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Abstract: Based on additive manufacturing via photopolymerization, this study com-
bines polymer-dispersed liquid crystal (PDLC) technology with 3D printing technology to
produce tunable micro-optical components with switchable diffraction or focusing char-
acteristics. The diffraction grating and Fresnel zone plate are the research targets. Their
structures are designed and simulated to achieve expected optical functions. A liquid
crystal display (LCD) 3D printer is used to produce structures on transparent conductive
substrates. The printed structures are filled with PDLCs and covered with transparent
conductive substrates to achieve tunable functions. The proposed configurations are im-
plemented and verified. The experimental results show that the diffraction efficiency of
the Oth order increases from 15% to 50% for the diffraction grating and the focusing spot
intensity decreases from 74% to 12% after the application of an electric field. These results
demonstrate the feasibility of the proposed tunable optical component configurations.

Keywords: 3D printing; photopolymerization; polymer-dispersed liquid crystal (PDLC);
diffraction grating; Fresnel zone plate

1. Introduction

Micro-optical components are elements indispensable for many technological prod-
ucts, especially thin, light, and portable devices or optical, mechanical, and electrical
systems. Therefore, they play very important roles. In general, most micro-optical com-
ponents are manufactured via micro-fabrication methods, including lithography, etching,
and lithographie-galvanoformung—abformung (LIGA) processes, and with complex and
expensive equipment [1]. This makes the design and development processes of optical com-
ponents lengthy and costly. Recently, some studies on the use of 3D printing for optical or
micro-optical component manufacturing have been reported. For example, Willis et al. pre-
sented 3D-printed embedded optical elements, such as light pipes for illumination, sensors,
or the display of customized interactive device applications [2]. Maillard et al. designed
and fabricated a freeform optical sensor using 3D printing by integrating optical elements
like mirrors and lenses into a simple printed element for metrology applications [3]. Cook
et al. presented a 3D-printed structured preform for the structured optical fiber drawing of
waveguide fabrication applications [4]. Similarly, lezzi et al. used 3D printing technology
for plastic fiber fabrication with long-period grating structures for filter or sensor appli-
cations [5]. Juodkazis used two-photon absorption 3D laser microprinting technology to
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produce micro-optical compound lenses that can be used on a CCD image sensor surface
or directly on the tip of an optical fiber for endoscopy applications [6]. Siegle et al. further
utilized two-photon grayscale lithography 3D printing to create complex aspherical singlet
and doublet micro-optical step-free lenses [7]. Kotz et al. created transparent fused silica
glass components using a stereolithography 3D printer to print and convert photocurable
silica nanocomposites into high-quality fused silica glass via heat treatment for macro- and
microstructures [8]. Hong et al. developed a two-photon 3D printing process using a liquid
and solvent-free silica precursor for glass micro-optics [9]. Aslani et al. presented different
methods to fabricate colored microlenses by adding pigments to polymers or dyeing the
printed structures in a post-printing process [10].

Three-dimensional printing allows for rapid prototyping, environmental protection,
energy savings, material savings, lower equipment costs, etc. Common 3D printing tech-
nologies can generally be divided into four categories: power bed fusion (PBF), sheet
lamination (SL), material extrusion (ME), and vat photopolymerization (VP). VP uses ul-
traviolet (UV)-sensitive polymer material combined with an optical projection system to
solidify 3D objects, and its advantages include the use of cheap materials and simple equip-
ment. Three types of VP can be classified based on the employed optical projection method:
stereolithography lithography apparatus (SLA), digital light processing (DLP), and liquid
crystal display (LCD). All of them can provide high-quality and detailed printing with bet-
ter structural accuracy and higher resolution compared with other 3D printing methods. In
addition, VP is capable of printing transparent objects by using transparent photopolymers
as the printing materials. Therefore, it is a good candidate for 3D printing plastic optical
components and is widely adopted in research and industry applications [11-15].

