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Two-photon polymerization (2PP) is a material processing technique employed for the production of high-resolution
micro-structures. The high potential of this technique in the fabrication of structured materials, or metamaterials,
have recently attracted a significant research interest. To proceed towards real applications, the mechanical properties
of the material obtained by 2PP should be known. These properties depend on all the process parameters, which
affect the cross-linking between the polymeric chains, and very few results are available in the literature. In this
work we perform a systematic characterization of the elastic properties of femtosecond-laser-polymerized SZ2080
(hybrid organic-inorganic photoresist) by combining dynamic experimental tests and numerical simulations on properly
designed microstructures. Studying the resonance frequencies of micro-cantilevers, we demonstrate the possibility of
tailoring the mechanical properties of the material by changing the laser irradiation conditions. This result paves the
way to the use of 2PP for the fabrication of microdevices operating in a dynamic regime with optimized material
properties.

I. INTRODUCTION

In recent years two-photon polymerization (2PP) emerged
as one of the most important material processing techniques
for the fabrication of mesoscale1 and sub-micrometric struc-
tures2 with high spatial resolution. 2PP is an additive manu-
facturing technique, which combines the simplicity, versatil-
ity, and low cost of macroscopic three-dimensional (3D) print-
ing techniques with the high resolution typical of conventional
microfabrication techniques. The 2PP allows the single-step
production of high-resolution 3D micro-structures with enor-
mous advantages with respect to the usual multi-step litho-
graphic techniques. Two-photon polymerization is achieved
through the focusing of ultrashort infrared laser pulses inside
a photoresist that absorbs linearly only the UV radiation and
is normally transparent at the infrared frequencies. Polymer-
ization with infrared light is possible only through a lower-
efficiency nonlinear process, such as two-photon absorption.
2PP requires high peak intensity, for this reason femtosec-
ond laser sources and high numerical aperture objectives are
used. The polymerization occurs only in the ellipsoid-shaped
region, called voxel, around the focal volume, where the laser
intensity is above the threshold. By properly moving the sam-
ple with respect to the laser beam it is possible to obtain 3D
geometries. Exploiting the nonlinearity of the absorption pro-
cess and setting the intensity just above threshold, it is pos-
sible to overcome the diffraction limit, obtaining resolutions
down to tens of nanometres using a laser beam with wave-
length of several hundreds of nanometers3–6. For its unique
capability to produce 3D microstructures with sub-diffraction
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limit resolution, 2PP has many possible applications, such as
biomedics7–15, micro-optics16–18, micro-fluidics19–21, micro-
mechanics22,23 and photonics24,25.

To optimize the micro-structures for many of the above-
listed applications, the mechanical properties of the poly-
merized material should be known and possibly adjustable.
The latter, however, are hardly known as they depend on
many process parameters such as the laser power, the writ-
ing speed and the writing density. In the literature there are
few studies focused on the evaluation of mechanical prop-
erties of photopolymerized resins for 2PP26. In Lemma et
al.27, the elastic properties of several polymers cross-linked
by two-photon lithography at varying laser power were esti-
mated through static and dynamic tests on microbeams. Ra-
man spectroscopy and nanoindentation tests were instead ex-
ploited to characterize the IP-L 780 resin28, while nanoinden-
tation on microbeams was used to probe different acrylate-
based materials29. A recent paper30 studied the influence of
key process parameters, including the writing speed and den-
sity, on the Young’s modulus of two-photon-polymerized IP-
Dip resin by means of tension and compression tests on mi-
crostructures, combined with Raman spectroscopy.

