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Abstract: Optical polymers cover only a rather narrow range of optical properties. This is a
limiting factor for the design of polymer-based optical systems such as smartphone cameras.
Moreover, it also poses a problem for femtosecond two-photon lithography, which is a state-
of-the-art technology to 3D print high-quality optics from photopolymers. To overcome the
limitations of conventional polymers, we introduce nano-inks based on the commonly used
photopolymers IP-DIP and IP-S as polymer matrix and zirconium dioxide (ZrO;) nanoparticles.
We show that the refractive index and dispersion of these nano-inks can be purposefully tailored
by varying the constituent materials and the volume fraction of the nanoparticles. Furthermore,
we demonstrate the suitability of our nano-inks for optical applications by 3D printing single
micro-lenses and a multi-material achromatic Fraunhofer doublet. Our findings confirm that
nanocomposites expand the range of optical properties that are accessible for polymer-based
systems and allow for the design of tailored optical materials.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In optical design, the use of materials spanning a wide range of optical properties is a powerful
tool for correcting both chromatic and monochromatic aberrations [1]. Therefore, such materials
are a key ingredient of high-performance optical systems [2]. The quantities that are commonly
used to quantify the optical properties of a material are the refractive index at the d-line
ng = n(Ag = 587.56 nm) and the Abbe number vy = (ng — 1)/(ng — nc), where the subscripts F, d,
C refer to the Fraunhofer spectral lines at A = 486.13 nm, g = 587.56 nm, and Ac = 656.28 nm
[1]. These definitions indicate that nq denotes the overall magnitude of the refractive index,
whereas vq quantifies its dispersion. In fact, many key scientific and industrial advances in
the 19th and 20th centuries, for example high-resolution microscopes, were enabled by the
development of high-quality optical glasses which cover a wide range of nq and v4 values [2].
To visualize the range that is encompassed by optical glasses today, the green area in Fig. 1(a)
highlights the region in the Abbe diagram that is covered by the current Schott glass catalog
[3]. In contrast, many modern optical systems, especially compact consumer devices like
smartphone cameras, rely on optical polymers. This is because of their low weight, low price,
high impact resistance, and good manufacturability [4]. Furthermore, a key technology that
inherently relies on optical polymers is femtosecond two-photon direct laser writing. In recent

#399392 https://doi.org/10.1364/OME.399392
Journal © 2020 Received 4 Jun 2020; revised 4 Aug 2020; accepted 4 Aug 2020; published 2 Sep 2020


https://orcid.org/0000-0002-9836-8457
https://orcid.org/0000-0002-1559-0811
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.399392&amp;domain=pdf&amp;date_stamp=2020-09-02