With the rapid changes in technological products, single-function micro-optical compo-
nents have gradually failed to meet the necessary requirements. Therefore, tunable devices
with multiple functions are beginning to be urgently needed; these include focusing lenses
with adjustable focal lengths, gratings with adjustable diffraction efficiencies, beam splitters
that can switch the light path, modulators that can scan the laser beam, etc. Generally, these
components cannot be created through a single traditional processing method but require
many manufacturing methods associated with complex process technologies. Therefore,
some studies have proposed a new concept of promoting 3D printing to 4D printing to
add functions to originally fixed printed structures and create tunable devices with simpler
manufacturing processes [16]. For example, Jeong et al. discussed 3D and 4D printing
for optics and metaphotonics [17]. Ali et al. proposed 4D-printed thermochromic Fresnel
lenses for sensing applications [18]. After the creation of these lenses, that team extended
4D printing to 5D printing [19].

Based on the above description, we proposed an innovative architecture that combined
photopolymerization 3D printing with polymer-dispersed liquid crystal (PDLC) technol-
ogy [20-24] to produce tunable micro-optical components. Three-dimensional printing was
adopted to create the basic frame of the micro-optical component structure. The PDLC
mixture was used to fill in gaps in the structure, and the tunable effect was achieved by
applying an external electric field. This design specifically targeted optical diffraction
grating and Fresnel zone plate applications.

2. Design and Manufacturing

Generally, liquid crystal (LC) devices require an alignment layer to be coated on the
upper and lower transparent conductive substrates in order for the liquid crystal molecules
to be properly aligned. However, the steps for such a process are slightly cumbersome,
so PDLC technology was developed, which uses LCs and polymers to form a condensed
system. LC droplets are randomly dispersed into the polymer. Due to the size and the
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internal director of the LC droplets matching the index of refraction of the polymer, the
PDLCs can be driven by the electric field of the upper and lower transparent conductive
substrates, such as indium tin oxide (ITO) substrates, without the need for alignment layers.
They can provide two states of light scattering and penetration. Figure 1 shows schematic
diagrams of the mechanism by which PDLCs operate.
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Figure 1. Schematic diagrams of the operating mechanism of PDLCs, where (a) shows that the
incident light is scattered by randomly oriented LC droplets when an electric field is not applied and
(b) shows that the incident light is completely transmitted through the PDLCs when an electric field
is applied.

As shown in Figure 1a, when an electric field is not applied, the incident light is
scattered by randomly oriented LC droplets, while as shown in Figure 1b, when an applied
electric field is applied, the incident light is completely transmitted through the PDLCs.
Since no alignment is required, the manufacturing process of PDLCs is relatively simple
and suitable for mass production.

2.1. Design Concept

The main advantage of 3D printing is that it is not limited by arbitrary physical
structures and can be directly produced layer by layer according to the target component
drawn by computer-aided design (CAD) software (SolidWorks 2020). If 3D printing is
used to produce optical components, the quality of the refractive optical elements (ROEs)
struggles to reach an optical mirror grade due to the poor surface flatness of the stacked
layers. Therefore, 3D printing is more suitable for the production of diffractive optical
elements (DOEs), especially for DOEs that are structured in binary or multiple levels (also
known as Kinoform elements [12]). With this in mind, the adoption of a binary DOE
configuration as the base architecture formed by photopolymerization 3D printing and
then the combination of the DOE configuration with PDLCs to create tunable micro-optical
components with switchable diffraction efficiency or focusing characteristics are feasible.
Figure 2 shows a schematic diagram of the design concept. The PDLCs were used to fill
the gaps between adjacent 3D-printed structures. Referring to Figure 2a, no electric field
was applied to the PDLCs, and the directors of the LC droplets were randomly distributed.
Light was thus scattered by the PDLCs. This configuration made the device act like periodic
amplitude grating and diffracted the incident beam into several diffraction orders. Once
an external electric field was applied to the PDLCs, the PDLCs did not scatter any light,
as shown in Figure 2b. Due to the index between the PDLCs and 3D-printed polymers
matching, the periodic grating structure nearly disappeared, the incident beam nearly
penetrated the component, and no diffraction occurred.
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Figure 2. Schematic diagrams of the design concept, where (a) shows that when no electric field is
applied to PDLCs, light is scattered by the PDLCs, and the 3D-printed structure diffracts the incident
beam into several diffraction orders, and (b) shows that light is not scattered by the PDLCs due to an
external electric field and the incident beam nearly completely penetrates through the component.