In the present work, we focus on a different resin, the
widely-used, hybrid organic/inorganic, negative photoresist
SZ2080. SZ2080 has many advantages, such as biocompat-
ibility, long-term stability, chemical and electrochemical in-
ertia, good optical transmission, low distortion and negligible
shrinkage after solvent washing with no need for shape com-
pensation in the irradiation step31. Previous studies reported a
value of the Young’s modulus of UV-polymerized SZ2080 ob-
tained by nanoindentation32, which is about ten times greater
than the one indirectly measured through a quite complex
experimental setup on the same photoresist cross-linked by
2PP33. Another recent work12 performed a static character-
ization of the mechanical properties of SZ2080 by microin-
dentation and nanoindentation. However, a systematic inves-
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tigation of the influence of the fabrication parameters on the
dynamical behaviour of this material is not available so far.

The purpose of this work is the experimental mechanical
characterization of the two-photon polymerized SZ2080 at
room temperature. The focus is on the effect of the differ-
ent writing parameters: power, writing speed, distance be-
tween lines in xy-plane and distance between planes along the
z-direction, on the resulting material elastic properties. The
elastic moduli are obtained from resonance frequency mea-
surements of micro-structures fabricated through 2PP and ac-
tuated by a piezoelectric disc. Two different micro-beams are
designed to allow for the dynamic measurement of the lon-
gitudinal and shear moduli. In addition, the effect of the di-
rection of writing and the related anisotropic effects are in-
vestigated. This study provides a database to systematically
tailor process parameters depending on the required mechani-
cal properties for SZ2080 photoresist.

II. MATERIALS AND METHODS

A. Materials

In the literature, several functional resins and photoresists
for 2PP have been used34, which provide polymerized struc-
tures that differ in terms of ultimate resolution and mechan-
ical properties. Photoinitiators also play a role in the 2PP
process35, thus underlining the need of a proper choice of ma-
terials to achieve the desired properties.

A hybrid organic-inorganic negative photoresist, SZ208036,
is used in this work. SZ2080 is made of two compo-
nents: methacryloxypropil trimethoxysylane (MAPTMS, ≥
97%, Sigma-Aldrich) and zirconium propoxide (ZPO, 70%
in propanol, Sigma-Aldrich), where the addition of ZPO en-
hances the material’s mechanical stability. The photoresist is
also doped with 1% wt Irgacure 369 (IRG, Sigma-Aldrich) as
photoinitiator.

A 50:50 solution in volume of 4-methyl-2-pentanone (≥
99.5%, Sigma-Aldrich) and isopropyl alcohol (≥ 99.8%,
Sigma-Aldrich) was used as solvent to remove the unpoly-
merized resist from the irradiated structures37.

The mass density of this material has been measured on
a macroscale prototype, polymerized through UV light, and
is equal to ρ = 1200 Kg/m3 in good agreement with results
already available in the literature11.

B. Direct writing procedure

A scheme of the experimental set-up for the fabrication of
3D microstructures by 2PP is shown in Fig. 1. The femtosec-
ond laser source (Topica, FemtoFiber pro NIR) operates at
its second harmonic emitting mode-locked pulses at 780 nm
wavelength. This source has a repetition rate of 80 MHz and
a pulse length of about 80 fs. The photopolymerized struc-
ture is generated in a layer-by-layer format. Each layer is
formed using x-y linear stages (ANT95-50-XY, Aerotech) to
move the structure with respect to the laser beam. Movement

fs-laser source

Power control

Shutter

Telescope

CCD

Motorized
linear 
stage (z) Objective

lens

Sample

Motorized linear 
stages (xy)

FIG. 1. General scheme of the fabrication setup used in this work.

along the z-axis is achieved using a high resolution linear stage
(ANT130-035-L-ZS, Aerotech) that translates the objective
lens. To achieve the tight focusing conditions required for
2PP, we used an oil-immersion objective (Carl Zeiss, Plan-
Apochromat, 100x n and 1.4 NA). Sample irradiation is con-
trolled by a fast galvanometric shutter, while beam intensity
is regulated by a combination of a polarizer and a waveplate.
For the real-time monitoring of the photopolymerization pro-
cess, a CCD camera is mounted behind a dichroic mirror. Tak-
ing advantage of the fact that the refractive index of SZ2080
changes during polymerization, the illuminated structures be-
come visible during the irradiation process. The resin is drop-
casted on a glass coverslip and mounted upside-down in the
fabrication set-up. To avoid the distortion of the focused laser
beam by the already-built structures, they are fabricated layer-
by-layer from the deepest point in the resin to the glass cover-
slip.

