of 1.5 µm in between (walls + thin layer).

Figure 3.17. Quality factor vs bridge length for
different IP-Dip structures with parallel (red) and
perpendicular (blue) printing direction.

Quality factors and resonant frequencies for
all devices are listed in tables in annex C.2. The
highest Q-factor was measured for the 450 µm
long bridge with the parallel printed continuous
layer, and it is 1107 at 266 kHz. The magnitude
and phase graph with the first resonating mode
are given in fig. 3.18.

Considering the walls cases, the maximum
value was obtained for the 350 µm long bridge
with the additional thin layer with parallel
printing direction. The frequency spectrum
of this 350 µm long bridge is shown in fig.
3.19. The first resonating mode of the device
is distinguishable both from the magnitude and
phase graph of the single-point measurement.
The measured Q-factor is 510 at 341 kHz. This
value is lower than the highest quality factor
obtained by [7] for untreated bridges, corre-
sponding to 914 at 459 kHz. Nevertheless, the
frequency spectrum has no multiple peaks and
the resonance is also evident from the phase
change, unlike bridges made entirely in poly-
mer.

Figure 3.18. Frequency spectrum of the 450
µm long bridge with the IP-Dip continuous layer
printed parallel to the beam length. The magni-
tude peak and the phase change correspond to the
first resonating mode.
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Figure 3.19. Frequency spectrum of the 350 µm
long bridge with the IP-Dip walls and thin layer
printed parallel to the beam length. The magnitude
peak and the phase change correspond to the first
resonating mode.

UV-cured structures

One last experiment has been performed by
UV-curing the hybrid structures for 40 min
with a wavelength ranging from 320 to 550
nm. The effect of this post-development treat-
ment was the increase and homogenization of
the cross-linking of the polymer. As a con-
sequence, Young’s modulus increased by 1.4
times and the energy dissipation was expected
to decrease. In polymers, indeed, the main
losses are caused by dislocation movement:
chain segments slide against each other dissi-
pating energy [13]. The easier the chain slip-
page, the higher the damping.

The UV treatment was carried out only on
the bridges with the highest quality factor, i.e.,
with two walls and a thin layer in between. Q-
factors after 40 min UV-light exposure are plot-
ted in fig. 3.20.

All treated devices had an increased reso-
nance frequency with respect to untreated de-
vices due to the higher Young’s modulus of the
IP-Dip layer. Regarding the dissipated energy,
UV exposure did not always produce an in-
crease in the Q-factor: this occurred only in the

case of 450 µm long bridges with perpendicular
printed layer and 500 µm long bridges with par-
allel printed layer. Other devices had a Q-factor
significantly lower than untreated beams of the
same length. The largest increase in quality fac-
tor was for the 450 µm long bridge, which in-
creased from 409 at 244 kHz for the untreated
device to 449 at 245 kHz for the UV-cured one.
However, it is still lower than the maximum Q
reached by untreated devices.

Figure 3.20. Quality factor vs bridge length for
treated and untreated structures with parallel (red)
and perpendicular (blue) printing direction.

3.3.5 Estimated mass responsivity and
sensitivity

The mass responsivity of the device with two
IP-Dip walls with the highest quality factor
(510 at 341 kHz) was calculated using eq. 2.3.
Considering a water-filled channel, the result-
ing mass responsivity is 1.84 Hz/pg.

The mass resolution of the same hybrid
SMR is estimated to be 363 1

SNR fg, when there
is no liquid inside the channel. If water is in-
troduced into the channel, the medium inter-
action damping caused by the flowing liquid
must be taken into account when calculating
the overall quality factor. The Q-factor related
to the medium loss is expected to be 894 from
COMSOL simulations (FEM model presented
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in annex A.5). It follows that the total qual-
ity factor is 325 and the related mass resolution
is 570 1

SNR fg. These values of mass resolution
are still dependent on the signal-to-noise ratio
(SNR), and can only improve once this is de-
termined.

Further analysis can be performed by con-
sidering the relationship between mass resolu-
tion and frequency resolution (Allan deviation),
expressed in eq. 2.7. The best case occurs when
the Allan deviation σy(τ) reaches its minimum.

To a first approximation, the frequency
noise can be only related to the silicon nitride
layer, dealing with the IP-Dip lid as a damp-
ing material surrounding the supporting bridge.
Under these assumptions, the hybrid device is
reduced to a rectangular double-clamped beam
with thickness h. Taking into account the mate-
rial properties, dimensions, quality factor, and
temperature, the minimum Allan deviation due
to geometrical non-linearity for fast sensing is
given by eq. 3.3 [16]:

σy|min =
4
√

3
2

√︄
kBT γ

Qk1
(3.3)

where kB is the Boltzmann constant, T is
the absolute temperature, Q is the quality fac-
tor, k1 is the modal stiffness, and γ is the Duff-
ing coefficient, defined as the cubic stiffness di-
vided by the linear stiffness. The Duffing co-
efficient associated with the fundamental mode
can be expressed as [17]:

γ =
2
h2 (3.4)

and the linear stiffness as:

k1 = (2π fR)
2me f f (3.5)

The minimum Allan deviation at room tem-
perature is 7.96×10−8, and the resulting max-
imum mass sensitivity is 14.75 ag.

3.4 Discussion

3.4.1 Origins of multiple resonance
peaks after metal coating

After metal coating, multiple resonance peaks
appeared in the frequency spectrum because of
the combined movement of the bridge and an-
chor point(s). These peaks were still evident in
the hybrid devices, but their magnitude and rel-
ative position with respect to the main resonant
peak changed depending on the type of printed
polymeric structure. Furthermore, the thicker
the IP-Dip layer, the lower the number of visi-
ble peaks.

It suggests that there was a mechanical cou-
pling between the beam and other resonating
parts such as the anchors or the SiN membranes
created by the KOH undercut on either side of
the bridge. Energy transfer through this cou-
pling increased when the eigenmodes of these
resonating parts and the beam were closer to-
gether. Moreover, since the polymer layer was
printed all the way above the fixed ends, its
shape also affected the resonant modes of the
anchors.

3.4.2 Energy dissipation in hybrid de-
vices

The quality factor of a system can be ex-
pressed as the sum of several contributions (eq.
2.8), each related to a specific damping source.
However, it mainly depends on the maximal
damping loss, i.e., the minimum Q-factor. The
same assumptions apply in the case of a mul-
tilayer beam, where each layer composing the
device contributes to the overall dissipation in-
troducing distinct damping sources, e.g., ther-
moelastic, bulk friction, or surface damping.

Medium interaction damping in the hybrid
device was the first analysed dissipation source.
The quality factor of this damping is depen-
dent on the pressure of the vacuum chamber in
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which the device is placed: the lower the pres-
sure, the lower the energy losses [18]. For suf-
ficiently low pressure values, the air damping
becomes negligible and the Q-factor reaches a
plateau. In fig. 3.21, it is clear that the max-
imum Q value is reached around 10−2 mbar.
All the measurements were performed at a high
vacuum pressure of ≤ 5×10−5 mbar, therefore
medium interaction damping can be neglected.

A second potential dissipation source was
the clamping damping. Theoretical models
show that this is strictly related to the geo-
metrical parameters of the beam, i.e., length
and thickness (see eq.2.9). This means that a
change in the geometry of the beam causes a
change in Q. Since the thickness of the support-
ing SiN layer was fixed at 2 µm, and different
IP-Dip thicknesses also correspond to different
shapes of the polymer structure, only the length
variation can be considered for this study. Con-
sequently, Q-factors of bridges with different
lengths and same IP-Dip layer have been anal-
ysed. As shown in fig. 3.17, experimental re-
sults revealed a dependence of the quality factor
on the beam length, but it was not monotonic
as expected from the equation. On this basis,
it cannot be affirmed that the anchor losses are
the main dissipation source of the hybrid struc-
ture. However, they can still have a not negligi-
ble impact on the overall quality factor.

Figure 3.21. Q-factor vs chamber pressure for a
450 µm bridge with IP-Dip continuous layer.

Intrinsic damping was the last contribution
to the Q-factor of the devices. It includes
several damping sources such as thermoelastic
damping or bulk friction damping, which are
related to the geometrical, thermal and mechan-
ical parameters of the resonator. In the case
of a multilayer beam, each material composing
the beam will be characterized by an intrinsic
damping, expressed by its loss coefficient (η).
Ceramic materials, e.g., silicon nitride, usually
have a low loss coefficient, in the order of 10−5;
while polymers have higher η and thus lower
quality factor [13]. It follows that, in our hybrid
device, intrinsic losses in the polymer were ex-
pected to be higher than in silicon nitride and to
have a greater impact on the overall Q.

In order to study intrinsic damping in the
hybrid resonators, Q-factor variations were
analysed each time a new layer was added to
the structure. An initial increase in the dissi-
pated energy was due to the AlSi(1%) layer,
which approximately halved the Q-factor of the
SiN beams. As discussed in section 4.3.4, bulk
friction in metals is the main source of damp-
ing, and adding even a thin metal layer strongly
affects the internal losses of multilayer beams.
Therefore, the quality factor of AlSi(1%) lim-
ited Q in AlSi-SiN resonators. However, the
greatest impact was produced by the IP-Dip
structure. The experimental results showed, in-
deed, that introducing a polymer layer on top
of a metal-coated SiN structure decreases the
quality factor even by two orders of magnitude.
This implies that the quality factors related to
damping in SiN and AlSi(1%) layers can be
neglected, while the IP-Dip lid can be consid-
ered the main source of intrinsic losses. This
assumption is also supported by the fact that an
increase in the volume of printed polymer de-
creases Q.

A more detailed analysis of dissipation in
the IP-Dip layer is carried out in chapter 4.
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3.4.3 Effects of UV-light exposure

Given that IP-Dip is the main dissipation source
in hybrid SMRs, reducing intrinsic losses in
the polymer is the best solution to improve the
quality factor of the device.

Damping in IP-Dip is usually caused by
the slippage of polymeric chains against each
other. The easier the chain slippage, the higher
the dissipated energy. A post-development
treatment of the polymer is proved to be a
valid choice to reduce this phenomenon: cross-
linking between chains increases and slippage
reduces, thus decreasing losses [19]. Neverthe-
less, experimental results showed only a slight
increase, or even a decrease, in the quality fac-
tors after post-development UV-light exposure.
This suggests that the damping was not re-
duced by the supposed increase in cross-links
between polymer chains. In addition, the post-
development treatment lowered the quality fac-
tor for 500 and 400 µm long bridges with per-
pendicular printing direction and for the 450
µm long bridge with parallel printing direction.

One explanation can be the rise in surface
stress at the interface between SiN and IP-Dip
induced by structural changes in the polymer.
Indeed, it has been noted that large surface
stress can cause increases in non-linearity and
energy dissipation in oscillating motion [20].

3.4.4 Comparison with the state of the
art

The quality factors of the hybrid devices are
significantly lower than the SiO2 cantilever pre-
viously fabricated in the laboratory (25993 at
149.420 kHz [21]). However, they are compa-
rable to or even exceed those of the TPP-printed
polymer microbridges [7] (see fig. 3.22).