Research Article Vol. 10, No. 10/1 October 2020/ Optical Materials Express 2346

tenalS EXPRESS -
A l“l‘

years, this technique has become an enabling technology for 3D printing high-performance optics
on length scales between micro- and millimeters [5—14]. In contrast to classical lens grinding
methods, this approach allows for producing free-form surfaces without any additional costs
[15—17]. This allows for an enormous optical design freedom. However, all optical systems and
technologies that rely on optical polymers suffer from the fact that polymers only cover a narrow
range of optical properties. Specifically, as visualized by the blue area in Fig. 1(a), polymers are
restricted to much smaller refractive indices than optical glasses [4,18,19]. This is a limiting
factor for the design of optical systems relying on polymers, e.g. those that are manufactured by
techniques such as femtosecond two-photon direct laser writing [20-22]. A promising approach
to overcome these limitations is incorporating nanoparticles made of high-refractive-index
dielectric materials into a polymer as host matrix [23-25]. As visualized in Figs. 1(b) and 1(c),
the much higher effective refractive index of such nanocomposites compared to conventional
polymers, for example allows for increasing the performance of a lens while simultaneously
decreasing its size. In fact, a recent general analysis based on the Maxwell-Garnett-Mie effective
medium theory [24-26] has proposed that nanocomposites could serve as a platform of next-
generation optical materials that allows for tailoring both the magnitude and the dispersion of
the effective refractive index within wide regions [23]. However, so far, experimental research
into high-refractive-index nanocomposites was mostly restricted to thin coatings that can, for
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Fig. 1. (a) Abbe diagram (refractive index at the d-line ngq = n(Ag = 587.56 nm) over the Abbe
number vq4) including photoresists (inks) for femtosecond 3D printing [21], conventional
optical polymers, and the glasses of the Schott glass catalog. The shaded areas show
that polymers only cover a narrow range of optical properties, whereas glasses cover a
much wider range. From left to right, the conventional polymers (purple stars) included
in the figure are: PMMA, COP, Optorez, Styrene, SAN, PC, and PS. (b,c) Layout of a (b)
conventional polymer lens and (c) a nanocomposite-enabled lens. Both lenses were designed
in “OpticStudio”. The blue lines visualize the propagation of rays through the lenses. The
nanocomposite-enabled lens is both thinner (Inano<Iconv) and enables a higher performance
(dnano<dconv) than the conventional lens. In these figures, dcopy and dpane visualize the root
mean square (RMS) spot size in the focal plane that can obtained from the ray traces.
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example, be used to increase the extraction efficiencies of LEDs [25,27,28]. The suitability
of nanocomposites as a material platform for optical elements and systems has not yet been
experimentally demonstrated. Furthermore, the accuracy of the Maxwell-Garnett-Mie effective
medium theory for predicting the effective refractive index and its dispersion has never been
systematically investigated in experimental works. This is a key issue, because, theoretically, an
infinite variety of nanocomposites exist and validated effective medium theories are consequently
essential to guide the design of the most promising novel materials.

In this paper, we demonstrate the suitability of nanocomposites as a platform of tailorable
materials for optical elements and systems. To this end, we focus on photoresists (“inks’”) which
can be used for femtosecond two-photon direct laser writing. We chose this technology because
it enables rapid prototyping and is thus perfectly suited for a proof-of-concept. Furthermore,
since the number of available photoresists is currently highly limited, novel tailored materials
offer a high potential for this technology. In addition, we also use our nano-inks to systematically
investigate the accuracy of the Maxwell-Garnett-Mie effective medium theory for different
materials. Finally, we discuss what further steps are required to unlock the full potential
of nanocomposites as next-generation optical materials and highlight that nano-inks are also
promising materials for other applications.

2. The Maxwell-Garnett-Mie effective medium theory

In this paper, we investigate nanocomposites which are composed of discrete nanoparticles that
are embedded into a polymer host matrix. The natural starting point to analytically determine the
effective permittivity (&) of such materials is the Clausius-Mossotti equation. This equation
treats the nanoparticles as polarizable entities with an electric dipole polarizability of aj,. and
reads [29]:

1+ %N TTline

6]

GCH = Eh s
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where ¢, is the permittivity of the host matrix and N is the nanoparticles’ number density. For
spherical nanoparticles, the nanoparticles’ dipole polarizability that appears in the Clausius-
Mossotti equation can be directly determined from Mie theory [30] as follows [26]:
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where a; is the first order Mie coefficient, diy is the diameter of the inclusions, and X = /€ 7tdscach - 1
is the size parameter [31]. The Maxwell-Garnett-Mie effective medium theory can now readily
be obtained by substituting Eq. (2) into Eq. (1). As a more intuitive measure, the volume fraction
¢ = éﬂNd.3 can then be used instead of the number density (N). Finally, if the material’s

mc
permeability remains negligible, its effective refractive index can be readily determined from

Neff = 1/66771".
3. Nanocomposites as tailorable optical materials

To systematically demonstrate that nanocomposites can serve as a platform of novel tailored optical
materials, we synthesized four different nano-inks. To this end, we mixed ZrO, nanoparticles
within a 50 wt.% PGMEA solution (PCPA, Pixelligent) into the two conventional photoresists
IP-DIP [n4=1.549, vq = 34.98] [20] and IP-S [ng = 1.507, vq =46.16] [20] (Nanoscribe GmbH)
as the host matrices. These photoresists contain a photo-initiator and can consequently be
polymerized using ultraviolet (UV) light. Furthermore, the nanoparticles have close to spherical
shapes and a narrow size distribution that peaks below a diameter of 10nm. In addition, the
nanoparticles are functionalized to avoid agglomeration in polymers with proprietary capping
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layers that have been disclosed in several patent applications [32-35]. We performed the mixing
of the constituent materials in a conical flask under constant stirring with a magnetic mixer.