To fabricate a sample or a particular micro-structure the
three-dimensional image is first converted to stereolitho-
graphic (STL) file. The final STL file is input to the fabri-
cation program that slices the 3D model into different planes
at a fixed distance dz along the z axis and scans the area of
every plane by writing lines along the x- and/or the y-axis at
distances dx and dy, see Fig. 2. The structure is hence fabri-
cated plane-by-plane and line-by-line until the whole structure
is built38.

After the photopolymerization process, in order to remove
the unpolymerized resin, the samples are developed in a suit-
able solvent for 20 minutes.

C. Micro-beams for mechanical testing

To achieve a faithful and reliable characterization, mechan-
ical tests are carried out on specimens fabricated at the same
scale and with the same process of a typical micro-structure
made by 2PP in SZ2080. Furthermore, to identify the elastic
material behavior, at least two independent parameters (i.e.
the Young’s modulus E and the shear modulus G) must be
measured. To that purpose we designed two sets of micro-
beams with dimensions compatible with the fabrication sys-
tem described in Section II B. The first set of structures is
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FIG. 2. Multi-voxel-lines texture: (a) scheme and writing distance
definition (b) SEM image. The scale bar is equivalent to 5 µm in the
SEM image.

made by slender cantilever beams designed to oscillate in
bending with a first flexural mode at a frequency in the or-
der of some tens of kHz, while the second one is made by
cantilever beams with and eccentric mass at the tip to pro-
mote torsional oscillations. The measure of the flexural and
torsional natural frequencies of these two sets of structures,
allows the indirect determination of the elastic moduli.

To investigate the influence of the fabrication process on
such moduli, many cantilevers have been fabricated with dif-
ferent writing parameters. In particular, scans of power, writ-
ing speed, distance between the lines in the xy-plane and dis-
tance between planes along the z-direction have been per-
formed and studied.

In addition, since the fabrication process may result in a
non-isotropic material, the same structures have been fabri-
cated in three ways: with all the lines of each plane along the
longitudinal direction (direction of the axis of the cantilever),
with all the lines of each plane along the transverse direction
and with each plane made of lines in the perpendicular direc-
tion with respect to the previous plane as in Fig. 2.

D. Oscillation measurements

The natural frequencies of the fabricated cantilevers have
been measured through the experimental setup shown in Fig.
3.

The sample is mechanically fixed on a piezoelectric disc,
a PRYY+0354 by PICeramics, that is driven at the desired
frequency by the arbitrary function generator (Tektronix,
AFG 3011C). A standard He-Ne laser with a wavelength of
632.8 nm (Melles Griot, 05-lhp-151) is focused by an objec-
tive (Olympus, MPlanApo N, 100x and 0.95NA) on the tip of
the cantilever. The reflected beam, after passing through an
iris, is detected by a silicon photodiode (Thorlabs, PDA36A-
EC). When the cantilever oscillates, the reflection at the tip
is periodically deflected out of the iris aperture, thus causing
a modulation of the transmitted power. The oscillating sig-
nal coming from the photodiode is then sent to a digital os-
cilloscope (Tektronix, DPO 2024B). A sweep on the forcing
frequency is performed and the natural frequency of the pro-

FIG. 3. Not-to-scale scheme of the characterization setup: the red
line is the laser beam path while the black arrows represent the flux
of electrical signal.

x y

z

h

b
L

(a)

(b) (c)

FIG. 4. (a) Cantilever beam with nominal dimensions L = 80 µm,
b = 20 µm and h = 4 µm. (b) First and (c) second vibration modes.
The contour of the displacement amplitude is shown in color.

totype under test is identified with the forcing frequency that
causes the maximum response amplitude.