Despite the limited Q-factor, the estimated
mass responsivity of the hybrid SMRs is simi-
lar to the silicon nitride device from De Pastina
et al. [22] with the same channel dimensions.
The maximum estimated mass sensitivity is

higher than the polymer and SiO2 resonators
fabricated by the laboratory [21, 7], but lower
than the silicon devices from Manalis et al.
[23]. However, temporal limitations prevented
us from performing mass sensing experiments
with water and demonstrating the capabilities
of the device.

Further improvement could be achieved by
reducing the volume of printed IP-Dip. A first
solution could be to increase the channel width
and decrease its height, up to the limit of man-
ufacturing capabilities. An alternative, instead,
could be to dig the channel in the SiN beam
with additional cleanroom steps and cover it
with a thin IP-Dip layer. These improvements
will enhance the mass resolution and sensitivity
by decreasing the polymer volume and increas-
ing the quality factor.

Figure 3.22. Q-factor vs resonant frequency of
polymer [7] and hybrid bridges.

3.5 Conclusion

In this work, a novel fabrication method was
developed for the realisation of a hybrid sus-
pended microchannel resonator made of Si-rich
SiN and IP-Dip.

The adhesion force between metal-coated
silicon nitride substrate and IP-Dip was inves-
tigated, and the maximum measured pressure
before delamination was found of 1.55 MPa.
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The Young’s modulus of IP-Dip for the chosen
printing parameter was measured before and af-
ter UV-light exposure, and an increasing factor
of 1.4 was calculated.

An SLA 3D-printed microfluidic interface
was designed for the external fluidic connec-
tion; the design was optimized to avoid chan-
nel clogging during the printing process and to
fit the fluidic interface into the AFM Nanosurf
holder.

The number of cleanroom steps was min-
imized to a single-mask process for the fab-
rication of low-stress silicon nitride beams.
3D printing by two-photon polymerization was
performed on suspended structures to create the
IP-Dip layer of the device. Doubly clamped
hybrid beams with lengths ranging from 250
to 500 µm were fabricated and their eigenfre-
quency and Q-factor were determined experi-
mentally and compared to theoretical and sim-
ulated ones. The impact of printing direc-
tion, post-development treatment, and polymer
volume were studied, and the optimal printed
structure with separated walls was defined with
a Q-factor of 510 at 341 kHz. The presence of
an IP-Dip layer on top of ceramic beams proved
to be the limiting factor for the performance of
the device in terms of mass resolution. How-
ever, an estimated maximum mass resolution of
14.75 ag still competes with similar channel di-
ameter SMRs made of silicon-based materials
or polymers. Unfortunately, mass sensing ca-
pabilities were not proven due to temporal lim-
itations.

The advantages of hybrid suspended mi-
crochannel resonators are the reduced manu-
facturing time, compared to the standard clean-
room fabrication, and the easier analysis of the
frequency spectrum, compared to the all-3D-
printed devices. In addition, the possibility of
increasing the quality factor by reducing the
volume of printed polymer offers good room
for improvement for future devices.

Bibliography

[1] In-Bok Baek et al. “Attogram mass sens-
ing based on silicon microbeam res-
onators”. In: Scientific Reports 7 (Apr.
2017). DOI: 10.1038/srep46660 (cit.
on p. 28).

[2] Y. Kasai, Hiroshi Yabuno, T. Ishine, Y.
Yamamoto, and S. Matsumoto. “Mass
sensing using a virtual cantilever vir-
tually coupled with a real cantilever”.
In: Applied Physics Letters 115 (Aug.
2019). DOI: 10.1063/1.5111202 (cit.
on p. 28).

[3] Joao Mouro, Bruno Tiribilli, and Paolo
Paoletti. “A Versatile Mass-Sensing
Platform With Tunable Nonlinear Self-
Excited Microcantilevers”. In: IEEE
Transactions on Nanotechnology PP
(Apr. 2018). DOI: 10 . 1109 / TNANO .
2018.2829404 (cit. on p. 28).

[4] Thomas Burg, Amir Mirza, Nebo-
jsa Milovic, Christine Tsau, George
Popescu, John Foster, and Scott Man-
alis. “Vacuum-Packaged Suspended Mi-
crochannel Resonant Mass Sensor for
Biomolecular Detection”. In: Microelec-
tromechanical Systems, Journal of 15
(Jan. 2007). DOI: 10 . 1109 / JMEMS .
2006.883568 (cit. on p. 28).

[5] Scott Manalis. “Suspended microchan-
nel resonators for biomolecular detec-
tion”. In: (Mar. 2005), pp. 7004– (cit. on
p. 28).

[6] Thomas Burg, Michel Godin, Scott
Knudsen, Wenjiang Shen, Greg Carlson,
John Foster, Ken Babcock, and Scott
Manalis. “Weighing of biomolecules,
single cells and single nanoparticles in
fluid”. In: Nature 446 (May 2007). DOI:
10.1038/nature05741 (cit. on p. 28).

43

https://doi.org/10.1038/srep46660
https://doi.org/10.1063/1.5111202
https://doi.org/10.1109/TNANO.2018.2829404
https://doi.org/10.1109/TNANO.2018.2829404
https://doi.org/10.1109/JMEMS.2006.883568
https://doi.org/10.1109/JMEMS.2006.883568
https://doi.org/10.1038/nature05741


Hybrid suspended microchannel resonator for mass detection in liquid

[7] Jikke de Winter. “Toward 3D printed
suspended microchannel resonators: A
study on damping and mass resolution of
3D printed microbeam resonators”. MA
thesis. Delft University of Technology,
2022 (cit. on pp. 29, 38, 42).

[8] Robert Kramer, Eleonoor Verlinden,
Livia Angeloni, Anita Heuvel, Lidy
Fratila-Apachitei, Silvère Maarel, and
Murali Ghatkesar. “Multiscale 3D-
printing of Microfluidic AFM Can-
tilevers”. In: Lab on a Chip 20 (Nov.
2019). DOI: 10.1039/C9LC00668K (cit.
on p. 29).

[9] Ada-Ioana Bunea, Nuria Iniesta, Ariadni
Droumpali, Alexandre Wetzel, Einstom
Engay, and Rafael Taboryski. “Micro 3D
Printing by Two-Photon Polymerization:
Configurations and Parameters for the
Nanoscribe System”. In: Micro 1 (Sept.
2021). DOI: 10 .3390 / micro1020013
(cit. on p. 31).

[10] Jens Bauer, Anna Guell Izard, Yun-
fei Zhang, Tommaso Baldacchini, and
Lorenzo Valdevit. “Thermal Post-Curing
as an Efficient Strategy to Eliminate Pro-
cess Parameter Sensitivity in the Me-
chanical Properties of Two-Photon Poly-
merized Materials”. In: Optics Express
28 (June 2020). DOI: 10 . 1364 / OE .
395986 (cit. on p. 32).

[11] Pierpaolo Belardinelli, L. Hauzer,
Makars Šiškins, Murali Ghatkesar, and
Farbod Alijani. “Modal analysis for den-
sity and anisotropic elasticity identifica-
tion of adsorbates on microcantilevers”.
In: Applied Physics Letters 113 (Oct.
2018). DOI: 10.1063/1.5047279 (cit.
on pp. 33, 38).

[12] Agustin Herrera-May, Luz Aguilera-
Cortés, Pedro Garcia, Héctor Plascencia-
Mora, and Miguel Torres-Cisneros.
“Modeling of the intrinsic stress effect

on the resonant frequency of NEMS
resonators integrated by beams with
variable cross-section”. In: Microsys-
tem Technologies 16 (Dec. 2010). DOI:
10.1007/s00542-010-1134-5 (cit. on
p. 36).

[13] M.F. Ashby. “Overview No. 80: On
the engineering properties of materials”.
In: Acta Metallurgica 37.5 (1989). DOI:
https://doi.org/10.1016/0001-
6160(89)90158-2 (cit. on pp. 37, 39,
41).

[14] R Sandberg, Kristian Molhave, Anja
Boisen, and Winnie Svendsen. “Effect of
gold coating on the Q-factor of a reso-
nant cantilever”. In: Journal of Microme-
chanics and Microengineering 15 (Oct.
2005). DOI: 10.1088/0960-1317/15/
12/006 (cit. on p. 37).

[15] B. Shiari and K. Najafi. “Surface ef-
fect influence on the quality factor
of microresonators”. In: 2013 Trans-
ducers and Eurosensors XXVII: The
17th International Conference on Solid-
State Sensors, Actuators and Microsys-
tems (TRANSDUCERS and EUROSEN-
SORS XXVII). 2013. DOI: 10 . 1109 /
Transducers.2013.6627117 (cit. on
p. 37).

[16] Tomás Manzaneque, Murali Ghatkesar,
Farbod Alijani, Minxing Xu, Richard
Norte, and P.G. Steeneken. “Resolution
Limits of Resonant Sensors with Duffing
Non-Linearity”. In: (May 2022). DOI:
10.48550/arXiv.2205.11903 (cit. on
p. 40).

[17] Hidde J.R. Westra. “Nonlinear beam me-
chanics”. PhD thesis. Delft University of
Technology, 2012 (cit. on p. 40).

[18] Silvan Schmid, Luis Guillermo Vil-
lanueva, and Michael Roukes. Funda-
mentals of Nanomechanical Resonators.

44

https://doi.org/10.1039/C9LC00668K
https://doi.org/10.3390/micro1020013
https://doi.org/10.1364/OE.395986
https://doi.org/10.1364/OE.395986
https://doi.org/10.1063/1.5047279
https://doi.org/10.1007/s00542-010-1134-5
https://doi.org/https://doi.org/10.1016/0001-6160(89)90158-2
https://doi.org/https://doi.org/10.1016/0001-6160(89)90158-2
https://doi.org/10.1088/0960-1317/15/12/006
https://doi.org/10.1088/0960-1317/15/12/006
https://doi.org/10.1109/Transducers.2013.6627117
https://doi.org/10.1109/Transducers.2013.6627117
https://doi.org/10.48550/arXiv.2205.11903


BIBLIOGRAPHY

Jan. 2016. DOI: 10.1007/978-3-319-
28691-4 (cit. on p. 41).

[19] Almut Schroer, Jens Bauer, Ruth
Schwaiger, and Oliver Kraft. “Optimiz-
ing the mechanical properties of poly-
mer resists for strong and light-weight
micro-truss structures”. In: Extreme Me-
chanics Letters 8 (May 2016). DOI: 10.
1016/j.eml.2016.04.014 (cit. on
p. 42).

[20] In-Bok Baek et al. “Attogram mass sens-
ing based on silicon microbeam res-
onators”. In: Scientific Reports 7 (Apr.
2017). DOI: 10.1038/srep46660 (cit.
on p. 42).

[21] Mehdi Daryani, Tomás Manzaneque, Jia
Wei, and Murali Ghatkesar. “Measur-
ing nanoparticles in liquid with attogram

resolution using a microfabricated glass
suspended microchannel resonator”. In:
Microsystems and Nanoengineering 8
(Aug. 2022). DOI: 10.1038/s41378-
022-00425-8 (cit. on p. 42).

[22] Annalisa De Pastina, Damien Mail-
lard, and Luis Guillermo Villanueva.
“Fabrication of suspended microchannel
resonators with integrated piezoelectric
transduction”. In: Microelectronic Engi-
neering 192 (Feb. 2018). DOI: 10.1016/
j.mee.2018.02.011 (cit. on p. 42).