2.2. Device Design Configuration

In order to verify the above idea, two types of tunable micro-optical components were
proposed, one for the diffraction grating and the other for the Fresnel zone plate. They
were configured as follows.

2.2.1. Diffraction Grating

Referring to Figure 3, the relationship between diffraction angles and grating period
can be calculated from the following grating formula, Equation (1) [25].

d(sinb,, — sinf;) = mA 1)

where d is the grating period, m is the diffraction order, A is the wavelength, 0; is the incident
angle, and 6, is the diffraction angle of the mth order. The diffraction efficiency can be
calculated based on the far-field diffraction of the Fourier transform of the grating profile.

For convenience, the rigorous diffraction grating analysis tool Gsolver (V5.2) [26] was
adopted to calculate the diffraction angles and efficiencies of a periodic grating structure
for each diffraction order. The parameters for simulation are listed in Table 1, and the
simulated diffraction efficiencies for primary orders corresponding to grating structure
depth are shown in Figure 4. A CAD file of the grating structure was generated using these
parameters and uploaded to the LCD 3D printer. The 3D grating structure was then printed
layer by layer onto an ITO substrate. After printing was completed, the liquid PDLC
mixture was added to cover the top of the structure and exposed to UV light so that the LC
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droplets could be fixed in place via polymerization. Finally, the upper ITO substrate was
attached to finish producing the component. Due to the limitation of the printing resolution
of the LCD 3D printer, a grating period of 500 pum and a duty cycle of 25% were chosen
for the design. When no voltage was applied to the upper and lower ITO substrates, the
PDLC mixture of the device scattered the incident beam, and the 3D-printed part allowed
the incident beam to penetrate the substrates, forming a periodic amplitude grating, which
caused the incident beam to generate several diffraction orders—the expected optical effect
of the element. When a voltage was applied between the upper and lower ITO substrates,
the incident light beam completely penetrated both the PDLC mixture and the 3D-printed
part of the device. Since both are polymer materials, their indices of refraction are similar
and match mutually, and nearly no phase differences exist within the structures. The
grating structure was not obvious and did not cause diffraction of the incident beam,
showing complete penetration.

+1 diffraction order (m=1)

0 order (m=0)

m=1

incident light

Figure 3. Schematic diagram of the relationship between the diffraction angles and grating period.

Table 1. Parameters for the diffraction grating simulation using Gsolver.
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Figure 4. Simulated diffraction efficiencies for primary orders corresponding to grating struc-
ture depth.
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2.2.2. Fresnel Zone Plate

Figure 5 shows the optical diagram of a Fresnel zone plate. The design flow is similar
to that described above for the diffraction grating. In order to create a device with focusing
capabilities, the radii of zones was calculated according to Equation (2) [25].

T & \/nfA (2)

where 7, is the radius of the nth zone and f is the primary focal length of the Fresnel zone
plate. Table 2 lists the calculated radii of ten zones for the targeted zone plate with a focal
length of 8 m operated under a wavelength of 632.8 nm. With these values, the focal length
and focusing characteristics of the zone plate were simulated using the optical design
software Zemax 2010 [27]. Figure 6 shows the simulated intensity distributions on the
plane just after the zone plate and the focal plane. The distribution confirms the focusing
capability of the zone plate design. Moreover, the CAD drawing for the 3D structure of
the zone plate was obtained and uploaded to the LCD 3D printer. The subsequent steps,
including filling the PDLCs and applying a voltage, were the same as those carried out for
the diffraction grating. When no voltage was applied between the upper and lower ITO
substrates, the PDLC mixture of the device scattered the incident beam and the 3D-printed
part allowed the incident beam to penetrate the substrates, forming a Fresnel zone plate of
amplitude type as a whole, which caused the parallel incident beam to converge at a spot,
creating a focusing effect for the element. When a voltage was applied, the structure inside
the plate was not obvious and did not cause any focusing of the incident beam, showing
complete penetration.

incident light, 4

Figure 5. Optical diagram of a Fresnel zone plate.