III. MODELING AND SIMULATION

A. Bending structures

The bending structures are cantilever beams attached to the
substrate by a bulky block of dimensions 30 µm × 30 µm ×
30 µm, as shown in Fig. 4a, where the nominal dimensions
are indicated.

For slender beams of length L and rectangular cross section
of height h, the bending frequencies, estimated by the linear
beam theory, read:

f =
α

2π L2

√
h2E
12ρ

(1)

where ρ is the mass density, E the Young’s modulus and α =
3.515 for the first mode and α = 22.034 for the second one.
Hence, in the approximation of the Bernoulli beam theory, the
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TABLE I. Nominal frequencies of the clamped beam in bending.

Beam theory FE simulation
f1 92139 Hz 90936 Hz
f2 577580 Hz 561910 Hz

frequency is independent from the beam width b and from
the material Poisson’s coefficient ν ; if the material density is
known, the measurement of the frequency allows to compute
the Young’s modulus E.

A more precise estimation of the frequencies, which ac-
counts for the deviation from the ideal Bernoulli theory and
for the presence of the block instead of a perfect clamping
constraint, is obtained numerically through a finite element
(FE) simulation in COMSOLMultiphysics c©. The geometry
of the cantilever is discretized with a regular mesh made by
around 5000 quadratic volume elements to guarantee at least
three finite elements in the thickness and a consequent high
accuracy of the numerical solution. Modal analyses are then
performed to simulate the natural frequencies of the two bend-
ing modes of the cantilevers shown in Figs. 4b-c.

Fixing the geometric dimensions as in Fig. 4a and E =
1 GPa, the analytic (Eq. 1) and numeric frequencies are com-
puted as reported in Table I. One can observe a difference
of about 1.3% and 2.8% for the first and second modes, re-
spectively mainly due to the block compliance. However, the
analytic formula can be used in the design phase and high-
lights the dependence of the frequency on the square root of
E, which will be exploited in the following to identify the
Young’s modulus from the experimental data. Note that even
though not very influential on the bending frequency, a value
of the Poisson’s ratio is required for the numerical analyses; a
value ν = 0.4 is considered, which is in the range reported in
the literature27,39 for similar materials.

B. Torsional structures

The torsional structures are cantilever beams, with a tip ec-
centric mass M designed to promote the torsional oscillation,
see Fig. 5. In this case, the presence of the anchoring block
and the asymmetric position of the tip mass with respect to
the torsional axis causes a coupling between the torsional and
flexural behaviours of the beam.

The simple analytic formula40 for the torsional frequency
is hence not valid and a numerical approach is followed. Both
the flexural mode of the structure shown in Fig. 5b and
the torsional mode shown in Fig. 5c are excited, the cor-
responding frequencies are measured and the Young’s and
shear moduli are identified through numerical simulations in
COMSOLMultiphysics c©, this time with a regular mesh made
by around 7000 quadratic volume elements.

With the nominal dimensions given in Fig. 5a (L = 65 µm)
and assuming G = 0.36 GPa (i.e. E = 1 GPa and ν = 0.4), the
numerically computed flexural frequency is 82804 Hz, while
the torsional counterpart is 411690 Hz.

FIG. 5. (a) Torsional structure with nominal dimensions L = 65 µm
or L = 45 µm, b = 20 µm, h = 4 µm, LM = 20 µm, bM = 10 µm
and hM = 6 µm. (b) Flexural and (c) torsional modes. The contour
of the displacement amplitude is shown in color.

(a) (b)

FIG. 6. SEM image of the fabricated (a) flexural and (b) torsional
structures. The scale bar is equivalent to 30 µm for both panels.

C. Elastic properties

After fabrication, the real dimensions of each cantilever
have been measured with table-top scanning electron micro-
scope (SEM) - Phenom World, Phenom Pro. SEM images of
the cantilevers are reported in Fig. 6.