Subsequently, when homogeneous compounds were formed, we removed the solvent in which
the nanoparticles were dispersed by concentrating the mixture under reduced pressure for several
hours until the target weight (weight of mixture with all solvent evaporated) was reached. We
first performed this process for I[P-DIP as the host material and three different volume fractions of
nanoparticles. This enables us to systematically analyze the influence of the nanoparticle volume
fraction on the optical properties of the nano-inks. In addition, we synthesized a nano-ink based
on IP-S as the host matrix to investigate what properties can be achieved by combining different
materials. For this nano-ink, we first mixed IP-S with 2-Hydroxy-3-phenoxypropylacrylat (HPPA
[ng =1.528, vq4 =34]) at a 1:1 ratio to achieve agglomeration-free blending of the nanoparticles
in the matrix.

To characterize the optical properties of the nano-inks, we polymerized all materials with
UV light and measured their refractive index profile using a commercial automated Pulfrich
refractometer [36] (ATR-L, Schmidt and Hiinsch GmbH & Co.). Accordingly, Fig. 2(a) displays
the dispersion curves of the three IP-DIP based nano-inks and the pure host material, while
Fig. 2(b) displays the dispersion curves of the IP-S based nano-ink, pure IP-S and the IP-S/HPPA
mixture that was used as the host material. In these figures, the crosses denote the measured
data points, whereas the solid line represent Cauchy functions that we fitted to the experimental
data. These fits enable us to accurately determine the nq and v4 values of all materials from the
measured data. In addition, the dashed blue lines in Fig. 2(a) depict the predictions obtained
from the EMT. It is evident that there is an excellent agreement between experimental data and
theory. Note that we determined the volume fraction of each nano-ink from the EMT. To this
end, we used Eq. (1) and Eq. (2) together with the refractive indices of ZrO, and the respective
host material [20,37]. We then fitted the resulting expression for n.g to our experimental data
by using the volume fraction ¢ as the only free parameter. We used this approach because, in
practice, the key question is whether the EMT can accurately predict what dispersion properties,
that is ng and v4 values, can be achieved by varying the volume fractions. To directly visualize
the ng and v4 values of all nano-inks, Fig. 2(c) depicts their locations in the Abbe diagram
(orange stars). This figure indicates that the nano-inks are located well within the region that is
normally only accessible using optical glasses. Specifically, Fig. 2 demonstrates that increasing
the volume fraction of the nanoparticles systematically increases the magnitude of the refractive
index. Furthermore, it is evident that the EMT predicts the ng and v4 values that can be achieved
by varying the volume fractions with high accuracy. The finding that the refractive index of
our nano-inks are much higher than those of the pure host materials shows that our nano-inks
indeed overcome the restrictions of conventional polymers that we discussed in the introduction
(see Fig. 1(a)). In fact, it is well known from aberration theory [38], that materials of a high
refractive index allow for reducing spherical aberration or, in combination with materials with
a low refractive index, also allow for reducing the Petzval field curvature [28]. In addition to
the IP-DIP based nano-inks, the location of the IP-S based nano-ink in the Abbe diagram in
Fig. 2(c) demonstrates that different regions in the Abbe diagram can be accessed by combining
different materials. It is evident that the IP-S based nano-ink is characterized by a higher Abbe
number than the IP-DIP based nano-inks. In optical design, such materials with higher Abbe
numbers are useful for reducing chromatic aberrations [28]. Furthermore, the dashed blue
lines in Fig. 2(c), which depict the predictions from the EMT for volume fractions between
0% and 35%, directly show that the EMT accurately predicts the locations of all nano-inks in
the Abbe diagram. Specifically, the Abbe numbers of all nano-inks deviate by less than 0.9%
from those obtained from the EMT at the same value of n4. Both our experimental findings and
theoretical predictions hence demonstrate that the host matrix and the nanoparticle materials
define a trajectory in the Abbe diagram. Adjusting the volume fraction then allows for tuning the
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Fig. 2. Refractive index as a function of the wavelength for (a) the three IP-DIP-based nano-
inks and (b) nano-ink based on a mixture of IP-S and 2-Hydroxy-3-phenoxypropylacrylat as
the host material at different volume fractions @ of ZrO, nanoparticles. The crosses denote
the measured data points, the solid lines Cauchy fits, and the dashed lines the prediction of
the effective medium theory (EMT). The volume fractions were determined from the EMT.
Refractive index data for the pure IP photoresists was taken from Ref. [21]. (c) Locations of
different materials in the Abbe diagram (ng = n(hg = 587.56 nm)) over Abbe number vq4). In
addition to the IP-DIP-based nano-inks the diagram includes a nano-ink that is based on a
mixture of IP-S and 2-Hydroxy-3-phenoxypropylacrylat as the host material (@ = 14.2%).
The dashed blue lines visualize the prediction from the EMT for a wide range of nano-inks
that are composed of IP-DIP as well as the IP-S-mixture as the host materials and diamond,
ZrO, and TiO; as the materials of the nanoparticles. These lines extend up to volume
fractions of up to 35%. The shaded red area visualizes the region that is accessible by
combining different nanoparticle materials in the same host.
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optical properties of the nano-inks along this trajectory. We chose a maximum volume fraction
of 35% for our theoretical predictions because such volume fractions have already been achieved
for thin films [27]. In fact, building on the finding that the EMT is highly accurate, we can now
use the EMT to investigate what locations in the Abbe diagram can be accessed by using different
nanoparticle materials. To do so, the Abbe diagram in Fig. 2(c) also includes diamond and
TiO, as nanoparticle materials. Accordingly, the corresponding dashed blue lines demonstrate
that using these materials allows for accessing widely different regions of the Abbe diagram.
This confirms that nanocomposites allow for the design of dispersion-engineered materials. In
addition, the shaded red area illustrates that combining multiple nanoparticle materials within
the same host allows for continuously tuning ng and v4 within wide regions. We obtained this
area by generalizing the EMT (Eq. (1)) to two different nanoparticle materials. To this end, we
added the term %Nzﬂamc,z, where N, is the number density and ainc2 the polarizability of the
second nanoparticle material, to both the numerator and denominator of Eq. (1). Note that this
model generally assumes that all inclusions are randomly dispersed and well-blended into the
host matrix [24].