Table 2. Calculated radii of ten zones for the targeted zone plate with a focal length of 8 m.

Zone Radius

"

r r3 T4 s Te r7 rs 9 10

Value
(mm)

2.249

3.181 3.897 4.499 5.031 5.511 5.951 6.364 6749  7.115
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Figure 6. Simulated intensity distributions on (a) the plane just after the zone plate and (b) the

focal plane.

2.3. Manufacturing Results

Figure 7 shows the complete device manufacturing process. First, the ITO substrate
with its conducting surface was placed onto the moving platform of the LCD photopoly-
merization 3D printer (brand name: Phrozen mini 8k [28]). The preprocessing software
Chitubox Basic [29] was used to slice the CAD into layers before uploading it to the printer.
Table 3 lists the main software settings and the associated parameters. Then, the printer
illuminated the transparent UV-curable resin (brand name: Aqua-Clear, index of refraction:
1.512) layer by layer using 405 nm light, exposing each layer for 13 s and displaying the
pattern from the uploaded sliced CAD model, as shown in Figure 8. This process creates a
printed 3D structure for a diffraction grating or a Fresnel zone plate on the ITO substrate.

Structure

Structure measurement with :
ITO glass cutting fabrication us.ing a microscope and PDLC mixture
an LCD 3D printer

on an ITO substrate

; : preparation
stereoscopic profile

meter

Dripping of the

Observation of the Post-curing in a querage and PDLCs onto the
appearance with a secondary UV sealing of the ITO 3D-printed
microscope chamber __substrate structure

Figure 7. The device manufacturing process.

Table 3. Main parameters for the preprocessing software setting.

Structure Layer .
Parameter Resolution Thickness Exposure Time Pull Speed
Value 22 um 50 um 13 sec. 10 mm /min.

The printed 3D structure on the ITO substrate was measured using an optical micro-
scope (a Nikon microscope) and a stereoscopic profile meter (a Keyence 3D optical profiler)
to ensure that the dimensions of the produced elements were the same as those in the
design, as shown in Figures 9 and 10.
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Figure 8. CAD models for (a) the diffraction grating and (b) the zone plate.
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Figure 9. Measurements of the 3D-printed diffraction grating structure: (a) device, (b) microscopic

view, (c) stereoscopic profile image, and (d) structure depth measured with the stereoscopic pro-
file meter.
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Figure 10. Measurements of the 3D-printed Fresnel zone plate structure: (a) device, (b) micro-
scopic view, (c) stereoscopic profile image, and (d) structure depth measured with the stereoscopic
profile meter.

Next, an optimal mixture of LCs (~59 wt%, type: E7, index of refraction: n, = 1.7472,
n, = 1.5217, An = 0.2255), transparent UV-curable resin (~40 wt%, Aqua-Clear; index of
refraction: 1.512), and interface surfactant (~1 wt%, Span-80; index of refraction: 1.473)
was uniformly generated by stirring to finish preparing the PDLC. Then, the PDLCs were
dripped onto the printed structure on the ITO substrate and the other ITO substrate with
the conducting surface was added to cover the structure/PDLC combination and sealed
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to form the bonded sandwich element. Finally, the assembly was post-cured inside a
secondary UV curing chamber for 10 s to complete the process. Pictures of the final tunable
diffraction grating and Fresnel zone plate when an electric field is and is not applied are
shown in Figure 11. The photos on the left side of Figure 11a,b were taken by a camera when
no electric field was applied. They exhibit higher contrast between adjacent structures with
and without PDLCs, where the PDLCs scattered incident light to present bright images. For
comparison, the photos on the left side of Figure 11a,b exhibit lower contrast and darker
images, since the PDLCs aligned well and did not scatter light after applying an electric
field. Although the structure was less obvious, it still did not completely disappear. This
may be the reason the LC droplets of the PDLC were not fully oriented to match the index
of refraction of the 3D-printed structure.

applying electric field
(a)

applying electric field

(b)

Figure 11. Pictures of the produced tunable components of (a) the diffraction grating and (b) the
Fresnel zone plate when an electric field is (right side) and is not (left side) applied.