[23] Jungchul Lee, R Chunara, W Shen, K
Payer, Ken Babcock, Thomas Burg, and
S Manalis. “Suspended Microchannel
resonators with piezoresistive sensors”.
In: Lab on a chip 11 (Feb. 2011). DOI:
10.1039/c0lc00447b (cit. on p. 42).

45

https://doi.org/10.1007/978-3-319-28691-4
https://doi.org/10.1007/978-3-319-28691-4
https://doi.org/10.1016/j.eml.2016.04.014
https://doi.org/10.1016/j.eml.2016.04.014
https://doi.org/10.1038/srep46660
https://doi.org/10.1038/s41378-022-00425-8
https://doi.org/10.1038/s41378-022-00425-8
https://doi.org/10.1016/j.mee.2018.02.011
https://doi.org/10.1016/j.mee.2018.02.011
https://doi.org/10.1039/c0lc00447b


46



Chapter 4

Energy dissipation analysis in hybrid
multilayer double-clamped microbeams
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Energy dissipation analysis in hybrid multilayer double-clamped
microbeams

In this study, an analysis of the main damping mechanisms of resonant multilayer double-clamped
microbeams in a frequency range from 200 kHz to 500 kHz is presented. The suspended struc-
tures consist of 2 µm thick Si-rich silicon nitride supporting beams, sputtered with 30 nm of
AlSi(1%) and covered with an IP-Dip unconstrained layer realised by means of two-photon poly-
merization technique. The influence of clamping and intrinsic damping mechanisms in IP-Dip
was investigated by varying the thickness and anchor width of the viscoelastic layer. A laser-
Doppler vibrometer was used to measure the vibration of both bare SiN and multilayer resonators
in high vacuum at room temperature. The measured eigenfrequencies were compared with the
theoretical results and the finite element method (FEM). Through an analysis of the experimen-
tal quality factors, the intrinsic damping was proved to be the dominant dissipation source. A
simplified model of the intrinsic dissipation was formulated and an evaluation of the frequency-
dependent loss factor of IP-Dip was performed.

Index terms – Multilayer double-clamped microbeams, Polymer layer, Resonant frequency,
Damping, Loss factor.

4.1 Introduction

Micro-electromechanical systems (MEMS)
rely on the use of ceramic materials as struc-
tural materials [1]. Thanks to their significant
advantages in terms of fabrication and mate-
rial properties, these materials are suitable for
the production of low-loss and little-fatigue
sub-micrometer structures [2, 1]. Polymers, in-
stead, have always been employed in the litho-
graphic steps during the fabrication of MEMS,
but they have not played an active role in the
actuation or sensing mechanism. However,
with the introduction of additive manufactur-
ing techniques such as two-photon polymeriza-
tion (TPP), polymer materials can be directly
3D-structured to be converted or integrated into
MEMS devices. This is also the case of sensing
resonant structures. So far, hybrid resonating
beams combining polymer and ceramic mate-
rials have been employed for chemical sensing
based on high Q-silicon cantilevers covered

with a functional polymer layer [3]. Further-
more, TPP-printed polymeric structures have
been added to cantilevers to tune their reso-
nance spectrum by modifying their dynamical
properties [4].

In this scenario, an investigation of the dis-
sipation in multilayer microresonators includ-
ing a viscoelastic material (VEM) is of great
interest. Indeed, energy losses in ceramic mi-
crobeams have been thoroughly investigated [5,
6, 7, 8]. The same applies to damping in poly-
mer microbeams [9, 10]. On the other hand,
microbeams combining ceramic and VEM still
need simple methods describing their dynam-
ics. The aspect of the understanding of the
main dissipation mechanisms in multilayer mi-
croresonators and their impact on the overall
quality factors is the subject of this work. In
this regard, the damping mechanisms of mul-
tilayer double-clamped microbeams made of
AlSi(1%) sputtered Si-rich silicon nitride and
IP-Dip polymer were investigated. Different
thicknesses and anchor geometries of the VEM
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4.2 – Fabrication

were chosen to study the intrinsic and clamping
dissipation; while diverse beam lengths enabled
the measurement of quality factors over a range
of frequencies.

4.2 Fabrication

Double-clamped 2 µm thick Si-rich silicon ni-
tride beams were fabricated by a single-mask
photolithographic process followed by KOH
etching for beam release. The reflectivity of
the beams was increased by sputtering a 30 nm
thick AlSi(1%) layer. An IP-Dip structure was
patterned by TPP on top of each beam. Table
4.1 shows the dimensions of SiN and IP-Dip
layers.

Parameter Value [µm]
SiN length 250 - 500

SiN width 50

IP-Dip thickness 0.5 - 5

IP-Dip length 270 - 520

IP-Dip width 43

Table 4.1. Dimensions of the devices.

Two different IP-Dip structures have been
printed on top of the SiN beams. A layer with
variable width at the anchor points and fixed
thickness of 1 µm (fig. 4.1) was employed
to perform experiments on clamping damping;
while a layer with constant width and variable
thickness was used to carry out experiments on
internal friction.

4.3 Experimental setup

The resonating structures were oscillated by us-
ing a piezoelectric external actuator. The vi-
bration was monitored with an MSA-400-PM2-
D Laser Doppler vibrometer equipped with an
MSA-A-M20X lens operated in a frequency
range from 0 to 2 MHz and with a voltage am-
plitude from 1 to 3 V. All measurements were

performed in high vacuum (p < 5x10−4 mbar)
to eliminate air damping.

Figure 4.1. Design of the IP-Dip structure with
variable width at the anchors.

4.4 Results and discussion

4.4.1 Metal coated SiN beams

Table 4.2 shows the comparison of analytical
and experimental fundamental frequency for
different beam lengths l. The analytical re-
sults were obtained by taking into account an
intrinsic stress of 237 MPa in the silicon nitride
layer [11] and excluding the contribution of the
AlSi(1%) coating. The thin metal layer has in-
deed a negligible impact on the resonant fre-
quency (less than 1% frequency shift). The loss
factor η was calculated from the experimental
quality factor Q as η=1/Q.

l [µm] Th [kHz] Ex [kHz] η [10−4]
250 685.0 606.0±2.6 2.0

300 554.0 486.9±1.1 1.6

350 466.1 407.1±2.3 4.2

400 402.8 348.8±3.3 2.9

450 355.0 305.1±2.6 2.0

500 317.5 271.4±2.2 1.7

Table 4.2. Comparison of analytical (Th) and
experimental (Ex) frequencies of AlSi(1%)
sputtered SiN beams.

The main damping source in bare silicon ni-
tride resonators was proved to be thermoelastic
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damping (TED) [12, 13]. However, the pres-
ence of a 30 nm thick AlSi(1%) layer cannot be
neglected in the damping analysis. Soft met-
als are characterised by high internal friction
and this occurs for even extremely thin coatings
[14]. In addition, sub-micrometer thick layers
exhibit high surface friction loss due to rough-
ness, impurities, and adsorbates on the surface
[15]. It follows that the overall damping in
AlSi-SiN beams is a combination of TED in the
ceramic material and friction in the metal coat-
ing.

4.4.2 Beams with IP-Dip layer

Clamping damping study

Clamping damping in resonant microbeams is
strictly related to the anchor shape and beam
geometry. In particular, the lower the constraint
of the beams, the lower the energy dissipated
[16]. This relationship, expressed by eq. 2.9,
states that a change in the beam length or an-
chor shape will produce a variation in the qual-
ity factor. Under this assumption, the beam
length and the anchor width of the VEM were
ranged to investigate their impact on the quality
factor of the multilayer structure.

Table 4.3 lists the resonant frequencies
measured by varying the polymer width at the
anchors. Effective stiffness and mass varia-
tion due to the width change have been ne-
glected, since the related frequency errors are
lower than 1%.

l [µm] Ex [kHz] Error
250 539.6 0.67%

300 440.8 0.39%

350 368.1 0.27%

400 318.0 0.41%

450 279.0 0.86%

500 247.5 0.97%

Table 4.3. Experimental (Ex) fundamental fre-
quencies of multilayer beams.

The experimental quality factors are re-
ported in fig. 4.2. The curves show no clear
trend, but a random variation of Q with the an-
chor width and beam length. It suggests that,
although anchor losses can affect the overall
quality factor, they are not the dominant damp-
ing.

Figure 4.2. Q-factor vs IP-Dip layer width at the
anchors for different beam lengths.

Intrinsic damping study

In order to study the intrinsic dissipation in the
multilayer structure, the volume of the polymer
layer was varied for several beam lengths by
ranging its thickness.

The analytical, simulated and experimental
frequencies of multilayer beams with variable
IP-Dip thickness are shown in fig. 4.3. Sim-
ulation and theoretical results exhibit an error
within 20% when compared to the experimen-
tal values. This is to be attributed to the manu-
facturing error, i.e., photolithography using foil
mask, and KOH over-etching. The measured
quality factors are shown in fig. 4.4. It is
clear that energy loss increases with increasing
IP-Dip volume. Energy dissipation in the vis-
coelastic structure is indeed due to the exten-
sion and compression of the layer, which causes
internal friction. The greater the VEM volume,
the greater the energy dissipated by friction.
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Figure 4.3. Resonant frequency vs IP-Dip
thickness and volume for beam lengths of 300
µm (blue), 350 µm (red), 400 µm (yellow), and
450 µm (magenta).

Figure 4.4. Q-factor vs polymer thickness and vol-
ume for different beam lengths.

However, predicting dissipation in a multi-
layer structure with a polymer layer is a chal-
lenging task. This is because the loss factor of
a VEM varies significantly as a function of the
frequency. In this regard, a simplified model of
the intrinsic dissipation in an unconstrained IP-
Dip layer as a function of frequency and poly-
mer volume has been formulated. It is based
on experimental results and FEM simulations.
The FEM model studied the eigenfrequencies

of a two-layer double-clamped beam made of
IP-Dip and SiN. The mechanical parameters of
the materials are listed in table A.1 and a more
detailed explanation of the model is presented
in annex A.7. An effective Young’s modulus
Ye f f has been calculated for silicon nitride to
take into account the intrinsic stress of the layer.
Its value is obtained from eq. 4.1 [11].

Ye f f = Y
[︂
1+0.295

(︂ l
t

)︂2 σ

Y

]︂
(4.1)

where l is the beam length, t is the SiN layer
thickness, σ is the measured intrinsic stress,
and Y is the Youn’s modulus of the material.

Intrinsic damping in each layer is included
through the loss factor η of the material. Exper-
imental η values, shown in table 4.2, are used
for the SiN layer. The frequency dependence of
η of the VEM has been studied by performing
a parametric sweep on the IP-Dip loss factor for
each beam length; then, a different η for each
length has been selected so as to match the ex-
perimental results. The chosen loss factors as a
function of frequency are shown in fig.4.5. The
empirical model, derived from fitting the FEM
results, is expressed by equation 4.2:

Q =
1

(a fR +b)(twl)2 (4.2)

where a and b are two constant respectively of
9.495x1018m−6Hz−1 and -1.464x1024m−6, fR

is the fundamental resonant frequency, t is the
VEM thickness, w is its width, and l its length.
The constants a and b incorporates the effective
elastic modulus and Poisson’s ratio of the mul-
tilayer beam and the polymer viscoelasticity.

