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Abstract
The emerging high-resolution 3D printing technique called two-photon polymerization (2PP)
enables to print devices bottom-up rapidly, contrary to the top–down lithography-based
fabrication methods. In this work, various polymer microbeams are 3D printed and their
resonant characteristics are analyzed to understand the origin of damping. The 2PP printed
polymer resonators have shown less damping than other polymer devices reported earlier, with
tensile-stressed clamped–clamped beams reaching a record quality factor of 1819. The resonant
energy loss was dominant by bulk friction damping. These results pave the path towards using
3D printed microresonators as mass sensors with improved design and fabrication flexibility.

Supplementary material for this article is available online

Keywords: 3D printing, microresonator, additive manufacturing, damping, quality factor,
polymer microbeam, 2PP printing

1. Introduction

Studying the physical characteristics of individual cells
and sub-cellular components opens up new possibilities for
advancements in biology and medicine. Research has demon-
strated that properties like the mass and stiffness of cells are
closely tied to various diseases [1–5]. For instance, blood cells
and circulating tumor cells can be differentiated by assess-
ing their deformability and mass [6]. Precise measurement of
the mass of cells and subcellular components is possible by
using micro- and nanomechanical resonant beams. These res-
onant beam sensors also find applications in various fields,
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including chemical sensing, biomolecular recognition, and
humidity sensing [7–13].

Typically, microbeam resonators are fabricated out of
silicon-basedmaterials using photolithography technique. The
technique is limited to producing 2D devices and very expens-
ive to prototype devices in the design phase. Higher quality
factor of resonance is a key factor in achieving a better mass
resolution [14]. Polymers have distinct mechanical proper-
ties compared to silicon-based materials, with reduced device
mass but also increased intrinsic damping. SU-8 polymer res-
onators were fabricated by lithography technique and high
quality factors were achieved by inducing tensile stress in the
beam [12]. Some groups have 3D printed microbeam reson-
ators using two-photon polymerization (2PP) [10, 15]. This
lithography-free technique enables rapid prototyping with a
3D design freedom, fabrication outside of an expensive clean-
room facility and ready to use devices without any further
preparation steps after fabrication [10]. The damping beha-
vior of 2PP printed microbeam resonators is not investigated
so far.
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In this work, we have 3D printed cantilevers and double-
clamped beams with various dimensions, measured their res-
onant frequencies, identified major damping sources and
compared them with existing theories. This systematic way
of exploring damping is a novel approach to 3D prin-
ted microresonators and can serve as a step towards a
wide range of applications. The current literature elabor-
ately describes the damping of microresonators fabricated
with lithography-based techniques or describes a single 3D
printed microresonator without relating to damping theory
or sweeping parameters. Furthermore, damping has been
studied for polymer materials [16] but not specifically for
2PP fabricated materials. In addition to the systematic char-
acterization of devices, our work demonstrates the reduc-
tion of damping by inducing tensile stress on a 3D prin-
ted double-clamped beam. This technique, previously used
in non-polymeric devices, has been applied here to challenge
the state-of-the-art of polymer microbeam resonators with low
damping.

2. Methods and materials

2.1. Resonant beam fabrication

Solid resonators shaped like cantilevers and bridges were
fabricated using 2PP 3D printing with the Professional GT
(Nanoscribe GmbH&Co. KG, Germany). The structures were
printed in Dip-in Laser Lithography configuration using 25×
NA 0.8 lens (Carl Zeiss AG, Germany) in galvo mode at 100%
(50 mW) laser power and 100 mm s−1 scanspeed using IP-
S resin (Nanoscribe GmbH & Co. KG, Germany). IP-S was
selected for its superior Young’s modulus and other mechan-
ical properties with respect to other IP materials. The struc-
tures were 3D printed on top of diced silicon wafer substrates
with {100} orientation and the following dimensions: 25 mm
long, 25 mm wide and 0.700 mm thick.

Two different types of microbeams were fabricated: thick
beams with a thickness of 14 µm and thin beams with a thick-
ness of 5 µm. Thick cantilevers and bridges are shown in
figures 1(a) and (b). Thin type beam resonators are displayed
in figures 1(c) and (d). Special thin type bridges were fab-
ricated with a tapered width in the center to locally reduce
the cross-sectional area. One of these devices is shown in
figure 1(e). For this type of device, the width was narrowed
down from 17.5 µm at the supports to 6 µm in the middle
section. Table 1 displays the dimensions of the different struc-
ture types used for the measurements. Beam lengths were var-
ied with steps of 50 µm. The beams were suspended from
the substrate by rectangular pillars of the same material as
the beams. Cantilevers and bridges were printed on the same
substrate, with varying beam lengths (with steps of 50 µm).
Two types of beams were printed with different printing meth-
ods. Thick beams were printed using block splitting in the
longitudinal direction with square blocks of 4 µm × 4 µm
with a 2 µm overlap. Thin beams were printed without block
splitting.