3. Experiments and Results

Based on the above implemented components, two experiments carried out for the
purposes of measurement and verification were conducted as follows.

3.1. Diffraction Grating

Figure 12a depicts the experimental setup for investigating how the diffraction orders
are influenced by applying an electric field onto the implemented diffraction grating. A
He-Ne laser with a 632.8 nm wavelength was used as the light source, and a beam expander
was used to expand the collimated laser beam diameter. The laser beam was incident
on the device, and diffraction occurred. An image sensor was used to watch the change
in primary diffraction orders corresponding to changes in the electric fields, as shown in
Figure 12b. Furthermore, the image sensor was replaced with a photodetector to measure
the diffraction efficiency of each diffraction order. The diffraction efficiency was calculated
according to Equation (3), and the data are shown in Figure 13. From the data, we find
that the tunable diffraction grating can change the intensities of the Oth, +1st, —1st, +2nd,
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and —2nd diffraction orders from 15%, 10%, 8%, 5%, and 3% before applying an electric
field to 50%, 2%, 3%, 1%, and 1% after applying an electric field with a voltage of 100 V,
respectively. The tunable diffraction grating significantly increases the efficiency of the
Oth order by 35% and apparently suppresses that of high orders when an electric field is
applied. The experiments show the expected results and demonstrate the ability of the
proposed tunable diffraction grating to switch light efficiencies.

intensity of measured dif fraction spot
intensity of incident light on device

Normalized dif fraction ef ficiency = x 100% (3)

tunable diffraction aperture image sensor (or)
grating — Y+ diaphragm photodetector

He-Ne laser
\

beam expander

without electric field applying electric field

(b)

Figure 12. Experiments for verifying the diffraction grating: (a) experimental setup, (b) diffraction
spot images when an electric field is and is not applied.

[oN)
(=)

B without electric field

B applying electric field
50

40
30
20

10
- I- I- H_
-1 1 2

-2 0
Diffraction order

Normalized diffraction efficiency (%)

o

Figure 13. Diffraction efficiency measured for primary diffraction orders when an electric field is
(applied voltage: 100 V) and is not applied.

3.2. Fresnel Zone Plate

Figure 14a depicts the experimental setup for investigating how the focusing capability
is influenced by applying an electric field onto the implemented Fresnel zone plate. The
result is similar to that for the diffraction grating. The laser beam is incident on the element
and focused by the element on the nominal focal plane. An image sensor is placed on the
focal plane and used to watch the change in focusing spots corresponding to the variations
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in the electric field, as shown in Figure 14b. Furthermore, the image sensor is replaced with
a photodetector to measure the focusing spot intensity. The focusing intensity is calculated
according to Equation (4), and the data are shown in Figure 15 and Table 4. Transmittance
of the element is around 74% when no electric field is applied. It starts from above 70 V for
a more obvious response and decreases to a transmittance of around 12% at a saturated
voltage of 100 V. The experiments also show expected results and demonstrate that the
proposed tunable Fresnel zone plate has focusing capabilities.

intensity of measured focusing spot

100% (4
intensity of incident light on device X 100%  (4)

Normalized focusing intensity =

aperture image sensor (or)
+ diaphragm photodetector

tunable Fresnel

He-Ne laser zone plate -

ey

beam e@der
a
focusing
without electric field b) applying electric field

Figure 14. Experiments for verifying the Fresnel zone plate: (a) experimental setup, (b) focusing spot
images when an electric field is and is not applied.

a1 [oN) N x®
(==} (e} S (e}

Normalized focusing intensity (%)

0 10 20 30 40 50 60 70 80 90 100
Applied voltage (V)

Figure 15. Focusing intensity measured on the focal plane corresponding to various applied voltages.