Fig. 4.6 shows the comparison of Q ob-
tained from experiments, simulations and em-
pirical model for different beam lengths and the
results match very well for IP-Dip thicknesses
lower than 1.5 µm.
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Figure 4.5. Frequency-dependent loss factor used
in FEM simulations.

4.5 Conclusions

The quality factors of double-clamped mi-
crobeams with an unconstrained IP-Dip layer
were measured and the corresponding damping
mechanisms were investigated. After exclud-
ing clamping damping as a potential dominant
damping mechanism, it was shown that dissi-
pation is mainly related to intrinsic losses in the
VEM. Plotting the experimental quality factors
against the IP-Dip thickness revealed that en-
ergy loss depends on both frequency and poly-
mer volume. This relationship can be expressed
by a simplified empirical model valid for IP-
Dip thicknesses lower than 1.5 µm.
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Figure 4.6. Q-factor as a function of IP-Dip thickness and volume for beam lengths of (a)
300 µm, (b) 350 µm, (c) 400 µm, and (d) 450 µm obtained from the empirical model, FEM
simulations and experiments.
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Chapter 5

Conclusion

In this work, a novel fabrication method has been developed for the realisation of a hybrid sus-
pended microchannel resonator made of Si-rich SiN and IP-Dip. The adhesion force between
metal-coated silicon nitride substrate and IP-Dip was investigated, and the maximum measured
pressure before delamination was found of 1.55 MPa. The Young’s modulus of IP-Dip was
measured before and after UV-light exposure, and an increasing factor of 1.4 was calculated.
An SLA 3D-printed microfluidic interface was designed for the external fluidic connection; the
design was optimized to avoid channel clogging during the printing process and to fit the flu-
idic interface into the AFM Nanosurf holder. The number of cleanroom steps was minimized
to a single-mask process for the fabrication of low-stress silicon nitride beams. 3D printing by
two-photon polymerization was performed on suspended structures to create the IP-Dip layer of
the device. Double-clamped hybrid beams with length ranging from 250 to 500 µm were fab-
ricated and their eigenfrequency and Q-factor was determined experimentally and compared to
theoretical and simulated ones. The impact of printing direction, post-development treatment,
and polymer volume has been studied, and the optimal printed structure has been defined with a
Q-factor of 510 at 341 kHz.

In order to define the main damping sources in hybrid devices with an unconstrained polymer
layer, the quality factors of double-clamped microbeams with different lengths were measured
before and after 3D printing. After excluding clamping damping as a potential dominant damping
mechanism, it was shown that dissipation is mainly related to intrinsic losses in the polymer.
Plotting the experimental quality factors against the IP-Dip thickness revealed that energy loss
depends on both frequency and polymer volume. This relationship has been expressed by a
simplified empirical model valid for IP-Dip thicknesses lower than 1.5 µm.

An estimated maximum mass resolution of 14.75 ag was obtained for hybrid SMRs. Un-
fortunately, mass sensing capabilities have not been proven due to temporal limitations. The
advantages of hybrid suspended microchannel resonators are the reduced manufacturing time,
compared to the standard cleanroom fabrication, and the easier analysis of the frequency spec-
trum, compared to the all-3D-printed devices. In addition, the possibility of increasing the quality
factor by reducing the volume of printed polymer offers good room for improvement for future
devices.
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Appendix A

FEM simulation of the hybrid device

Finite Element Method (FEM) simulations were carried out in order to define the mechanical
properties of the hybrid structure and investigate the static and dynamic behaviour of the device
relative to a series of parameter tweaks. In particular, a first study on the cantilever stiffness
was performed, followed by a second study on the resonant frequency with and without the
IP-Dip layer. Then a gold proof mass was applied to the suspended structure to calculate the
mass responsivity without liquid inside the channel. Fluid was introduced inside the channel
to investigate the impact of flow rate, density, and viscosity on the device, both in static and
dynamic mode. Finally, the intrinsic dissipation in multilayer doubly clamped beams was studied
by considering the theoretical intrinsic loss coefficient of silicon nitride and IP-Dip polymer.

All the mechanical properties of the materials used for the simulation are listed in table A.1.

Material Density [kg/m3] Young’s modulus
[GPa]

Poisson’s ratio

Silicon Nitride 3100 250 0.23

IP-Dip 1200 2.5 0.35

Gold 19300 70 0.44

Table A.1. Mechanical properties of the materials used in COMSOL simulations.

A.1 Stiffness of the silicon nitride cantilever

As a first step, the stiffness of the silicon nitride cantilevers was studied. A stiffness value of a few
hundred mN/m is required, so as to avoid the stiction of the beam during the cleaning procedures
and to guarantee a low deformation of the support once the polymeric lid is printed.

The study was carried out by using the Solid Mechanics module in COMSOL Multiphysics.
The stiffness of the silicon nitride cantilever was investigated in relation to several parameters,
i.e., length, width, and thickness of the layer.
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FEM simulation of the hybrid device

The design employed in the FEM analysis is a U-shaped microcantilever made of silicon
nitride. A fixed constraint is applied at the ends of the cantilever connected to the silicon chip, to
simulate the anchoring to the substrate; while a point load is placed on the free end of the beam.
A stationary study allowed to calculate the deformation of the beam as a function of the applied
force.

Results from simulations are given in figure A.1.

Figure A.1. Variation of the stiffness in silicon nitride cantilevers depending on (a) thickness, (b)
width and (c) length. In each simulation, the invariant parameters were fixed to 500 µm for the
length, 30 µm for the width, and 2 µm for the layer thickness.

Each study was performed by varying only one of the three parameters (i.e., width, length, and
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A.2 – Resonant frequency of the hybrid device

thickness) and maintaining the other two fixed at a value that simulates the worst-case scenario.
Displayed values are related to the maximum displacement point, placed at the free end of the
cantilever.

As predicted from the theoretical Euler-Bernoulli beam equation (eq. A.1), stiffness increases
quasi-linearly with width, decreases with increasing length and increases with thickness.

k =
Y wt3

12l3 (A.1)

where Y is the Young’s modulus of the material, w is the width of the beam, t its thickness,
and l its length.

As illustrated in the graphs, a thickness of 2 µm is sufficient to reach a stiffness higher than
0.1 N/m for all cantilever lengths. It follows that a silicon nitride layer of 2 µm is thick enough to
avoid stiction during cleaning and deflection after 3D printing.

A.2 Resonant frequency of the hybrid device

Adding a second layer to the silicon nitride supporting beam results in a multi-layered resonating
beam. As a consequence, the resonant frequency varies with respect to that of the silicon nitride
support due to the added mass and to the variation of the overall Young’s modulus and moment
of inertia. The shift in frequency can be positive or negative depending on the impacts on the
effective spring constant and effective mass of the beam.

A.2.1 Frequency study of multilayered clamped beams

In order to study how the polymeric layer affects the frequency behaviour, as a first approach,
a simplified model of the multi-layered beam was considered. The original U-shaped device is
substituted by a clamped beam of 250 µm length including two layers, made of two different
materials: the top layer, in IP-Dip, is 20 µm width and 8 µm thick; the bottom layer, in silicon
nitride, is 30 µm width and 2 µm thick. The presence of the embedded channel of 10 µm width is
simulated by reducing the IP-Dip width by 10 µm with respect to the silicon nitride layer; while
the lid of the channel is introduced by increasing the IP-Dip thickness of 1 µm.

As a first step, the shift in resonant frequency is calculated starting from the theoretical equa-
tion for a multilayer beam [1]. In order to obtain the natural frequency with the IP-Dip layer, it
is necessary to calculate the new values of Young’s modulus Y and moment of inertia I, which
depend on the length l, width w, thickness h, and density ρ of the ith layer.

The moment of inertia of the ith layer Ii calculated with respect to the neutral axis of the beam
is given by the equation A.2

Ii =
wi[(zi − zc)

3 − (zi−1 − zc)
3]

3
(A.2)

where zi is the height of the ith layer and zc is the height of the neutral axis, both with respect
to the bottom of the beam.

The height of the ith layer zi with respect to the bottom of the cantilever (z0 = 0) is obtained
from the equation A.3.
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zi =
i

∑
k=1

hi (A.3)

The distance of the neutral axis from the bottom of the beam is zc, given by the equation A.4.

zc =
∑

n
i=1Yiwi(z2

i − z2
i−1)

2∑
n
i=1Yiwi(zi − zi−1)

(A.4)

The overall bending stiffness Y I and linear density ρA of the beam are expressed in equation
A.5 and A.6, respectively.

Y I =
n

∑
k=1

YiIi = YSiNISiN +YIP−DipIIP−Dip (A.5)

ρA =
n

∑
k=1

ρiAi = ρSiNASiN +ρIP−DipAIP−Dip (A.6)

where A is the cross-section area of the ith layer.
The natural frequency is given by equation A.7.

f1 =
1.8752

2πl2

√︄
Y I
ρA

(A.7)

The calculated results for the single layer beam (in silicon nitride) and multilayer beam (in
silicon nitride and IP-Dip) are respectively 46.416 kHz and 59.814 kHz. This means that the
presence of the polymeric layer causes a positive frequency shift of 13.398 kHz.

The theoretical results are compared to simulated values, obtained from an Eigenfrequency
study in COMSOL Multiphysics. The resulting resonant frequency of the silicon nitride beam is
equal to 46.647 kHz; while that of the multilayer cantilever is 61.161 kHz. The calculated shift in
frequency is 14.514 kHz. Both analytical and simulated results show a positive frequency shift,
with a simulation error of 8.3%.

A.2.2 Frequency study of hollowed structures

The analysis of the simplified structure served as a starting point for the study of the more complex
U-shaped cantilever and hollowed bridge. In this case, a simple FEM simulation is carried out to
determine the frequency shift.

Investigated devices are shown in figure A.2; parameters used for the simulation are listed in
table A.2.

An Eigenfrequency study is performed in COMSOL Multiphysics to obtain the eigenvalues.
For the simulation without the IP-Dip lid, the polymeric structure with the embedded channel is
disabled, and only the remaining silicon nitride support is studied.

The resulting values of the resonant frequencies for the first three resonant modes are illus-
trated in table A.3.

As predicted by the preliminary study on the simplified structure, considering a 7 µm thick lid
with Young’s modulus of 2.5 GPa, the frequency shift due to the addition of IP-Dip is positive.
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Figure A.2. Model of (a) cantilever and (b) bridge with the IP-Dip layer in blue and
Silicon nitride layer in grey.

Parameter Value

Beam length 250 µm

Beam width 30 µm

SiN thickness 2 µm

IP-Dip thickness 7 µm

Channel section 5 µm x 10 µm

Table A.2. Parameters used in the COMSOL simulation.

Cantilever Bridge

Mode SiN SiN + IP-Dip SiN SiN + IP-Dip

1 44.446 50.581 297.99 376.62

2 251.59 264.51 821.03 1061.7

3 283.97 325.32 1594.5 1687.9

Table A.3. Eigenfrequencies in kHz of cantilever and bridge for the first three resonant modes.

However, a small variation of thickness or Young’s modulus of the polymeric layer produces
a considerable frequency variation. The impact of Young’s modulus and thickness on the resonant
frequency of the U-shaped cantilever for the first resonant mode is shown in figure A.3. For this
simulation, the hollowed lid has been substituted by an equivalent compact IP-Dip layer 5.243
µm thick.