The measured dimensions are inserted in a 3D FE model
used to compute, through modal analyses, the first two bend-
ing frequencies of the cantilevers. In view of the linearity as-
sumed for the material, as the bending frequency is propor-
tional to the square root of the Young’s modulus E, the anal-
yses are performed with a unit value of E, and the unknown
Young’s modulus is obtained from the ratio between the mea-
sured fexp and the numerical frequencies fE=1 as

E =

(
fexp

fE=1

)2

(2)

Also the second bending frequency is exploited similarly
to check the soundness of the procedure. The cantilever
beams with an eccentric mass, designed to oscillate in torsion
are also measured and simulated through modal analyses in
COMSOLMultiphysics c©.
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TABLE II. Writing process parameters: reference value and consid-
ered range of variation.

Parameter Reference min max
Power [mW] 20 15 25
Writing speed [µm/s] 1000 500 3500
dx [µm] 0.3 0.02 0.5
dz [µm] 0.5 0.1 0.6

IV. RESULTS AND DISCUSSION

Starting from a reference set of writing parameters, namely:
laser power P = 20 mW, writing speed v = 1000 µm/s, distance
between lines dx = dy = 0.3 µm and dz = 0.5 µm, several
sets of bending and torsional beams have been fabricated by
changing one single writing parameter at a time. The interval
of variation for each parameter is specified in Table II.

Note that the number of prototypes fabricated for each com-
bination of writing parameters is different. 136 cantilever
beams have been fabricated, out of which 28 with the refer-
ence parameters reported in Table II and 108 with other com-
binations of parameters. Mean values and standard deviations
are then computed on sets of data of different numerosity.
When only one prototype is available, the standard deviation
is not reported.

A. Young’s modulus

Flexural structures as the one shown in Fig. 4 are tested
to identify the Young’s modulus from their natural frequen-
cies through Eq. (2). The first and second flexural modes are
excited and the natural frequencies are measured through an
oscilloscope as described in Section II B. The first natural
frequencies of the different prototypes are employed for the
identification of the Young’s modulus, while the second nat-
ural frequencies are considered for the validation of the ob-
tained results. Figure 7 shows the output signals measured on
a cantilever fabricated with the reference writing parameters
reported in Table II and excited at its first and second natu-
ral frequencies, 96900 Hz and 597100 Hz, respectively. It is
worth noting that the accuracy we achieved in the measure-
ment of the first natural frequency is much higher than the
one of the second frequency because a much smaller signal is
measured when the second flexural mode of the cantilevers is
excited, thus causing uncertainties in the frequency identifica-
tion.

Considering an initial set of 7 cantilevers, all fabricated
with the reference writing parameters, the Young’s modulus
identified by the first frequency is 992±14 MPa, while us-
ing the second frequency one obtains 996±16 MPa. The two
values are in very good agreement (well within the standard
deviations) and are a clear proof of the consistent modelling
of the cantilever dynamical behaviour.

In the following, fortified by the validation performed
through the measurement of the second flexural frequency of
the fabricated prototypes, we focus on the first flexural mode
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FIG. 7. Input (blue dashed) and output (orange) signals measured on
the flexural structures when the (a) first and the (b) second flexural
modes are excited. The black line is a fit to the data.

of the whole set of 28 cantilevers fabricated with the refer-
ence parameters. The Young’s modulus identified from the
first mode turns out to be 992±19 MPa.

The dependence of the Young’s modulus on the distance
dx = dy is studied in Fig. 8. A non-monotonic behaviour is
found with a maximal stiffness (E = 1076 ± 34 MPa on 7
specimens) achieved for a distance of about 0.1 µm. The
trend can be explained by the fact that at this power level, the
in-plane voxel radius is about 0.3 µm hence very small dis-
tances dx lead to a large irradiation overlap that can damage
and disrupt the structure, thus causing a significant decrease
of the Young’s modulus (43% reduction for dx = 0.02 µm).
On the other side, a large distance dx leads to a more compli-
ant material because of a lower irradiation overlap leading to
a weakly-polymerized material (15% reduction for dx = 0.5
µm).