Table 4. Measured data for focusing spot when an electric field is and is not applied.

Applied voltage (V) 0 10 20 30 40 50
Focusing intensity 74% 74% 74% 71% 69% 67%
Applied voltage (V) 60 70 80 90 100

Focusing intensity 63% 60% 42% 21% 12%
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4. Discussion and Conclusions

This study demonstrates the feasibility of combining polymer-dispersed liquid crystals
with photopolymerization 3D printing to fabricate tunable micro-optical components.
They were designed and manufactured, and various experiments were completed. They
achieved the expected results and presented optical switchable and tunable properties
that differed from those of conventional 3D-printed elements. Moreover, the proposed
configuration creates an innovative method that simplifies the manufacturing processes for
the conventional microfabrication of optical components.

The experimental results show that the implemented diffraction grating can provide
obvious diffraction efficiency changes for primary orders, whereas the implemented Fresnel
zone plate can provide variations in focusing light intensity. Nevertheless, there are still
many challenges to overcome. First, due to the resolution limit of 3D printers, it is difficult
for the structure spacing to be less than 100 pm, which restricts the diffraction angle and
focal length for diffraction gratings and Fresnel zone plates, respectively. Second, the
depth of each printing layer cannot be easily accurately controlled, which affects the actual
light efficiency, which is apparently different from that of the simulation. The above two
issues can be solved by looking for a 3D printer with higher resolution and thinner layer
thickness. Third, because the turning voltage of PDLCs is above 70 V, additional circuits
are needed to boost the ordinary low-voltage power supply. In order to reduce the voltage,
the limitations related to the minimum thickness of a printed layer and the structural
depth of a component must be improved, thereby reducing the PDLC thickness. Finally,
although upper and lower glass ITO substrates are used to support the 3D-printed structure,
photopolymerization with UV curing can sometimes lead to reduced mechanical rigidity,
potentially distorting the geometry or dimensions of printed objects and therefore altering
the optical performance of devices. This result has not yet been investigated in this study
and may need to be verified. All the above require further research and will be explored in
future work.

Author Contributions: Conceptualization, H.-F.S.; methodology, H.-E.S. and S.-Y.Z.; software, S.-Y.Z.;
validation, S.-Y.Z. and H.-ES.; formal analysis, S.-Y.Z. and H.-FS,; investigation, S.-Y.Z. and H.-ES.;
resources, H.-ES. and C.-L.T.; data curation, S.-Y.Z.; writing—original draft preparation, H.-F.S., S.-
Y.Z.,, C.-L.T. and H.-Y.T,; writing—review and editing, H.-ES., C.-L.T. and H.-Y.T.; visualization, H.-E.S.
and S.-Y.Z.; supervision, C.-L.T. and H.-Y.T.; project administration, H.-E.S.; funding acquisition,
H.-ES. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science and Technology Council (NSTC), grant
number NSTC 112-2221-E-005-055-.

Data Availability Statement: The data presented in this article are not currently publicly available
but are available from the authors on reasonable request.

Acknowledgments: The authors are grateful for the support provided by the NSTC under grant
NSTC 112-2221-E-005-055-.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Sinzinger, S.; Jahns, ]. Microoptics; Wiley-VCH: Weinheim, Germany, 2003.

2. Willis, K.D.D.; Brockmeyer, E.; Hudson, S.E.; Poupyrev, I. Printed Optics: 3D Printing of Embedded Optical Elements for
Interactive Devices. In Proceedings of the 25th Annual ACM Symposium on User Interface Software and Technology, Cambridge,
MA, USA, 7-10 October 2012; pp. 589-598.

3. Maillard, P; Heinrich, A. 3D Printed Freeform Optical Sensors for Metrology Application. In Proceedings of the SPIE-The Interna-
tional Society for Optical Engineering, Jena, Germany, 7-10 September 2015; SPIE: Bellingham, WA, USA, 2015; Volume 9628,

p- 96281]J-1.