In conclusion, the effect of the polymeric lid placed on the silicon nitride supporting beam is
defined by the effective spring constant and the effective mass of the beam. In particular, in the
case of a 7 µm thick IP-Dip layer with Young’s modulus of 2.5 GPAa, the variation in the overall
bending stiffness is greater than that in the linear mass density. This entails an increased resonant

63



FEM simulation of the hybrid device

Figure A.3. Shift of the natural frequency as a function of IP-Dip thickness for
different Young’ modulus.

frequency when switching from a single to two-layer resonant device.

A.3 Mass responsivity of empty beams in vacuum

Mass responsivity is one of the most significant parameters that define the performance of a mass
sensor. It represents the change of resonance frequency as a result of changes in mass and is an
indicator of the resonator sensitivity.

In order to calculate the mass responsivity of hollowed clamped and clamped-clamped beams
in vacuum environment and without any liquid inside the embedded channel, an Eigenfrequency
study using Solid Mechanics in COMSOL Multiphysics was performed. The simulated structures
are shown in figure A.2, and the reference parameters are listed in table A.2.

The proof mass applied to the beams is a cubic gold particle. The mass is located inside the
channel: it is positioned at the free end of the beam, in the case of cantilevers, and in the middle,
in the case of bridges.

To simulate the frequency variation as a function of the proof mass, a parametric sweep is
performed: the cube side is swept from 0.5 µm to µm, which corresponds to a mass range from
19.3 fg to 2.4 ng. The mass responsivity will be the slope of the curve in the frequency vs. mass
plot.

The resulting graphs for the cantilever and bridge are illustrated in figure A.4(a) and A.4(b),
respectively. The calculated mass responsivity is 457.7 mHz/pg for the cantilever and 4265.5
mHz/pg for the bridge.

The mass responsivity of the bridge is one order of magnitude greater than that of the U-
shaped cantilever. This is due to the higher resonant frequency of the clamped-clamped beams.
In fact, assuming a constant stiffness of the resonant structure, it can be observed that the higher
the frequency the better the mass responsivity (see equation 2.4).

The result obtained for the cantilever is approximately two times smaller than the measured
values for SMRs with similar size but entirely made of silicon nitride [2]. These devices reach
a higher mass responsivity (up to 1125 ± 0.06 mHz/pg) thanks to the higher resonant frequency
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Figure A.4. Frequency shift as a function of the proof mass in empty (a) cantilever and (b) bridge.

(203.901 ± 0.02 kHz).

A.4 Flow-induced deformation

Fluids flowing inside the embedded channel of the SMR are characterised by a certain flow mo-
mentum that generates forces depending on the bending of the channel. When the microchannel is
on the neutral plane of the cantilever, and the inlet and outlet are in the same plane, the flow forces
act perpendicular to the preferential direction of deflection of the microcantilever (figure A.5(a)),
and the produced deformation is lateral. Conversely, when the microchannel is orthogonal to the
microcantilever plane and the inlet and outlet are on different planes, the forces generated by
the flow act in the vertical direction (figure A.5(b) and (c)), causing the vertical deflection of the
beam.

As illustrated in figure A.5(d), the direction of deflection also depends on the position of the
channel with respect to the neutral axis of the beam [3]. The off-axis channel placement produces
a vertical deflection that increases with the distance from the neutral axis.

As regards the magnitude of the cantilever deflection, this is related to the flow rate and
liquid dynamic viscosity. In particular, deflection linearly increases with increased flow rate and
dynamic viscosity.

Using the ’Fluid-Structure Interaction’ (FSI) module in COMSOL Multiphysics, the defor-
mation of the hybrid cantilever is investigated relative to a series of parameter tweaks [4]. Specif-
ically, a flow rate analysis is carried out in order to study the effects of the flow forces generated
by fluids flowing through the embedded microchannel. In addition, the flow of liquids with dif-
ferent densities and viscosities is simulated, so as to analyse the impact of these parameters on
the cantilever’s behaviour.

The design employed in the FEM analysis is shown in figure A.6(a). It is characterised by a
U-shaped microcantilever made of silicon nitride with an IP-Dip polymeric lid. The suspended
structures is through along its entire length by a microfluidic channel with a rectangular section.
All the design parameters are listed in table A.4.
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Figure A.5. Schematic of three different models of hollowed cantilever [4]: (a) mi-
crochannel with inlet and outlet on the neutral plane of the cantilever; (b) and (c) mi-
crochannel is orthogonal to the microcantilever plane. (d) Cantilever vertical deflection
as a function of the off-axis displacement [3].

Parameter Value

Cantilever length 500 µm

Cantilever width 50 µm

SiN thickness 2 µm

Channel section 5 µm x 10 µm

Table A.4. Parameters used in the COMSOL simulation.

The device includes two layers, made of two different materials: the top layer, in IP-Dip,
which houses the embedded microchannel, and the bottom layer, in silicon nitride, acting as a
support for the deformable polymer. The inlet and the outlet of the channel are set on the same
x-y plane, in the middle of the device, but are placed off-axis with respect to the silicon nitride
beam, and so with respect to the resonating structure. In fact, although the channel is perfectly
centered between the two layers, it cannot be considered on the neutral axis of the cantilever.
This is due to the different Young’s moduli of the materials: the silicon nitride support shows a
Young’s modulus a hundred times larger than the IP-Dip structure.

In the simulation, fluid domain (embedded microchannel) and solid domain (cantilever body)
interact influencing each other: the flow forces cause a displacement of the cantilever, and, at the
same time, the deformation of the cantilever affects the flow.

As regards the Flow physics, the liquid flow was set as laminar and fully developed at the
inlet, with a positive constant velocity defining the flow rate. The pressure was set with zero
at the outlet, and the walls were set with no-slip/penetration conditions. As regards the Solid
Mechanics physics, it deals with the deformation of the cantilever body, which is subject to the
flow forces and shows stress.

A moving-mesh was applied to the ’Laminar Flow’-’Solid Mechanics’physics coupling, in
order to address the polymeric walls of the channel. The IP-Dip lid, indeed, is deformable, unlike
the silicon nitride support, and this causes the partial expansion and elongation of the boundaries
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at the liquid-solid interface.
The element size is defined by the fine mesh chosen for the study.
Three different liquids, presented in table A.5, were used for the simulation.

Fluid Density [kg/m3] Dynamic viscosity
[mPa.s]

Water 998 1.0

Ethanol 789 1.1

Glycerol 1270 1490

Table A.5. Different fluid properties considered in the FSI analysis.

The resulting deflections in the vertical direction (z-axis) are illustrated in figure A.6(b). In
each sample case, deflections can be seen to increase linearly with flow rate. In the same way,
with a fixed flow rate, the deformation increases with the liquid viscosity. Glycerol, which has
the highest viscosity, produces the largest deflection, followed by ethanol, and finally water. The
deformation values obtained from the simulation are specific to a cantilever with dimension indi-
cated in table A.2. If varying the parameters, the magnitude of deformation changes as a function
of the stiffness: the stiffer the beam, the lower the deflection.

Figure A.6. Vertical deformation of the hybrid cantilever due to the liquid flowing inside the
embedded channel. (a) Displacement distribution on the structure when glycerol flows inside the
channel with a flow rate of 0.03 nl/min. (b) Vertical displacement of the beam as a function of the
flow rate for different fluids: water, ethanol and glycerol.

The obtained lateral deformation (y-axis) is in the order of picometers, and, for this reason,
can be considered negligible. In fact, the flow forces acting parallel to the flow direction are not
sufficient to produce a considerable lateral deflection of the beam, due to its high stiffness.

The z-deformation of the cantilever affects the resonant behaviour of the device: an external
variable stress source is applied to the beam, which behaves as a pre-stressed resonant structure.
The effects will be visible on the resonant frequency, which will be shifted with respect to the
zero-flow value, and on the Q-factor, which will show a dependence on the flow rate and dynamic
viscosity of the liquid flowing inside the channel.
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A.5 Resonant frequency dependence on liquid density

The addition of a liquid flowing through the microchannel of the SMR not only causes a static
deformation of the beam, but also has an impact on the dynamic behaviour of the device. In fact,
the resonant frequency of SMRs is related to the mass added by the liquid, and thus to the liquid
density.

The relationship between resonant frequency and liquid density is expressed by the equation
A.8.

ρ = k
A
f 2
n
−B (A.8)

where fn is the eigenfrequency at the mode number n, A and B are numerical constants, k is
the stiffness of the beam, and it is a function of its geometrical and mechanical properties, i.e.,
Young’s modulus, moment of inertia, length of the beam and support conditions.

A linear relationship between liquid density and eigenfrequency occurs if cantilever stiffness
is considered constant. In this case, an increase in liquid density produces a negative shift in
resonant frequency.

To simulate the impact of the liquid density on the resonant frequency of the device, the
Acoustics and Structural Mechanics modules from COMSOL have been used. These two mod-
ules have been linked by an Aeroacoustic-Structure Boundary Multiphysics tool, and then an
Eigenfrequency study has been performed while changing the fluid properties [5].

The design employed in the FEM analysis is the same as that shown in figure A.6(a), with the
only difference being that in this case only half model is simulated and symmetry conditions are
exploited. By so doing, a strong reduction of the computational time is obtained.

’Linearized Navier-Stokes, Frequency Domain’ interface has been selected to simulate fluid
physics, thus enabling a detailed analysis of the flow influence on the acoustic field in the system.
’Solid Mechanics’ interface, instead, has been applied to the cantilever body. Interaction between
fluid and solid domain has been modelled by means of stresses exerted by the fluid on the channel
walls. The contact surfaces between fluid and solid have been selected and a force per unit of
surface has been applied on them. This force is defined in COMSOL by equation A.9 [5].⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Tstress,x = lns f .T _stress_tensorxx∗ lns f .nxmesh+
+lns f .T _stress_tensoryx∗ lns f .nymesh+
+lns f .T _stress_tensorzx∗ lns f .nzmesh

Tstress,y = lns f .T _stress_tensorxy∗ lns f .nxmesh+
+lns f .T _stress_tensoryy∗ lns f .nymesh+
+lns f .T _stress_tensorzy∗ lns f .nzmesh

Tstress,z = lns f .T _stress_tensorxz∗ lns f .nxmesh+
+lns f .T _stress_tensoryz∗ lns f .nymesh+
+lns f .T _stress_tensorzz∗ lns f .nzmesh

(A.9)
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Liquids used for the calculations and their mechanical properties are listed in table A.5. The
resulting values are illustrated in graph A.7.

Figure A.7. Resonant frequency of the fundamental mode as a function of the liquid density.

As expected, the greatest shift in resonant frequency with respect to that of a cantilever with
an empty channel corresponds to glycerol, which has the highest density; while ethanol, which is
characterised by a low density, produces the least shift.

A.6 Energy dissipation in water-filled resonators

As mentioned above, the neutral axis of the beam does not coincide with the centre of the fluidic
channel due to the different Young’s modulus of silicon nitride and IP-Dip. This entails a pumping
mechanism of the fluid into and out of the reservoirs during beam oscillation, causing an increase
in energy dissipation and a decrease in the quality factor.

A preliminary theoretical analysis has been carried out to predict the behaviour of the device
in the two limit cases of incompressible and compressible flow. Then, an Eigenfrequency study
in COMSOL has been performed exploiting the model illustrated in section A.5. It does not take
into account the structural damping of the device, but only the fluid dissipation mechanisms, thus
enabling the study of the effect of the fluid on the Q-factor of the device.