The following development procedure was used for
the printed structures: 25 min of submersion in ⩾99.5%

Figure 1. Scanning electron microscope pictures of fabricated IP-S
microbeams with different geometries on a silicon substrate. (a) and
(b) Thick type microbeams. (a) Cantilever 150 µm long, 17.5 µm
wide and 14 µm thick. (b) Bridge 250 µm long, 17.5 µm wide and
14 µm thick. (c)–(e) Thin type microbeams. (c) Cantilever 50 µm
long, 17.5 µm wide and 5 µm thick. (d) Bridge 150 µm long,
17.5 µm wide and 5 µm thick. (e) Narrowed bridge 250 µm long,
17.5 µm wide at the base, 6 wide µm at its center and 5 µm thick.

Propylene glycol monomethyl ether acetate (MilliporeSigma,
United States) followed by 30 s of submersion in Methoxy-
nonafluorobutane known as Novec 7100 engineering fluid
(MilliporeSigma, United States). Post-development thermal
treatment of devices was performed at 200 ◦C for 15 min
using the UN30 oven (Memmert GmbH+Co. KG, Germany),
within the same day of characterization.

2.2. Resonator characterization

The resonant frequencies and corresponding quality factors of
the solid beams were determined by laser Doppler vibrometry
(MSA-400-PM2-D, Polytec GmbH, Germany). The samples
were sputter-coated (JFC-1300) with approximately 72 nm of
gold prior to the measurements, to increase the reflectivity of
the devices surface. The samples were mounted on top of a
piezoelectric actuator with a fundamental resonance frequency
of approximately 4MHzmade of PIC255 (PI Ceramic GmbH,
Germany) using double-sided carbon tape inside a homemade

2
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Table 1. Design parameters of 3D structures that were printed.

Structure type Length (µm) Width (µm) Thickness (µm)

Thick cantilever (figure 1(a)) 50–300 17.5 14
Thick bridge (figure 1(b)) 150–300 17.5 14
Thin cantilever (figure 1(c)) 50–100 17.5 5
Thin bridge (figure 1(d)) 100–300 17.5 5
Thin narrowed bridge (figure 1(e)) 100–300 17.5 (base)

6 (center)
5

Pillar supporting beams (figures 1(a)–(e)) 35 17.5 25

vacuum chamber. Single-point and multi-point measurements
in frequency domain were performed and used to find the dis-
placement peaks defining the resonant frequencies, and their
corresponding modal shapes. A pseudo-random signal with
white spectrum from 1 Hz to 2 MHz was used for driving the
piezoelectric actuator, with a time-domain amplitude of 10 V.
Measurements were performed at room temperature (20 ◦C)
and high vacuum pressure (⩽5 ∗ 10−5 mbar).

3. Results

3.1. Frequency spectra of 3D printed devices

The resonant frequency spectra of the fabricated devices was
measured and their corresponding modal shapes were iden-
tified. Figure 2 shows the recorded resonant frequency spec-
trum of a bridge with a narrowed middle section. The differ-
ent peaks are labeled with numbers. The peak with the highest
magnitude (number 2) is considered as the fundamental res-
onant mode of the device. The remaining peaks, while hav-
ing a qualitatively similar modal shape, present a considerable
velocity (displacement) magnitude at the anchor points. Peak
1 with a lower resonant frequency has anchor points moving
in phase with the center of the beam. Peaks 3 and 4 with a
higher resonant frequencies have anchor points moving anti-
phase with the center, as pointed out with the black arrows.
This behavior, exemplified by the device has been observed
across all fabricated devices with less distinction. The origin
of this phenomenon is discussed in section 4.1. The resonant
peaks with a mode shape containingminimum displacement at
the anchor points were considered as the fundamental resonant
frequency for further analysis.