Micromachines 2025, 16, 26 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cook, K.; Canning, J.; Leon-Saval, S.; Reid, Z.; Hossain, M.A.; Comatti, J.E.; Luo, Y; Peng, G.D. Air-structured optical fiber drawn
from a 3D-printed preform. Opt. Lett. 2015, 40, 3966-3969. [CrossRef]

lezzi, V.L.; Boisvert, ].S.; Loranger, S.; Kashyap, R. 3D printed long period gratings for optical fibers. Opt. Lett. 2016, 41, 1865-1868.
[CrossRef] [PubMed]

Juodkazis, S. Manufacturing: 3D printed micro-optics. Nat. Photonics 2016, 10, 499-501. [CrossRef]

Siegle, L.; Ristok, S.; Giessen, H. Complex aspherical singlet and doublet microoptics by grayscale 3D printing. Opt. Express 2023,
31, 4179-4189. [CrossRef]

Kotz, E; Arnold, K.; Bauer, W.; Schild, D.; Keller, N.; Sachsenheimer, K.; Nargang, T.M.; Richter, C.; Helmer, D.; Rapp, B.E.
Three-dimensional printing of transparent fused silica glass. Nature 2017, 544, 337-343. [CrossRef] [PubMed]

Hong, Z.; Ye, P; Loy, D.A,; Liang, R. Three-dimensional printing of glass micro-optics. Optica 2021, 8, 904-910. [CrossRef]
Aslani, V,; Toulouse, A.; Schmid, M.; Giessen, H.; Haist, T.; Herkommer, A. 3D printing of colored micro-optics. Opt. Mater.
Express 2023, 13, 1372-1384. [CrossRef]

Wang, X.; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and prospective. Compos. Part
B Eng. 2017, 110, 442-458. [CrossRef]

Vaidya, N.; Solgaard, O. 3D printed optics with nanometer scale surface roughness. Microsyst. Nanoeng. 2018, 4, 18018. [CrossRef]
[PubMed]

Alam, F; Elsherif, M.; Alqattan, B.; Salih, A.; Lee, S.M.; Yetisen, A.K ; Park, S.; Butt, H. 3D printed contact lenses. ACS Biomater.
Sci. Eng. 2021, 7, 794-803. [CrossRef] [PubMed]

Zhu, D.; Zhang, J.; Xu, Q.; Li, Y. 3D printing of customized aspheric lenses for imaging. Polymers 2021, 13, 3477. [CrossRef]
[PubMed]

Roper, D.M.; Kwon, K.A.; Malone, L.P; Best, S.M.; Cameron, R.E. Induced birefringence in 3D printing: Concealing information
optically within printed objects. Adv. Mater. 2022, 7, 2200139. [CrossRef]

Deshmukh, K.; Houkan, M.T.; Maadeed, M.A.A.; Sadasivuni, K.K. Introduction to 3D and 4D printing technology: State of the
art and recent trends. In 3D and 4D Printing of Polymer Nanocomposite Materials; Elsevier: Amsterdam, The Netherlands, 2018;
Chapter 1, pp. 1-25.

Jeong, H.Y,; Lee, E.; An, S.C; Lim, Y.; Jun, Y.C. 3D and 4D printing for optics and metaphotonics. Nanophotonics 2020, 9, 1139-1160.
[CrossRef]

Ali, M.; Alam, E; Fah, Y.F; Shiryayev, O.; Vahdati, N.; Butt, H. 4D printed thermochromic Fresnel lenses for sensing applications.
Compos. Part B Eng. 2022, 230, 109514. [CrossRef]

Ali, M.; Alam, F; Butt, H. Fabrication of 5D Fresnel lenses via additive manufacturing. ACS Mater. 2022, 2, 602-613. [CrossRef]
[PubMed]

Jung, ].E.; Lee, G.H,; Jang, J.E.; Hwang, K.Y.; Ahmand, F,; Jamil, M.; Woo, L.J.; Jeon, Y.J. Optical property enhancement of
dye-PDLC using active reflector structure. Appl. Polym. 2011, 124, 873-877. [CrossRef]

Singh, S.; Srivastava, J.K.; Singh, RK. Polymer dispersed liquid crystals. In Liquid Crystalline Polymers; Springer:
Berlin/Heidelberg, Germany, 2016; Chapter 7, pp. 195-250.