A.6.1 Theoretical analysis: incompressible and compressible flow

The simplified model of the multi-layered beam described in section A.2.1 was considered in the
theoretical analysis.

As a first step, the off-axis channel placement has been calculated for two different sizes
corresponding to the worst (Device A) and the best case (Device B) in terms of distance from the
neutral axis and resonant frequency. The parameters used for the calculations are listed in table
A.6.
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Parameter Device A Device B

L [µm] 250 500

bcant [µm] 30 50

b f luid [µm] 10 10

hcant [µm] 9 9

h f luid [µm] 5 5

Table A.6. Parameters used to study the effect of the off-axis channel placement on the energy
dissipation. L is the length, b is the width and h is the height.

The position of the mid-point of the channel with respect to the bottom of the beam is zc =
4.5 µm; while the distance of the neutral axis from the bottom of the beam can be calculated from
equation A.4. The obtained results are: z0,min = 1.185 (1.103) and z0,max = 1.220 (1.123). From
these values one can derive the normalized off-axis placement Z0 for the two cases: Z0,min = 0.656
(0.6754) and Z0,max = 0.663 (0.6794).

The effect of Poisson’s ratio is also taken into account and translated into an equivalent off-
axis channel placement for the two limit cases: Ze f f ,min = 0.269 (0.251) and Ze f f ,min = 0.306
(0.253). Since the cantilever is a multilayer beam, the Poisson’s ratio used in calculations is an
average value between silicon nitride and polymer.

Based on these results, the limiting case of incompressible flow (α → 0) has been examined
at this early stage.

The normalized quality factor F(β ) describing the behaviour of the resonator under low-
compressibility conditions is given by equation A.10 [6]:

F(β ) =

⎧⎪⎨⎪⎩
38.73β

β 2+564.6Z0
2
(1+ β2

8400 )
β → 0

√
β

6.573+1.718Z0
2 β → ∞

(A.10)

Considering water as fluid flowing inside the embedded channel, the maximum and minimum
β values are respectively βmin = 0.4 and βmax = 1.5.

From the graph in figure A.8(a), it is possible to define the operating range of the device and
the corresponding value of F(β ). The Q-factor obtained from F(β ) ≈ 2.5 is equal to 5000 for
Device A and 365000 for Device B.

A second theoretical analysis has been carried out including the effects of compressibility (α
> 0) on energy dissipation.

In order to simplify the study, a qualitative analysis based on the results obtained by Sader
[6] has been performed. In particular, the graph in figure A.8(b) has been taken as a reference
to obtain the value of F(β ) for the two studied devices. The plot shows the behaviour of the
normalized quality factor F(β ) as a function of β for γ = 0.01. The parameter γ is defined as the
normalised wavenumber and is given by:
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γ =

(︃
ωL
c

)︃2

(A.11)

where ω is the angular frequency, L is the cantilever length, and c is the speed of sound of the
liquid inside the channel.

Figure A.8. Normalized frequency as a function of β for the worst and best off-axis channel
placement in case of (a) incompressible and (b) compressible flow [6].

As shown in the figure, the quality factor behaves like the incompressible case for large β ,
while it exhibits small oscillations in magnitude as β decreases.

Within the range of interest (0.4 < β < 1.5), F(β ) has a maximum value of 0.05 and a
minimum value of 0.1. However, these values refer to a γ two orders of magnitude greater than
those in our case of study. In order to derive the correct values, it is necessary to shift the graph
downwards, since F(β ) is directly proportional to the normalised wavenumber [6]. The resulting
values for Device A and B are respectively 1.67x10−4 and 1x10−3, and the calculated Q-factor
are 21.89 and 24.37.

The results obtained in the incompressible and compressible case differ by several orders of
magnitude, and this is due to the large impact that compressibility has on energy dissipation in
the case of off-axis displacement. Nevertheless, considering the reduced compressibility value of
the hybrid device (α = λ/β ≈ 10−4), compressibility may not play a key role and a quality factor
greater than that of compressible flow may be measured during experiments.

A.6.2 FEM simulations

The model presented in the previous section (A.5) allows rapid simulation of a complex device
thanks to the symmetry conditions. The impact of the different mechanical properties of the
materials composing the multilayer beam, i.e., Poisson’s ratio and Young’s modulus, is taken into
account by the two-way coupling.

The result of the Eigenfrequency study is a complex eigenfrequency f̃ = − λ

2π j , where the
complex eigenvalue λ is defined as −δ + jω: the imaginary part ω represents the eigenfrequency
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and the real part δ is responsible for damping.
From this numerical result, it is possible to derive the quality factor as:

Q =
ω

2δ
(A.12)

It should be noted that this definition of Q is slightly different from the one proposed by
Sader [6] and takes into account all the dissipative mechanisms within the fluid, e.g., temperature
dependence. Moreover, a distinction between compressible and incompressible cases can no
longer be made, since the two flows are now assessed as one; therefore, a comparison between
numerical and theoretical results should be done carefully [5].

For the Eigenfrequency study, the two limit cases already theoretically analysed (Device A
and Device B) are simulated (see table A.6). The embedded channel of the SMR is filled with
water, since it is the liquid that will be used for most of the experiments.

The resonant frequency of the device with an empty channel and the numerical results for a
water-filled channel are shown in table A.7.

Device A Device B

fempty [kHz] 60.55 16.10

fwater [kHz] 59.90 15.61

F(β ) 0.008 0.013

Q 460.74 774.87

Table A.7. Numerical results for the fundamental mode.

As predicted by the theoretical analysis, the impact of the liquid on the Q-factor is consid-
erable and strongly limits the performance of the device in terms of sensitivity. However, the
results are better than those predicted by the theoretical analysis with compressible flow and
quality factor of around 500 can still be achieved.

A.7 Intrinsic dissipation in multilayer resonators

Intrinsic damping is one of the most relevant contributions to the Q-factor of resonant devices.
It is related to the geometrical, thermal and mechanical parameters of the beam. In the case of
a multilayer structure, each material composing the beam will be characterized by its intrinsic
damping. In COMSOL, intrinsic damping of a material can be expressed by the loss coefficient
(η). Silicon nitride, like other ceramic materials, has a low loss coefficient, in the order of 10−5;
IP-Dip polymer, instead, has higher η . In polymers, energy dissipation is mainly due to the
slippage of the polymeric chains; this entails that the fewer the cross-links between the chains,
the greater the losses. Cross-linking is in turn related to the Young’s modulus (Y ) of the material.
It follows that, to a first approximation, the loss coefficient can be traced back to Y by equation
A.13 [7].
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η =
4x10−2

Y
with Y in GPa (A.13)

The calculated η for IP-Dip is 0.016.
The huge difference between the loss coefficients of the two materials also indicates a sub-

stantial gap between the energy dissipated in each layer. The intrinsic damping in IP-Dip is
expected to be three order of magnitude higher than that in silicon nitride.

A two-layered doubly clamped beam with an IP-Dip variable thickness has been simulated.
The thickness and the width of the silicon nitride layer were fixed at 2 µm and 50 µm, respectively;
while its length ranged from 250 µm to 500 µm. The thickness of the IP-Dip layer, which fully
covered the supporting beam, was varied in the range 1 - 10 µm.

An Eigenfrequency study has been performed to investigate the impact of the polymer layer
printed on top of the ceramic resonator. A constant loss factor of 0.016 was included through the
Damping subnode under the IP-Dip material model. Although the loss factor usually has some
frequency dependency, this dependence was not incorporated in this frequency-response analysis
to reduce the complexity of the study. Intrinsic losses were also considered for the SiN layer
by introducing a loss factor in the SiN material model. It has been calculated as 1/Q from the
measured quality factors listed in table C.3.

The behaviour of Q as a function of the thickness of the polymer layer for various beam
lengths is illustrated in figure A.9.

Figure A.9. Quality factor vs IP-Dip thickness for different beam lengths.

As expected, intrinsic dissipation in the polymer layer causes a reduction of the overall qual-
ity factor of the hybrid resonator, which decreases with increasing IP-Dip thickness. For small
thicknesses, intrinsic losses in silicon nitride also affect the Q-factor; as the IP-Dip thickness in-
creases, the SiN impact becomes negligible and the effect of intrinsic losses in the polymer turns
out to be more consistent.
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Appendix B

Fabrication process

The objective of the microfabrication process was to realise suspended microchannel resonators
so as to enable the study of the frequency behaviour of clamped and clamped-clamped beams
and the adhesion of the polymeric printed lid. In this regard, several suspended structures with
different length and width have been created.

The fabrication of the hybrid structures has been carried out in two different laboratories:

• Else Kooi Lab (EKL): all the semiconductor manufacturing steps on silicon-based mate-
rials have been performed in the EKL cleanroon. The supporting cantilevers and bridges
in silicon nitride have been realised with typical semiconductor processes, including pho-
tolithography, low-pressure chemical vapor deposition (LPCVD), and KOH etching.

• Precision and Microsystems Engineering (PME) laboratory: the 3D printing of the
embedded channels made of IP-Dip has been performed in the PME lab, where the machine
for the two-photon polymerization is located. The printing of the fluidic interface has been
done in the same lab.

B.1 Photolithographic masks

As a preliminary step, the photolithographic mask has been designed and printed. Foil mask was
preferred to traditional chromium masks, more expensive and with higher resolution, in order to
reduce delivery times and costs. This flexible film photomask consists of a 0.18 mm polyester
PET base with a soft photographic emulsion gel, which turns black when exposed and developed.
The use of a foil mask was possible since the minimum feature size (10 µm) is greater than the
maximum mask resolution (5 µm lines). The darkfield mask design is shown in figure B.1.

The lateral features are the alignment marks: they are pink for the zero-layer and blue for the
first layer.

The upper part of the wafer is filled with cantilevers, while the bottom part with bridges.
The dies have a dimension of 3 mm x 3 mm and are surrounded by wide trenches to enable the
manual release of the chips from the wafer. Each die contains one suspended beam, i.e., cantilever
or bridge, with a specific width. There are three different widths on the wafer: 30 µm, 40 µm and
50 µm. The length of the structure varies from 250 µm to 500 µm, with a step of 50 µm.

A detailed image of the dies with cantilevers and bridges is shown in figure B.2.
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Figure B.1. Mask design showing location and area of the chips containing the structures to be
patterned in the silicon nitride layer. Image from k-layout.

Figure B.2. Darkfield mask design showing (a) bridges and (b) cantilevers of 500 µm length and
30 µm width. Image from k-layout.

From the figure, it is clear that the suspended structure is patterned in the central area of the
die. On the upper left corner, a label is placed to indicate the type of beam, bridge or cantilever,
and its size in terms of length and width. Alignment marks are designed on the four sides of the
frame to easily locate the centre of the beam during the printing step. Four crosses, two larger
ones placed vertically for cantilevers and two smaller ones placed diagonally for bridges, are
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B.2 – Cleanroom steps for silicon nitride structures

designed as alignment marks to create the connection with the fluidic interface: two holes with a
diameter of 50 µm will be drilled in each die at crosses to connect the chip to the external supply
on the wafer backside, and two large domes will be printed on the wafer frontside to flow the
liquid from the inlet to the outlet through the embedded microchannel.