In Fig. 9 the variation of the Young’s modulus with the
distance dz is reported. Also in this case the trend is non-
monotonic and shows a maximum for dz = 0.5 µm. The max-
imum is obtained for a bigger distance with respect to the re-
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FIG. 8. Young’s modulus vs distance dx = dy; laser power 20 mW
writing speed v=1000 µm/s and dz = 0.5 µm.
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z

FIG. 9. Young’s modulus vs distance dz; laser power 20 mW writing
speed v=1000 µm/s and dx = dy = 0.3 µm.

sults reported in Fig. 8 because of the ellipsoidal shape of the
voxel with a vertical axis of about 1 µm (Fig. 2).

Figure 10 shows the variation of the Young’s modulus with
the laser power: increasing the laser power from 15 mW
to 25 mW, the Young’s modulus decreases by following a
quadratic trend, which suggests the presence of a peak value
around 15 mW.

15 20 25
Power [mW]

1.0

E
 [G

P
a]

1.1

1.2

1.3

0.9

0.8

0.7

quadratic interpolation

FIG. 10. Young’s modulus vs laser power; writing speed
v=1000 µm/s and distance between lines dx = dy = 0.3 µm and
dz = 0.5 µm.

500 1000 1500 2000 2500 3000 3500
 [  m/s]

0.7
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1.3

E
 [G

P
a]

Power = 25 mW

Power = 15 mW
Power = 20 mW

FIG. 11. Young’s modulus vs writing speed; laser power 20 mW and
distance between lines dx = dy = 0.3 µm and dz = 0.5 µm.

This behaviour is better understood if analysing the com-
bined dependence of the elastic modulus on irradiation power
and speed, as reported in Fig. 11. While it is true that at
the reference speed of 1000 µm/s the Young’s modulus E is
higher at 15 mW irradiation than at 20 mW, one can note that
for a larger speed of about 2000 µm/s the same peak value of
E is achieved also for 20 mW power irradiation. This seems
to indicate that, more than an optimum for power and speed
separately, there is an optimal value of energy deposited per
unit length that depends on the ratio Power/v. It is interesting
to observe that for the highest irradiation power of 25 mW,
the same peak value of E is not achieved for any speed, which
means that the pulse energy associated with this irradiation
power is already above the damage threshold irrespectively
of the writing speed. On the other side, we could expect to
achieve the same maximum stiffness for the material polymer-
ized with lower power and lower speed (keeping the deposited
energy per unit length almost constant), however that region
is not interesting because lower irradiation speed means in-
creasing significantly the processing time to fabricate com-
plex microstructures. As an example, a cantilever fabricated
with the reference parameters requires an irradiation time of
4’13”, while if we reduce the speed by a factor of 2 the irra-
diation time becomes 7’56”. In order to avoid affecting the
processing time, we believe that the best strategy is fixing the
combination power-speed that provides the highest E with the
largest speed, and, if needed, modulating the elastic response
with the line distances or the power, but not the speed.

From all the above results one can conclude that the poly-
mer SZ2080 obtained with 2PP has a Young’s modulus that
strongly depends on the fabrication parameters and that can
be tailored in the range (0.6 - 1.1 GPa) by a suitable choice of
the parameters combination.

B. Shear modulus

Torsional structures as the one shown in Fig. 5 are tested to
identify the shear modulus. Flexural and torsional modes are
excited to allow the identification of the Young’s modulus and
Poisson’s ratio through the comparison between experiments
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and numerical predictions. Assuming isotropic behavior the
shear modulus reads:

G =
E

2(1+ν)
. (3)

As anticipated in Section III B, due to the intrinsic cou-
pling between the flexural and torsional behaviours of these
structures, it is not possible to identify the Young’s modulus
and the Poisson’s ratio independently. An iterative procedure
that allows the identification of the two materials parameters
starting from the measured natural frequencies of the torsional
structures is then carried out. The iterative procedure consists
in hypothesizing the Young’s modulus and the Poisson’s ra-
tio, computing the natural frequencies of the bending and tor-
sional modes of the cantilevers with tip mass through modal
analyses in COMSOLMultiphysics c©, correcting the estima-
tions until the error between the experimental frequencies and
the numerical ones computed with the identified material pa-
rameters is below 6%.