He, Z.; Wu, S.T. Passive polymer-dispersed liquid crystal enabled multi-focal plane displays. Opt. Express 2020, 28, 15294-15299.
[CrossRef] [PubMed]

Wu, K; Sun, .J.; Meng, F,; Fan, M.; Kong, X.; Cai, M.; Zhao, T.; Yang, C.Y.; Xin, Y.; Xing, ].X.H.; et al. Highly flexible and electrically
controlled grating enabled by polymer dispersed liquid crystal. J. Mol. Lig. 2022, 353, 118664. [CrossRef]

Zhang, Z.; He, X.; Zhang, L.; Xu, ].J.; Yuan, B.H.; Chen, C.; Zou, C.; Wang, Q.; Gao, Y.Z.; Yu, M.; et al. A novel low-voltage
fast-response electrically controlled dimming film based on fluorinated PDLC for smart window applications. Chem. Eng. J. 2024,
479, 147668. [CrossRef]

Hecht, E. Optics, 4th ed.; Addison-Wesley: San Francisco, CA, USA, 2002; pp. 443-518.

Gsolver Rigorous Diffraction Grating Analysis Software. Available online: http:/ /gsolver.com/products/index.html (accessed
on 20 November 2024).

Ansys Zemax OpticStudio Comprehensive Optical Design Software. Available online: https://www.ansys.com/products/
optics/ansys-zemax-opticstudio (accessed on 20 November 2024).

Phrozen Sonic Mini 8K Resin 3D Printer. Available online: https://phrozen3d.com/products/sonic-mini-8k (accessed on 20
November 2024).

Chitubox SLA/DLP/LCD 3D Slicer Software. Available online: https://www.chitubox.com/en/index (accessed on 24 Decem-
ber 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1364/OL.40.003966
https://doi.org/10.1364/OL.41.001865
https://www.ncbi.nlm.nih.gov/pubmed/27082365
https://doi.org/10.1038/nphoton.2016.150
https://doi.org/10.1364/OE.480472
https://doi.org/10.1038/nature22061
https://www.ncbi.nlm.nih.gov/pubmed/28425999
https://doi.org/10.1364/OPTICA.422955
https://doi.org/10.1364/OME.489681
https://doi.org/10.1016/j.compositesb.2016.11.034
https://doi.org/10.1038/s41378-018-0015-4
https://www.ncbi.nlm.nih.gov/pubmed/31057906
https://doi.org/10.1021/acsbiomaterials.0c01470
https://www.ncbi.nlm.nih.gov/pubmed/33464813
https://doi.org/10.3390/polym13203477
https://www.ncbi.nlm.nih.gov/pubmed/34685236
https://doi.org/10.1002/admt.202200139
https://doi.org/10.1515/nanoph-2019-0483
https://doi.org/10.1016/j.compositesb.2021.109514
https://doi.org/10.1021/acsmaterialsau.2c00026
https://www.ncbi.nlm.nih.gov/pubmed/36855626
https://doi.org/10.1002/app.35011
https://doi.org/10.1364/OE.392489
https://www.ncbi.nlm.nih.gov/pubmed/32403560
https://doi.org/10.1016/j.molliq.2022.118664
https://doi.org/10.1016/j.cej.2023.147668
http://gsolver.com/products/index.html
https://www.ansys.com/products/optics/ansys-zemax-opticstudio
https://www.ansys.com/products/optics/ansys-zemax-opticstudio
https://phrozen3d.com/products/sonic-mini-8k
https://www.chitubox.com/en/index

	Introduction 
	Design and Manufacturing 
	Design Concept 
	Device Design Configuration 
	Diffraction Grating 
	Fresnel Zone Plate 

	Manufacturing Results 

	Experiments and Results 
	Diffraction Grating 
	Fresnel Zone Plate 

	Discussion and Conclusions 
	References