3.2. Quality factor of varying device dimensions and the
effect of thermal treatment

The bulk friction damping has been shown to be the domin-
ant damping phenomenon limiting the quality factors of most
polymer microbeam resonators [12, 17], except for string-
like microresonators. This material intrinsic damping is not
only dependent on temperature and frequency, but also on
the molecular structure of the polymer through the loss factor
η. A preliminary experiment, described in the supplement-
ary material, showed that post-development thermal and UV-
exposure treatments in IP-S pillars leads to an increased
Young’s modulus. Therefore to improve the quality factor,
microbeams were characterized after thermal treatment at

Figure 2. Frequency spectrum of a thin type narrowed bridge 200
µm long consisting of IP-S on a silicon substrate. Peaks are
numbered and the associated modal shapes are displayed in the
insets. Additionally, the fit of the resonance peak is displayed in
inset ‘fit peak 2’.

200 ◦C for 15 min. Thick and thin type cantilevers and bridges
of varying lengths were characterized at high vacuum pressure
(⩽5× 10−5 mbar).

The quality factors measured for thermally untreated and
treated devices are plotted in figure 3. Each data point is
obtained from an average of 5 devices that were measured.
The error bar represents a standard deviation. In general, all
devices showed an upwards trend in the quality factor with
the resonant frequency, plateauing from around 200 kHz. The
plots show that untreated cantilevers and bridges of both types
have similar quality factor values at matching resonant fre-
quencies. All thermally treated devices showed an increase in
resonant frequency compared to untreated devices, this can be
attributed to the increased Young’s modulus (see supplement-
ary materials). A small increase of the quality factor in general
has been observed for thermally treated devices in compar-
ison to untreated devices, except for the thick type cantilevers
with 200 µm and 250 µm length. Those two thermally treated
devices with a resonant frequency of around 100 kHz show a
significantly lower quality factor compared to the untreated
ones with the same length. The largest increase in quality
factor is for the thin 200 µm bridge with 136 at 135 kHz
without thermal treatment, to a quality factor of 506 at 181 kHz
after thermal treatment. The highest quality factor in these
experiments was for the thermally treated 100 µm long thick
cantilever with 993 at 473 kHz.
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Figure 3. The quality factors of (a) thick cantilevers, (b) thin cantilevers, (c) thick bridges and (d) thin bridges, with and without thermal
treatment. The solid lines with different colors represent theoretically calculated quality factors using equations given in Schmid et al [18]
due to various damping sources. See also supplementary material for equations. The dashed line represents the total effective quality factor.

3.3. Modeling damping sources

Theoretical models for different damping phenomena are plot-
ted together with the experimental data in figure 3. The applied
models and their corresponding equations can be found in
the supplementary material. The theoretical total damping is
denoted by the dashed line, which can be calculated with
equation (S.5) from the supplementary material. Theoretical
values of Qmedium were in the order of 106, so they are out of
range of the figure. The theoretical models ofQTED andQfriction

are highly dependent on the material properties of IP-S, which
can vary strongly with different fabrication parameters [19,
20]. The material properties used for modeling are shown in
table 2. There is limited data available on the thermal and
mechanical properties of IP-S, so the following assumptions
and estimations were made in order to be able to plot models
for thermoelastic damping and friction damping: unavailable
data for IP-S was replaced by data of IP-DIP (indicated by ∗ in
the table 2) and the loss coefficient was conservatively estim-
ated to be 0.1 from the literature [21].

3.4. Thermal treatment of narrowed bridges

String-like polymer microbeam resonators have been repor-
ted to achieve the highest quality factors [12], especially when

Table 2. Material properties of IP-S used for theoretical models and
calculations.

Material property Value Source

Young’s modulus 2.3 GPa Supplementary
material

Relaxed Young’s modulus∗ 2.6 GPa [22]
Unrelaxed Young’s modulus∗ 3.2 GPa [22]
Loss coefficient 0.1 [21]
Mass density∗ 1189 kgm−3 [19]
Thermal conductivity 0.3 WmK−1 [23]
Coefficient of expansion 100× 10−6 K−1 [20, 23]
Heat capacity 1500 J kgK−1 [23]

tensile stress was present in the longitudinal direction of the
beam. The tensile stress in strings led to an increased qual-
ity factor [24] because this adds stored energy to the system,
enhancing its proportion with respect to energy losses [16].
Following this idea, a narrowed middle section on a double-
clamped resonator was used to locally increase stress by redu-
cing the cross-sectional area, with the goal of enhancing the
quality factor [25, 26]. Bridges were 3D printed with a nar-
rowed middle section and thermally treated, in an attempt
to create tensile stress by thermally inducing shrinkage, as

4
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Figure 4. (a) Quality factor of thin type narrowed bridges with and without thermal treatment. The lines represent quality factor values
obtained from theoretical models of different damping sources. (b) The dashed black line indicates the experimentally determined frequency
shift factor F of thin type narrowed bridges of different beam lengths. The blue line indicates the tensile stress calculated with the analytical
model based on the experimental determined F values.

observed in the preliminary experiment with pillars found in
the supplementary material.