Four torsional structures of length L = 65 µm and two of
length L = 45 µm are tested through the experimental set-
up described in Section II D. The identified Young’s modulus
is 1.005 GPa ±13 MPa in good agreement with the results
obtained from the flexural structures in the previous sections,
while the identified Poisson’s ratio is 0.42 ±0.03, a bit higher,
but close to the value of 0.4, taken from the literature and used
in this paper as a reference. Using Eq. (3), the values of the
shear modulus G = 353.34±3.3 MPa is obtained.

The larger uncertainty in the Poisson’s ratio can be justi-
fied by noting that the natural frequencies of the measured
torsional modes are much higher (i.e. 420-580 kHz) than their
flexural counterparts (i.e. 80-170 kHz). As already observed
in Section IV A, the output signal is lower and hence the mea-
sure less reliable in the high frequency range.

C. Non-isotropic behavior

The material obtained through 2PP is in general non-
isotropic. The frequency measurements of cantilevers fabri-
cated with different directions of writing allow to investigate
this aspect. Instead of the usual cross ply scheme shown in
Fig. 2, 10 cantilevers have been fabricated writing only in
the longitudinal direction x and 10 in the transverse direction
y. All writing parameters are kept to the reference values of
Table II.

Since the frequency of the cantilever depends on the stiff-
ness in the longitudinal direction, from the first set of ten can-
tilevers, fabricated with a longitudinal writing, one can mea-
sure the stiffness in the writing direction Ex. For the same
reason, from the second set of ten cantilevers, fabricated with
a transverse writing, the Young’s modulus in the direction nor-
mal to the writing direction, Ey, is identified. The mean values
thus obtained are Ex = 974 ±13 MPa and Ey = 885 ±20 MPa.
As expected, in the writing direction the stiffness is higher
than in the transverse direction. Furthermore, one can note
that the cross ply result, presented in Section IV A, E = 992

±19 MPa , is only slightly higher than that achieved with lon-
gitudinal writing alone.

D. Discussion

Table III collects experimental values, available in the liter-
ature, of the elastic parameters E and ν of several resins used
for 2PP. The last row refers to the present study. The whole
set of data testifies the possibility to obtain, through 2PP, mi-
crostructures with different stiffness, by changing the photore-
sist and/or the fabrication parameters, such as the laser power,
the writing rate, and the interline distance. The large spread
of results for the same material can be partially attributed to
the different fabrication and measurement conditions.

In particular, we focus the discussion on the last four rows
of Table III, which are all related to the SZ2080 resin em-
ployed in this work. The available data on the Young’s mod-
ulus span from 0.14 GPa33 to 2.8 GPa12. The lowest reported
values of the Young modulus33 are obtained by a complex
indirect method that combines a glass cantilever and a poly-
mer beam, while higher values are retrieved with nanoinden-
tation measurements12,32. The Young’s modulus obtained in
this work sits in an intermediate range. We note that Skar-
moutsou et al.32 characterize the mechanical properties on a
UV-polymerized material, while Tickunas et al.33 perform the
2PP process at a laser wavelength of 1030 nm and a pulse rep-
etition rate of 610 kHz, which is in turn different from the 780
- 800 nm wavelength and 80 MHz combination, used in Flam-
ourakis et al.12 and this work. A further difference regards the
frequency range at which the characterization is performed:
Tickunas et al.33 and Skarmoutsou et al.32 perform a static
characterization, Flamourakis et al.12 implement a dynamic
nanoindentation technique in the frequency range 0.1 Hz -
300 Hz, while our work explores a higher frequency charac-
terization regime at 100 - 500 kHz. All these aspects could
partially explain the differences in the observed mechanical
properties.