In addition to these standard dies, nine dies with test structures have been designed (figure
B.3).

Figure B.3. Darkfield mask design showing test structures. Image from k-layout.

Test dies contain the following features:

• bridges and cantilevers with several widths and lengths to be used for printing tests on
suspended beams;

• test structures to measure the selectivity of the RIE, the vertical etch rate of silicon nitride
and the horizontal etch rate of silicon;

• empty space for any adhesion test on the silicon nitride substrate.

B.2 Cleanroom steps for silicon nitride structures

The process flow executed in the EKL cleanroom is shown in figure B.4.
The substrate is a n-doped single-side polished silicon (100) wafer of 10 cm diameter and 525

± 15 µm thickness (fig. B.4(a)). A 2 µm thick Si-rich silicon nitride layer has been deposited by
low-stress LPCVD on the silicon substrate (fig. B.4(b)). The intrinsic stress of the deposited layer
was measured on a test wafer before patterning the suspended structures: the deformation of the
bare Si substrate was measured before LPCVD, then the backside silicon nitride layer deposited
by LPCVD was removed by RIE, and finally, the deformation of the substrate has been measured
again to derive the stress value. A value of 237 GPa confirmed the low-stress deposition and
allowed the realisation of straight beams as supporting structures for the polymeric channels.
Anisotropic RIE has been performed to etch the silicon nitride layer (fig. B.4(c)). Subsequent
KOH etching step enabled the release of the structured and defined the final devices (fig. B.4(d)).
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Figure B.4. Flow chart of the cleanroom fabrication process: (a) cleaning of Si<100>
substrate, (b) deposition of low-stress silicon nitride by LPCVD, (c) RIE of silicon nitride
to create the suspended structures and scribelines, (d) release of the bridges and cantilevers
by KOH etching and wafer cleaning.

In the following sections, the steps and the related issues will be explained in detail.

B.2.1 Low-stress LPCVD of silicon nitride

In order to obtain stiff and straight beams as supporting structures for the polymeric channels,
low-stress LPCVD has been performed to deposit 2 µm thick silicon nitride layer on the silicon
substrate (fig. B.4(b)).

LPCVD is a type of chemical vapor deposition (CVD), a process that allows to deposit thin
films starting from gaseous precursors. An energy source breaks reactant gases into reactive
species that react on a surface producing a solid phase material. The resulting deposited film
will be metallic, semiconducting, or insulating depending on the precursors. There are several
types of CVD differing by operating conditions, i.e., temperature and pressure, precursor type,
and energy source. Each and every CVD process consists of the same following steps:

• generation of vapor or providing of vapor sources;
• diffusion of precursor molecules to the solid surface;
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B.2 – Cleanroom steps for silicon nitride structures

• adsorption of precursors and diffusion through the surface;
• decomposition and incorporation into solid films (nucleation);
• desorption of volatile products.

The main used CVD are low-pressure CVDs (LPCVD) and plasma-enhanced CVD (PECVD).
The low pressure distinguishes LPCVD from other CVD processes: reactions occur in mod-

erate vacuum conditions (5-250 Pa) at high temperatures with a low deposition rate. As a result,
the deposited films exhibit high uniformity and homogeneity. Moreover, it also guarantees high
purity of the deposited layer and improves its internal structure.

On the other hand, PECVD occurs at low temperatures and is characterised by the use of
plasma. The plasma is created in the deposition chamber by radio frequency (RF) or direct current
(DC) discharge between two electrodes and induces the dissociation of precursor molecules. This
dissociation deposits the desired molecules onto the substrate with a high deposition rate. The
low temperature that distinguishes the process makes it suitable for the last fabrication steps,
where the high temperature would result in unwanted diffusion of dopants and/or metal melting.
However, the quality of films obtained through PECVD is lower than that of LPCVD due to
chemical contamination, and the non-uniformity in thickness and composition is fairly large [8].
This latter condition has a considerable impact on the specific application field of mechanical
sensors like resonators, in which a poor uniformity in thickness as well as in composition of
the deposited layer will result in an unacceptable non-uniformity in sensor sensitivity across a
wafer. Added to this is the non-uniformity in the residual stress across the wafer, which results in
sensors with variable mechanical properties. Furthermore, taking into account the material to be
deposited, i.e., silicon nitride, the Young’s modulus of Si-rich SixNy films deposited by PECVD
is lower than the one formed by LPCVD [9].

All these considerations make the LPCVD a more suitable CVD process for the realisation
of resonant beams.

Once the type of CVD to be used has been defined, a crucial parameter that must be taken into
account is the residual stress of the deposited silicon nitride film: it should be low and uniform
enough not to deform the cantilever or even break the bridges. This residual stress is caused by
the dissociation of Si-H and N-H bonds and the subsequent rearranging of the dangling bonds
into Si-N bonds that induce shrinkage of the bulk of the layer during and after deposition [10].

The parameters that control the stress are temperature, pressure and DCS:NH3 gas flow ratio
[8]. In particular, stress decreases with increasing temperature or decreasing of pressure, and
increases with decreasing DCS:NH3 gas flow ratio [11] (fig. B.5(a)).

Moreover, depending on the gas flow ratio NH3/DCS, the stress changes from compressive to
tensile. As the flow ratio NH3/DCS decreases, the N/Si ratio of the deposited film also decreases
and silicon-rich silicon nitride is formed. This means that fewer Si-N bonds are created and stress
is less tensile (more compressive) [11]. However, continuing to reduce the ratio, the structure is
gradually turned into nitrogen-doped silicon. This entails the transition from compressive to
tensile stress.

The gas flow ratio NH3/DCS has also an impact on the deposition rate: a decrease in the
gaseous ratio produces an increase in the deposition rate (fig. B.5(b)).

Taking into account the effect of the deposition parameters, i.e., temperature, pressure, and
gas flow rate, on the deposition rate and intrinsic stress, specific process conditions have been
selected for the low-stress LPCVD. Their values are listed in table B.1.
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Figure B.5. (a) Residual stress and (a) deposition rate as functions of the gaseous ratio for differ-
ent temperatures [8]. In this case NH3/DCS gaseous mixture has been substituted by NH3/SiH4.

Gasses and flows Pressure [mTorr] Temperature [◦C]

NH3/SiH2Cl2 = 85/315 sccm
= 0.27

150 846

Table B.1. Process conditions for low-stress LPCVD of silicon-rich silicon nitride film.

The obtained silicon nitride layer has a thickness of 1998 nm ± 8 nm and a refractive index
n of 2.21 assessed at a 633 nm wavelength. Both film thickness and refractive index have been
measured by ellipsometry. It has been proved that the index of refraction is a valid indicator of the
Si content in SixNy films [12]: a value of 0.75 (for a wavelength of 633 nm) is attributed to sto-
ichiometric Si3N4, while an increase in the refractive index starting from that value corresponds
to an increase in the Si/N ratio [12, 13]. This means that the obtained refractive index of 2.21 (λ
= 633 nm) can be associated with a silicon-rich silicon nitride film, as expected.

The measured value of the index of refraction also ensures low intrinsic stress of the deposited
layer, since the refractive index for optimal uniformity and minimum stress is in the region of
2.20-2.25 [13].

An average tensile stress of 237 MPa has been obtained by measurement of the wafer curva-
ture (1/R) before and after the LPCVD deposition. The measurement of the substrate curvature
after LPCVD has been performed after backside etching of the SiN layer. The average stress σ

of the deposited films has been derived from Stoney’s formula (eq. B.1).

σ =− 1
6R

E
(1−ν)

D2

d
(B.1)

where E is the Young’s modulus, ν is the Poisson’s ratio, D is the substrate thickness, and d
is the film thickness.

An intrinsic stress value in the range 0-200 MPa can be considered low enough to enable the
fabrication of straight beams. This means that the measured value is at the limit of the acceptable
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B.2 – Cleanroom steps for silicon nitride structures

stress range and can be suitable for the supporting SiN beams to be realised in this project.

B.2.2 Reactive ion etching of silicon nitride

The deposited silicon nitride layer has been patterned via photolithography and a subsequent dry
etching step, in order to obtain the beams and the scribelines separating individual chips (fig.
B.4(c)). The result of RIE is visible in figure B.6.

Figure B.6. Alignment marks (left) and detail of a cantilever (right) etched into SiN.

As shown in the image, the corners are rounded and the profiles have a certain roughness
due to the low resolution of the foil mask and the proximity exposure during the lithographic
step. The proximity exposure method was preferred over soft or hard contact exposure to avoid
damaging the foil mask. Even though these latter allow to reach better resolution, the contact
between the lithography mask and wafer could damage the black emulsion and make the mask
unusable for future exposure. With proximity exposure, instead, a micrometric gap is brought
between the mask and wafer, which reduces the resolution, but increases the mask’s lifetime.

B.2.3 KOH etching for beam release

The release of the cantilever has been performed through convex corner etching in 30% aqueous
KOH etchant at 85◦C (fig. B.4(d)). To also allow the release of the bridges through undercutting,
they were designed on the mask rotated by 45◦ with respect to the primary flat of the wafer.

The lateral undercut etch process is self-limiting; nevertheless, the etching was stopped once
the longest cantilevers, i.e., 500 µm length, were fully undercut in order to reduce the lateral
over-etching of the cavity.

The lateral over-etching is about 4.3 µm, which corresponds to 1.72% of the length of the
shortest beam. As a consequence, we can neglect the effect of over-etching on the resonant
frequency.

The released beams are shown in figure B.7. As illustrated in the images, the obtained beams
are straight. This means that the intrinsic stress of the Si-rich silicon nitride layer is low and
uniform enough not to deform the devices.
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Figure B.7. SEM picture of released (a) cantilevers and (b) bridges with a tilting angle of 45◦.

B.2.4 Aluminum-Silicon(1%) sputtering and wafer cleaving

In order to increase the reflectivity of the suspended structure a 30 nm thick layer of AlSi(1%) has
been sputtered on the whole wafer. This layer has no significant impact on the performance of the
devices in terms of resonant frequency and allows the TPP-printer to correctly find the interface
while printing on the transparent silicon nitride beams.

The last step performed in the EKL cleanroom is wafer dicing: the wafer has been divided
into 3 mm x 3 mm dies, each of them containing a resonating beam. The dicing process in-
volved breaking the wafer along the previously etched scribelines. Scribelines, indeed, created
an intentional weak point in the substrate in order to force it to break at only that location.

Since the used substrate is silicon, which is a crystalline material, when cleaving force is
applied to the edge of a die or of the wafer, it will break following the crystal plane. This allows
to release more dies at the same time.

The cleaving method is not extremely precise, especially when the die size is a few millime-
ters, and could cause the breaking of some dies if the cleaving force is not exerted at the right
place. But it is very simple and fast and does not necessarily require the use of special tools:
sharp tweezers and a diamond wafer-cutting pen are sufficient.

B.3 3D printing of IP-Dip channels via two-photon polymerization

The process flow executed in the PME cleanroom is shown in figure B.8.
The fluidic connection between the embedded channel and the fluidic interface is realised

by laser hole drilling of the substrate: two holes for the inlet and outlet of the microchannel
are created on both sides of the bridge or at the fixed end of the cantilever (fig. B.8(a)). Then
the polymeric lid with the buried channel is printed by two-photon polymerization on top of the
beam, as illustrated in figure B.8(b).
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Figure B.8. Flow chart of the fabrication process: (a) laser drilling of holes in the silicon
wafer for the connection with the fluidic interface, (b) 3D printing by two-photon polymer-
ization of the polymeric lid with the embedded channel, (ci) and (cii) sections of the chip
showing the hollowed structure.