Results of this narrowed bridge experiment are plotted in
figure 4(a), with further details found in the supplementary
material. It can be seen that narrowed bridges with and without
thermal post-development treatment (200 ◦C for 15 min) have
similar quality factor values with one pronounced exception:
the narrowed bridges with a length of 200 µm showed a signi-
ficant increase in average quality factor, from 522 at 361 kHz
for untreated beam to 1819 at 424 kHz after the thermal treat-
ment. This value surpasses the highest quality factor repor-
ted for polymer microbeam resonators to the best of the
authors’ knowledge, 790 at 200 kHz for a stressed double-
clamped beam [12]. An increase in resonance frequency was
observed due to the treatment for narrowed bridges as shown
in figure 4(a). The largest relative frequency increase was
for the 200 µm long devices, which also showed a signi-
ficant increase in quality factor. This could be an indica-
tion of significant tensile stress in this particular device. See
section 4.3 for an explanation about why the length of 200 µm
only showed a significant increase of the averaged quality
factor.

An attempt to calculate the tensile stress in the narrowed
bridges was performed, based on the experimentally observed
shift in resonance frequency between untreated and treated
devices using the methodology and assumptions described
below. The following assumptions were made for the calcu-
lation of tensile stress: Conservation of device mass during
thermal treatment, the internal stress of untreated beams is
negligible, cross-section did not vary as a result of treatment,
and beam length did not change by the treatment. The beam
length is assumed constant because the beam anchor point’s
position is fixed to the surface of the substrate. The resonance
frequency shift factor as a result of the thermal treatment will
be denoted with F:

F=
fR,treated
fR,untreated

. (1)

The resonant frequency of a double-clamped beamwith tensile
stress σ can be calculated using [27]

fR,n =
n2π
2l2

√
YI
ρA

√
1+

σAl2

YIn2π2
. (2)

Substituting A= bh and I= 1
12bh

3 ([28]) leads to:

fR,n =
n2π
2l2

√
Yh2

12ρ

√
1+

12σl2

Yh2n2π2
. (3)

It should be noted that, besides the introduced stress, the
Young’s modulus, mass density and height are susceptible
to being modified by the thermal treatment. The effect of
these variables on the resonant frequency were accounted for
using correction factor CF, which can be calculated using
equation (4). CF was derived by substitution of equation (3) in
equation (1), setting the stress to zero and using the Young’s
modulus, mass density and height as treatment variables

CF =
fR,n,treated
fR,n,untreated

=

n2π
2l2

√
Ytreatedh2treated
12ρtreated

n2π
2l2

√
Yuntreatedh2untreated

12ρuntreated

=

√
Ytreatedh2treated

ρtreated√
Yuntreatedh2untreated

ρuntreated

.

(4)

The values needed to evaluate equation (4) where obtained
from the experiments with polymer pillars, as described
in the supplementary material. Substituting equation (3) in
equation (1) and correcting F through dividing it by the cor-
rection factor yields equation (5) for the tensile stress

σn,treated =

((
F
CF

)2

− 1

)
∗
(
Ytreatedh2treatedn

2π2

12l2

)
. (5)

The local tensile stress in the narrowed part of the bridge was
calculated with equation (6) [28].
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σnarrowed = σn,treated
A

Anarrowed
. (6)

The frequency shift factor and the estimated tensile stress in
thermally treated narrowed bridges are plotted in figure 4(b).
According to the estimation, the 200 µm long devices, that
showed a distinct quality factor increase, were the only ones
with positive tensile stress induced by the thermal treatment
(1.4× 105 Pa).