4. 3D printed nanocomposite-enabled optical elements

In order to demonstrate the suitability of nanocomposites as next-generation optical materials
for optical elements and systems, we first investigate single plano-convex spherical lenses. To
this end, we keep the radius of curvature and the diameter of the lenses fixed at 100pm and
120um, respectively, and use pure IP-DIP as well as the three IP-DIP based nano-inks as the lens
materials. This allows us to systematically investigate whether the imaging behavior of the lenses
made from our nano-inks match the measured refractive index profiles. We fabricated all optical
components presented in this work with the commercial two-photon femtosecond 3D printer
Photonics Profession GT (Nanoscribe GmbH). This system is equipped with a femtosecond
(=100 fs)-pulsed fiber laser (780 nm) operating at a repetition rate of 80 MHz. During the
printing process, the laser beam is scanned in lateral direction by two galvometric mirrors at a
speed of 45,000 um/s through a 63x (NA = 1.4) microscope objective. Laser powers between 40
to 45% of the 3D printer’s maximum laser power were used for printing the different nano-inks.
We fabricated all lenses onto glass substrates in dip-in configuration. Subsequently, we placed
the lenses into a developer bath (mr-Dev 600, microresist technology GmbH) for several minutes
to remove the unexposed nano-ink material. To visualize the appearance of the lenses, Fig. 3(a)
depicts a microscope image of the lens made from the @ = 10.1% IP-DIP based nano-ink.