In order to reduce the fluidic resistance, the connection from the dome to the beam is realised
by gradually decreasing the channel cross-section (fig. B.8(bi) and (bii)).

B.3.1 TPP-printing on SiN beams

The dies containing SiN resonators need to be fixed to the TPP-holder for printing. It has been
fabricated so as to hold 25 mm x 25 mm dies, which have to be taped to the edges. Since the size
of Si dies is smaller than the holes in the TPP-holder, 3D-printed adapters have been fabricated to
clamp the small dies and fix them to the TPP-holder. The CAD design of the support is shown in
figure B.9. DLP 3D printing process is performed to realise the adapters made of 3DM TOUGH
clear resin using Micro Plus Hi-Res (EnvisionTEC US LLC, United States).

Once the die is clamped, the IP-Dip liquid resin is carefully placed onto the substrate and the
holder is inserted into the Nanoscribe. Before starting the printing process, the interface has to be
found manually. The XY stage is moved to the area with the most reflected light, corresponding
to the position of the Si die, then the lens is moved down in the Z-direction. When the surface of
the die is on focus, the XY stage is moved to find the supporting SiN beam to be printed on. The
printing starts from one of the clamped edges of the beam.

The printing of the layer on suspended beams has a duration that ranges from 2 to 10 minutes,
depending on bridge length and structure shape; while the printing of the entire structure, includ-
ing fixed channels and fluidic connections, has an estimated printing time of around 2 hours.

After printing, devices are cleaned from the residues of non-polymerised resin with a de-
veloping step. The dies are separated from the adapter and submerged in ≥ 99.5% Propylene
glycol monomethyl ether acetate (MilliporeSigma, United States) for 25 minutes, then they are
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Figure B.9. Chip holder for the TPP. Two 8x8 mm2 dies can be placed into the two dedicated
spaces. Then, the holder itself is taped to the Nanoscribe multi-DiLL sample holder.

submersed into isopropanol for 5 minutes. Drying is carried out using a nitrogen gun with low
airflow to prevent resonators from breaking.
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Appendix C

Characterisation

C.1 Mechanical characterization

C.1.1 Young’s modulus of IP-Dip

In order to measure the Young’s modulus of the IP-Dip polymer, a compression test has been
performed. An array of twelve pillars has been printed on an AlSi(1%) sputtered substrate (see
figure C.1(a)) and a force-displacement curve has been obtained for each structure. The force has
been applied in a direction perpendicular to the substrate, as shown in figure C.1(b).

Figure C.1. (a) SEM picture of 35 µm x 35 µm x 45 µm IP-Dip pillars with a tilting
angle of 45◦; (b) compression test.

The Young’s modulus has been extracted from the linear region of the curve by using equation
C.1.

E =
σ(ε)

ε
=

FL0

A∆L
σ (C.1)

where σ is the stress, ε is the strain, F is the compressive force, L0 is the initial height of
the pillar, ∆L is the height variation and A is the area of the section perpendicular to the applied
force.
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The same experiment has been carried out on a second array of twelve pillars subjected to 40
min UV-light exposure.

The size of the pillars with and without UV-light exposure has been characterized using a
Keyence Digital Microscope VHX-6000. The measured values are listed in table C.1.

Parameter Nominal value No exposure Exposure

Height [µm] 45 43.1 ± 3.0 42.0 ± 2.2

Cross-section [µm2] 900 849.8 ± 1.9 850.7 ± 2.9

Table C.1. Size of the pillars printed for the compression test.

C.1.2 Adhesion force between polymer and AlSi(1%) surface

The adhesion force of the IP-Dip polymer to the AlSi(1%) substrate has been obtained from
a compression test. Two pillars with a different square cross-section have been printed on an
AlSi(1%) sputtered substrate (see figure C.2(a)) and a force-displacement curve has been obtained
for each structure. The force has been applied in a direction parallel to the substrate, as shown in
figure C.2(b).

Figure C.2. SEM picture of 80 µm x 80 µm x 250 µm IP-Dip pillar with a tilting angle of 45◦.

The size of the two pillars has been measured using JSM-6010LA SEM (JEOL Ltd.,The
Netherlands). The measured values are listed in table C.2.

C.2 Frequency study: resonant frequency and Q-factor measure-
ments
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C.2 – Frequency study: resonant frequency and Q-factor measurements

Parameter Nominal value Measured value

Pillar 1 Height [µm] 250 232

Cross-section [µm2] 4900 4784

Pillar 2 Height [µm] 250 239

Cross-section [µm2] 6400 6141

Table C.2. Size of the pillars printed for the compression test.

Length [µm] Width [µm] fR [kHz] Q-factor [103]

250 30 626.6 ± 3.2 12.2 ± 1.9

40 617.5 ± 3.2 11.50 ± 0.20

50 606.8 ± 3.6 11.60 ± 0.21

300 30 498.1 ± 3.4 12.0 ± 1.0

40 490.5 ± 2.4 12.57 ± 0.11

50 483.6 ± 3.4 14.77 ± 0.27

350 30 416.2 ± 3.1 9.5 ± 1.6

40 411.6 ± 2.7 11.17 ± 0.51

50 405.9 ± 2.9 11.47 ± 0.98

400 30 356.45 ± 0.55 10.8 ± 1.4

40 353.1 ± 1.9 12.94 ± 0.37

50 351.69 ± 0.45 14.01 ± 0.67

450 30 309.9 ± 1.7 12.35 ± 0.21

40 308.5 ± 1.6 9.3 ± 1.2

50 305.4 ± 2.0 12.34 ± 0.65

500 30 277.4 ± 1.2 11.1 ± 2.4

40 274.5 ± 1.9 10.3 ± 1.3

50 271.2 ± 2.2 11.59 ± 0.88

Table C.3. Resonance frequency and Q-factor of the first resonant mode of SiN bridges.
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Length [µm] Width [µm] fR [kHz] Q-factor [103]

250 30 45.42 ± 0.18 14.65 ± 0.76

40 44.48 ± 0.52 19.1 ± 2.8

50 44.53 ± 0.17 21.47 ± 0.49

300 30 31.86 ± 0.13 22.58 ± 0.10

40 31.62 ± 0.10 20.3 ± 1.7

50 31.13 ± 0.15 22.23 ± 0.31

350 30 23.60 ± 0.10 22.72 ± 0.46

40 24.5 ± 1.1 23.03 ± 0.20

50 23.13 ± 0.10 23.88 ± 0.46

400 30 18.285 ± 0.035 23.22 ± 0.58

40 18.150 ± 0.040 20.9 ± 4.1

50 17.910 ± 0.070 23.990 ± 0.050

450 30 14.525 ± 0.035 23.900 ± 0.020

40 14.435 ± 0.025 22.9 ± 2.9

50 14.12 ± 0.12 24.44 ± 0.54

500 30 11.80 ± 0.02 24.62 ± 0.23

40 11.760 ± 0.010 24.61 ± 0.11

50 11.620 ± 0.020 24.690 ± 0.010

Table C.4. Resonance frequency and Q-factor of the first resonant mode of SiN cantilevers.

Length [µm] Width [µm] fR [kHz] Q-factor [103]

250 30 618.3 ± 4.0 4.1 ± 1.7

250 40 610.4 ± 3.8 4.9 ± 1.4

250 50 605.98 ± 2.6 5.00 ± 0.88

300 50 486.9 ± 1.1 6.34 ± 0.76

350 50 407.1 ± 2.3 3.9 ± 1.5

400 50 348.8 ± 3.3 3.40 ± 0.70

450 50 305.1 ± 2.6 5.08 ± 0.82

500 50 271.4 ± 2.2 5.95 ± 0.44

Table C.5. Resonance frequency and Q-factor of the first resonant mode of bridges
after AlSi(1%) sputtering.
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Length [µm] Width [µm] fR [kHz] Q-factor [103]

250 30 45.31 ± 0.11 6.42 ± 0.35

250 40 44.800 ± 0.030 6.30 ± 0.50

250 50 44.12 ± 0.16 6.69 ± 0.43

300 50 31.18 ± 0.14 6.25 ± 0.54

350 50 23.185 ± 0.055 5.79 ± 0.42

400 50 17.950 ± 0.070 5.47 ± 0.67

450 50 14.310 ± 0.060 4.8 ± 1.1

500 50 11.650 ± 0.030 4.48 ± 0.96

Table C.6. Resonance frequency and Q-factor of the first resonant mode of cantilevers
after AlSi(1%) sputtering.

Length [µm] fSiN [kHz] fgold [kHz] QSiN [103] Qgold [103]

250 597.4 ± 1.9 589.5 ± 6.5 6.2 ± 2.1 2.66 ± 0.55

300 483.0 ± 2.8 471.9 ± 2.3 17.5 ± 3.0 4.6 ± 1.9

350 403.1 ± 2.0 393.20 ± 0.94 10.5 ± 1.7 0.70 ± 0.12

400 356.45 ± 0.55 - 10.8 ± 1.4 -

450 302.59 ± 0.83 295.22 ± 0.84 9.6 ± 2.1 4.4 ± 1.0

500 269.52 ± 0.58 262.96 ± 0.60 10.9 ± 1.6 6.22 ± 0.73

Table C.7. Resonance frequency and Q-factor of the first resonant mode of bridges of 50 µm
width before (SiN) and after (gold) gold sputtering.

Length [µm] fSiN [kHz] fgold [kHz] QSiN [103] Qgold [103]

250 44.00 ± 0.36 43.02 ± 0.01 20.06 ± 0.82 14.10 ± 0.20

Table C.8. Resonance frequency and Q-factor of the first resonant mode of cantilevers of 50 µm
width before (SiN) and after (gold) gold sputtering.
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Length [µm] fpar [kHz] fper [kHz] Qpar [103] Qper [103]

250 - 406.43 - 725.75

300 413.15 334.84 507.40 596.93

350 344.26 - 854.32 -

400 295.41 288.47 451.63 300.81

450 265.75 252.33 1107.20 458.90

Table C.9. Resonance frequency and Q-factor of the first resonant mode of 50 µm width bridges
width with a continuous IP-Dip layer with parallel (par) and perpendicular (per) printing direction.

Length [µm] fpar [kHz] fper [kHz] Qpar [103] Qper [103]

250 517.02 506.20 - -

300 415.09 396.20 - 378.28

350 340.98 - - -

400 292.69 - - -

450 249.03 247.08 - 265.02

500 227.45 219.42 292.13 385.3

Table C.10. Resonance frequency and Q-factor of the first resonant mode of 50 µm width bridges
of two IP-Dip walls with parallel (par) and perpendicular (per) printing direction.

Length [µm] fpar [kHz] fper [kHz] Qpar [103] Qper [103]

350 341.22 330.18 510.52 226.63

400 278.73 281.64 14.40 348.10

450 243.47 243.86 504.90 409.34

500 215.88 216.06 256.26 329.27

Table C.11. Resonance frequency and Q-factor of the first resonant mode of 50 µm
width bridges with two IP-Dip walls and a thin middle layer with parallel (par) and
perpendicular (per) printing direction.
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