4. Discussion

4.1. Origins of multiple resonance peaks

Fundamental resonant frequencies of the beams were iden-
tified by magnitude peaks and their matching mode shape.
Multiple peaks with similar mode shapes were observed across
all experiments, but only the peak with a mode shape contain-
ing minimum displacement at the anchor point(s) was selected
to be the fundamental resonant frequency. Multiple resonant
peaks with similar modal shapes is also known as ‘forest of
peaks’ and has been reported before by others [29]. Coupling
of the resonators with each other through the substrate could
be argued to cause multiple peaks. Although the resonators
fabricated on a single substrate had different fundamental res-
onant frequencies, different modes could still be coupled with
the fundamental mode of another resonator fabricated on the
same substrate. This cause was ruled out because the devices
with the lowest fundamental resonant frequencies still had
multiple peaks and fabricating a single beam per substrate
did not solve the issue. ‘Additional’ resonant peaks with sim-
ilar mode shapes but moving anchor points suggest a mech-
anical coupling between the beam and other resonating parts
such as the piezoelectric transducer assembly, substrate or the
anchor itself. Energy transfer through this coupling intensi-
fies when the frequencies of substrate and resonator modes are
closer together [30, 31]. This suggests that those ‘additional’
peaks are coupled substrate modes or anchor modes, which
should not be fitted for characterization. Literature suggests
that the resonances of the piezoelectric transducer (assembly)
could also be the cause of the ‘forest of peaks’ phenomenon
[32, 33]. Both causes agreed with the following unsuccessful
attempts performed to solve this problem: Varying the excita-
tion voltage, performing single point measurement, changing
anchor geometry, varying distance from beam to the substrate,
eliminating block splitting of beams or fabricating a single
beam per substrate.

4.2. Discrepancy between damping models and
experimental results

The theoretical damping models shown in figure 3 did not fit
the experimental data across all devices. The models of ther-
moelastic damping and friction damping are highly depend-
ent on material properties, which were partly undetermined
and can vary strongly with fabrication parameters [19, 20].
The high uncertainty of the values of material properties used

in these models explains the mismatch between theory and
experiments. In an attempt to reconcile this problem, unavail-
able data for IP-S was replaced by data of IP-DIP for the fol-
lowing material properties: relaxed Young’s modulus, unre-
laxed Young’s modulus and mass density. In order to improve
the accuracy of the models, the following material proper-
ties would be necessary: relaxed Young’s modulus, unrelaxed
Young’s modulus, mass density, loss coefficient, thermal con-
ductivity, coefficient of expansion and heat capacity. Another
approach to improve the accuracy of the models is to tune the
material properties to make the models fit the experimental
data. Unfortunately, fitting the models to experimental data
was not possible without significant corrections on the val-
ues of material properties. This makes it a trivial exercise
also considering the higher number of variables. Finally, the
bulk friction damping model was based on a single relaxation
time in contrast to the case of a real polymer, which has mul-
tiple relaxation times [34]. These were enough reasons not to
take the quality factor values of the theoretical models into
account during the determination of the dominant damping
phenomenon, but only their theoretical dependencies.

4.3. Dominant damping source

The fundamental question of finding the dominant damping
source(s) of our polymer microbeam resonators was answered
by eliminating damping sources one by one (see equation (S.5)
in the supplementary material). Experimental results and the-
oretical models are compared in order to eliminate possible
dominant damping sources based on their theoretical depend-
encies. In order to be able to single out damping sources, the
following variations were introduced in the devices fabric-
ated: beam length (resonant frequency), beam thickness and
clamping type.

The quality factor values of thermoelastic damping are
dependent on beam thickness, which is also displayed by the
model used in figure 3. The experimental results show that
changing the thickness of beams does not affect the qual-
ity factor values at matching resonant frequencies. This sug-
gests that thermoelastic damping can be eliminated as dom-
inant damping source in our devices. The modeled quality
factor for clamping loss of beams are significantly different for
cantilevers and bridges, and a strong dependence with beam
thickness is expected (see equations (S.8) and (S.9) in the
supplementary material). In our experiments, cantilevers and
bridges showed similar quality factors at matching resonant
frequencies for both thick and thin devices, suggesting that
clamping damping can also be eliminated as dominant damp-
ing source. Estimations for medium interaction damping at the
pressure set in our experiments indicate quality factors being
three orders of magnitude higher than the quality factors meas-
ured. Schmid [27] showed experimentally that the influence of
air damping vanishes for devices of comparable dimensions
with pressures below (10−1 mbar). After eliminating damping
sources based on their theoretical dependencies and the exper-
imental results, bulk friction damping is left as the dominant
damping source for our devices.