As the next step, to systematically analyze the properties of all lenses, we recorded images of
groups 0 and 1 of a USAF 1951 test target chart through each of the lenses under a microscope.
The test target has a size of 15 x 15 mm and was placed at a distance of 3 cm from the lenses. For
all experiments, we illuminated the test chart with a white light halogen lamp (no condenser was
used for the illumination). The distance between the test target and the lenses was kept constant
at all times. Focusing was performed by simultaneously moving the lens and the test chart with
a motorized microscope stage. A CCD camera together with a 20x (NA =0.45) microscope
objective was used to record the images. As illustrated in Fig. 3(b), the sizes of the images
decrease with increasing ZrO; volume fractions. This can be readily understood from the fact
that the magnification 8 = y;/, where y is the size of the object and y’ is the size of the image

can also be expressed as 8 = ﬁ, where the refractive power (P) of the lens follows from
P= % (f: focal length). If we now consider that, according to the lens maker’s equation for thin

plano-convex lenses jlf = Ile(nd — 1), the refractive power is directly proportional to the refractive
index of the lens material (P(14) o< ny), it directly follows that an increase of the refractive index
leads to a reduction of the magnification. In order to confirm this relationship quantitatively, we
consequently determined the refractive power of all lenses by measuring their focal lengths using
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Fig. 3. (a) Exemplary microscope image of the spherical lens made of the @ = 10.1% IP-DIP
based nano-ink. (b) Images of a USAF 1951 test target chart obtained through plano-convex
spherical lenses with a radius of curvature of 100 um and a diameter of 120 um that are
composed of the different [P-DIP based nano-inks from Fig. 2. At the bottom of the frame,
the equivalent Schott catalog numbers of the different materials are given. (c) Measured
optical power (P = 1/f) of the micro-lenses in dependence of the refractive index at the d-line
(ngq) of the nano-inks. The optical power exhibits the theoretically expected linear behavior.

a mechanical microscope stage. Accordingly, Fig. 3(c) depicts the refractive power of the lenses
as a function of their ny. These data confirm that the refractive power increases linearly with the
magnitude of the refractive index of the nano-inks n(d; = 587.66). This directly demonstrates
that nanocomposites can be used as tunable optical materials in optical components. Furthermore,
it shows that the 3D printed, two-photon exposed nano-inks exhibit the same behavior as the
one-photon exposed nano-inks and the EMT calculations. The EMT can thus be used as a tool
to find the optimal material composition already during the design process. Finally, we note
that in Fig. 3(b), as opposed to all other lenses, the image of the lens containing the highest
concentration of nanoparticles (@ = 20.9%) is slightly hazy. This indicates that, in this case, the
nanoparticles might no longer be perfectly blended into the polymer matrix.

Finally, since optical systems that achieve aberration-corrected imaging must generally consist
of multiple optical elements, we now demonstrate that our nano-inks are also suitable for the
fabrication of such multi-element systems. To this end, we use a cemented achromatic Fraunhofer
doublet as a prototype system. As illustrated in Fig. 4(a), such an achromat is designed to correct
the longitudinal chromatic aberration (LCA) for two selected wavelengths (1 and ;). In fact,
since LCA is present in all refractive lenses due to the inherent dispersion of optical materials,
achromats are also key building blocks of many more complex optical systems. Using the optical
design software OpticStudio (ZEMAX), we consequently designed an achromat that is composed
of IP-S as well as the IP-S based nano-ink and has a nominal focal length of 3mm at 4 = 500 nm.
As illustrated in the Abbe diagram in Fig. 2(c), this nano-ink exhibits a refractive index at the
d-line of nqg = 1.61 and an Abbe number of v4 =38.4. For the fabrication of this achromat, we
used a 25x (NA =0.8) objective and, first, 3D printed the negative lens onto a glass substrate
using the IP-S based nano-ink. We then developed the negative lens and subsequently 3D printed
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the positive lens on top of it using pure IP-S. To visualize the result of this procedure, the inset in
Fig. 4(b) presents a photograph of the printed achromat. As a benchmark, we additionally also
fabricated a singlet with the same nominal focal length (f = 3mm at 4 = 500nm) from pure IP-S.
To ensure the comparability of the two systems, we optimized both the singlet and the achromat
optimized for maximum performance using aspherical surfaces.
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Fig. 4. (a) Ray sketch and imaging of (left) a single lens printed with IP-S and (right)
a cemented achromat printed with a combination of IP-S and the IP-S-based nano-ink
(@ =14.2%) of the same focal length. Red frames in the white light images highlight the
area that is shown on the right-hand side for monochromatic illuminations with different
wavelengths (450 nm, 550nm, and 650nm). (b) Shift of focal length (in regards to the focal
length at 600 nm) at different wavelengths for singlet lens and achromatic Fraunhofer doublet
of the same paraxial focal length (3mm). Solid lines serve as guide to the eye. Inset shows a
microscope image of the Fraunhofer doublet.