Finally, it is worth mentioning that in the present work, the
Poisson’s ratio is measured to fully characterize the mechan-
ical properties of the polymer. The direct measure of such
parameter is not common in the literature as reported in Table
III.

V. CONCLUSIONS

The material properties of the two-photon-polymerized
SZ2080 are characterized through a widespread experimental
campaign on cantilever beams fabricated by spanning differ-
ent combinations of writing parameters.

The results show that there is an optimal combination of
values of power, writing speed and line distance that leads to
the maximum Young modulus of about 1.1 GPa. However,
by changing the fabrication parameters it is possible to tune
the stiffness of the material with a significant reduction (up
to 40%) of the Young’s modulus. In addition, we demon-
strated a clear dependence of the Young’s modulus on the
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Paper Resin Test E [GPa] ν [-]
Lemma et al.27 IP-G 780 micro-bending tests 2.1 - 3.7 0.45 - 0.5∗

Lemma et al.27 SU8 2100 bending tests 2.4- 3.0 0.45 - 0.5∗

Lemma et al.27 Ormocomp bending tests 0.8 - 1.2 0.45 - 0.5∗

Lemma et al.27 IP-L 780 micro-bending tests 1.3 - 2.1 0.45 - 0.5∗

Jang et al.28 IP-L 780 nanoindentation and Raman spettroscopy 0.57 - 0.7 N.A.
Cicha et al.29 ETA, Sartomer 415 nanoindentation on micro-cantilever 1.2 - 1.65 N.A.
Cicha et al.29 TTA, Genomer 1330 nanoindentation on micro-cantilever 1.4 - 2.65 N.A.

Lemma et al.27 IP-Dip micro-bending tests 0.75 - 3.6 0.45 - 0.5∗

Bauer et al.30 IP-Dip uniaxial compression and tension experiments 0.6 - 3.6 N.A.
Bayindir et al.41 SR499/368 atomic force microscopy/nanoindentation 0.44 ± 0.03/0.52 ± 0.11 N.A.
Tickunas et al.33 SZ2080 indirect method 0.138 - 0.188 N.A.

Skarmoutsou et al.32 SZ2080† nanoindentation 1.5 - 1.8 N.A.
Flamourakis et al.12 SZ2080 dynamic indentation 1.4-2.8 0.49 ± 0.002

This work SZ2080 bending and torsion vibration of cantilevers 0.6 - 1.1 0.42 ± 0.03

TABLE III. Mechanical properties of different 2PP resins. ∗ Poisson’s values reported in Lemma et al.27 are typical values for rubber like
materials and are not directly measured. † Although the main components, i.e. MAPTMS and ZPO, are the same, the material used in this
work differs from standard SZ2080 for the use of 2-(dimethylamino)ethyl methacrylate (DMAEMA) instead of methacrylic acid (MAA).

writing direction, enabling the straightforward realization of
anisotropic micromechanical structures by two-photon poly-
merization. The Poisson’s ratio is also experimentally char-
acterized through the proper design of cantilevers with a tip
mass.

The results of this work provide reliable data for fu-
ture modelling of 3D microstructures fabricated by 2PP in
SZ2080. In addition, they prove the possibility of a signifi-
cant tailoring of the mechanical properties of these structures
by a proper choice of the fabrication parameters. This paves
the way to the realization of optimized structures with spa-
tially varying stiffness by changing the irradiation parameters
during the process, without the need for multiple fabrications
with different materials42.

In addition, we provide here the dynamic characterization
of the material in the high-frequency domain (up to several
hundred kilohertz), which is the natural range where mi-
crostructures resonate mechanically. These results will prove
useful for the development and fabrication by 2PP of custom,
fully-3D, and cost-effective plastic micro-electro-mechanical
systems (MEMS) currently investigated at larger scales43–46.
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