6
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4.4. Effects of thermal treatment on quality factor

Quality factors of cantilevers and bridges with constant cross
section, dominated by friction damping, did not change signi-
ficantly by post-development thermal treatment at 200 ◦C for
15 min, even though Young’s modulus changed by a factor of
1.5. This suggests that the friction damping has not changed
significantly by the expected increase in cross-links between
polymer chains.

High frequency shift and quality factor increase were
observed for the 200 µm long narrowed bridges. This not
only indicated that tensile stress was present in devices with
these dimensions (n = 5), but that locally increasing this
stress by reducing the cross-sectional area led to enhanced
stored energy with respect to the damping, therefore signi-
ficantly increasing the quality factor [16, 24]. This demon-
strated a successful case of strain engineering because only
a small increase in quality factor was observed for the thin
type bridges (without narrowing) of 200 µm length with the
same thermal treatment. Although simulations verified that a
frequency shift factor above 1.13 is caused by positive tensile
stress in the beam, it did not give an explanation to why only
200 µm long devices showed it. It is suspected that plastic
deformation entailing negative tensile stress was induced in
the beams during development and prior to the thermal treat-
ment. This is supported by the observation that narrowed
bridges were slightly bent down towards the surface of the sub-
strate after fabrication, see the supplementary material, sup-
posedly caused by capillary forces exerted by the evaporat-
ing development liquid [35]. This plastic deformation is more
pronounced for longer beams due to their lower stiffness and
larger area of interaction with the liquid meniscus during dry-
ing. The bending of the device has a competing effect with the
length dependency of induced (positive) tensile stress by volu-
metric shrinkage. Increasing tensile stress should be induced
for longer beams, assuming uniform shrinkage, fixed anchor
points and constant cross-sectional area for different beam
lengths.

The combination of the two competing effects might leave
long beams too deformed to shrink enough to induce positive
tensile stress and short beams with not enough longitudinal
shrinkage to induce positive tensile stress. This can explain
the local maximum in the frequency shift factor as a func-
tion of the beam length, with the consequent maximum in
the estimated stress. Such remnants of the fabrication pro-
cesses are something to consider when using them but do
not provide a broader understanding for polymer microbeam
resonators.

4.5. Comparison with state of the art

The quality factors of the devices in this work have exceeded
the state of the art of polymer microbeam resonators. Figure 5
provides a comparison between the previously reported qual-
ity factor values with the values demonstrated in this work,
as a function of the resonance frequency. he figure shows that
the 3D printed devices in this work approach quality factors
of 1000, generally outperforming previously reported polymer

Figure 5. State of the art of the quality factor of polymer
microbeam resonators, with devices from this work in blue [7–10,
15, 17, 27, 36–41].

microbeam resonators in a resonance frequency range from
60 kHz to 1500 kHz. There is a single exception reported by
Schmid et al, the stressed bridge with a quality factor of 790
at 200 kHz [16]. Outperforming previously reported polymer
microbeam resonators can be attributed to the reduction of
medium interaction damping by characterizing at high vacuum
pressure (⩽5 ∗ 10−5 mbar) and achieving reduced friction
damping. The reduced friction damping could be caused by
a smaller loss coefficient η of the material, or by the reson-
ance frequencies being far away from the inverse of the mater-
ial relaxation rate τ̄ (see equation (S.12)). The tensile-stressed
narrow bridges achieved a quality factor of 1819, providing a
significant improvement by utilizing the induced tensile stress
to add stored energy to the system, enhancing its proportion
with respect to energy losses.

5. Conclusion

The goal of this work was to understand the origin of damping
in 3D printed polymer microbeam resonators and maximize
their quality factor. The 3D printed devices from this work set
a new quality factor standard among polymer microbeam res-
onators. Cantilevers and bridges characterized at high vacuum
pressure (⩽5 ∗ 10−5 mbar) approached quality factors of 1000.
Additionally, a method for improving the quality factor of
polymer beam resonators was investigated. Our results and
analysis show that shrinkage by thermal post-development
treatment can be utilized to create tensile stress and improve
the quality factor. In our case, this technique has lead to a qual-
ity factor of 1819 in bridges with narrowed cross section. The
relevant question of what is the dominant damping source in
our 3D printed polymer beams was answered by discarding
possible damping sources based on experimental results and
their theoretical dependencies. The conclusion is that bulk fric-
tion damping is the dominant damping source for all devices.
These results pave the path towards using 3D printedmicrores-
onators as mass sensors with additional design and fabrication
flexibility.
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