To directly compare the imaging performance of the achromat and the singlet, Fig. 4(a)
again presents images of an USAF 1951 test target chart that we captured through the two
devices. As one can see, the image obtained through the achromat exhibits a noticeably increased
contrast compared to that obtained through the single lens. This can be attributed to the fact
that the achromat is corrected for aberrations to a much higher degree than the single lens. To
systematically compare the LCA of the two devices, we consequently inserted bandpass filters
with a bandwidth of A4 =40nm into the beam path between the objective and the CCD camera.
Accordingly, we obtained the different color images in Fig. 4(a) using a blue filter with a center
wavelength of 1o =450nm, a green filter with 19 =550nm, and a red filter with 19 = 650nm.
These images directly visualize that a defocusing effect can be seen in the images obtained
through the singlet lens, whereas this effect is not visible in the images that we recorded through
the achromatic doublet. To systematically quantify this effect for both devices, we measured their
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focal shift as a function of the wavelength in the range between 500nm and 700nm. For these
measurements, we used monochromatic light from a tunable white light laser source and again
measured the focal lengths using the mechanical microscope stage. The corresponding data in
Fig. 4(c) show a significant reduction of the focus shift for the achromat compared to the singlet
lens. Specifically, as expected for an achromat, the focal shift Af vanishes for two wavelengths.
This demonstrates that our nano-inks are also suitable for multi-component optical systems.

5. Conclusion

In this paper, we have experimentally demonstrated that nanocomposites composed of polymers
and dielectric nanoparticles can serve as a platform of tailorable materials for optical elements
and systems. To this end, we first synthesized and characterized four different nanocomposites
that are based on the commonly used photopolymers IP-S and IP-DIP as well as zirconium dioxide
(ZrOy) nanoparticles. Subsequently, we used femtosecond two-photon direct laser writing to
3D print both singlet lenses and a multi-material achromatic doublet from our nanocomposites
(“nano-inks”). These devices illustrate that nanocomposites can be used as next-generation optical
materials that enable unprecedented design freedom. This is because nanocomposites allow for
using not only the surfaces but also the materials themselves as continuous degrees of freedom
for the design of optical systems. This holds a high potential for enhancing the performance or
reducing the size of optical systems since the aberrations that limit their performance are critically
determined by the optical properties of the materials. Furthermore, we used our nano-inks
to demonstrate that the Maxwell-Garnett-Mie effective medium theory (EMT) can predict the
optical properties of nanocomposites with high accuracy. This finding confirms that this EMT is
a powerful tool that allows for finding the optimal materials already in the design process.

To demonstrate the suitability of nanocomposites as next-generation optical materials, we
here focused on materials that can be used as photoresists for femtosecond 3D printing, as this
technology enables rapid prototyping of micro-optical systems. However, nanocomposites are a
highly diverse material class that can potentially offer novel or improved properties for widely
different applications, such as smartphone cameras, diffractive optical elements (DOEs) with
unpreceded high efficiencies [23,39,40], or even therapeutic materials [41—43]. Our approach of
using nanocomposites as nano-inks for femtosecond 3D printing, or other additive manufacturing
technologies, could hence provide the basis for a wide range of novel devices. In fact, the idea of
using nanocomposites as inks for inkjet printing and stereolithography has already been disclosed
in patents and patent applications [44,45].
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