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ABSTRACT: The consistent developments in additive manufac-
turing (AM) processes are revolutionizing the fabrication of 3-
dimensional (3D) parts. Indeed, 3D printing processes are prompt,
parallel, material efficient, and cost-effective, along with their
capabilities to introduce added dimensions to the computer-aided
design (CAD) models. Notably, 3D Printing is making progressive
developments to fabricate optical devices such as regular lenses,
contact lenses, waveguides, and more recently, Fresnel lenses. But
extended functionalities of these optical devices are also desirable.
Therefore, we demonstrate masked stereolithography (MSLA)
based fabrication of five-dimensional (5D) Fresnel lenses by
incorporating color-change phenomena (4th dimension) using
thermochromic powder that changes color in response to external temperature variations (25−36 °C). The holographic diffraction
effect (5th dimension) is produced by imprinting a diffraction grating during the printing process. Optical focusing performance for
the 5D printed lenses has been evaluated by reporting achievable focal length, with <2 mm average deviation, without postprocessing
in 450−650 nm spectral range. However, in the near IR region (850−980 nm), the average deviation was around 11.5 mm.
Enhanced optical properties along with surface quality have been reported. Thus, MSLA process can fabricate optical components
with promising applications in the fields of sensing and communication.
KEYWORDS: Additive manufacturing, MSLA technology, 3D printing, Fresnel lens, Thermochromic powder, Diffraction grating,
Holographic effect

1. INTRODUCTION
In recent years, additive manufacturing (AM) or three-
dimensional printing (3DP) has received much interest from
the research community and industry. This approach is based on
the layer-by-layer deposition of various materials, including
polymers, metals, ceramics, and composite materials. 3D
printing offers numerous advantages of being fast, flexible, and
cost-effective. Moreover, benefits like low material waste,
dimensional accuracy with a narrower tolerance range, and
higher surface finish are reported in the literature. The design
freedom is also highly regarded based on computer-aided design
(CAD) to print 3D components. Therefore, 3D printing
processes are more promising over conventional subtractive
manufacturing processes such as turning, cutting, milling,
ablation, etching, etc., due to more flexibility in design, shape
complexity, material usage/wastage, and surface finish.1,2 AM
technologies comprise a variety of fabrication processes that can
be categorized into seven macro-areas.3 The various 3D printing
processes include stereolithography, fused deposition modeling,
digital light process, multijet fusion, direct metal laser sintering,
electron beam melting, selective laser sintering, and polyjet.
Based on their fundamental operating principles, each AM
technology begins with a digital component model to be realized
and then sliced into layers. In the layer-by-layer method,
successive object layers are generated by curing liquid resins,

extruding melted polymers and viscous solutions, fine sintering
powders, or by laminating solid layers.4

Three-dimensional printing has proven its value by fabricating
mechanical, electrical, and optical systems components. The 3D
printed parts with improved mechanical, electrical, and thermal
properties have multitude of applications in automotive,
aerospace, construction, and medical fields. Recently, optical
prototype fabrication via 3D printing has been the focus of a
great deal of attention to achieve improved optical properties.5,6

High-resolution printers have made it possible to print 3D
micro- and nano-optical components to perform complex
optical operations.6,7 For instance, optical waveguides and
lenses are immensely popular as light guiding devices, consisting
of complex geometric shapes integrated with optical fibers, gas,
and optofluidic sensors. The advances in additive manufacturing
are pushing optical and photonic devices into new and
unexplored architectures with immense commercialization
potential.7−12
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In optical designs, spherical and aspherical lenses form and
guide light in various optical applications where the latter is
more complex to manufacture because of having nonuniform
surfaces.13 Fresnel lenses are innovative spherical lenses
characterized by optimized mass and materials. Fresnel lenses
made of glass were widely used as collimators for lighthouses as
soon as Augustin Jean Fresnel discovered their practical
application in 1822. Such lenses were designed to resist the
extremely high temperatures of the lighthouse environment as
well as to be lighter and absorb less radiation than oil-covered
mirrors. These lenses in the lighthouse are made of glass because
of their lighter weight and low radiation absorption.14−16 The
significant role of such lenses is widely known from their
utilization in condenser optics, field lenses, magnifiers,
collimators, smartphones, miniature spectrometers, photo-
voltaic panels, ultrasonic devices, automobiles, and medical
devices.14,17−26

Fresnel lenses are composed of concentric rings where each
ring bends the light it captures to form a parallel beam of light.
These lenses can be either imaging or nonimaging based on their
intended uses. Fresnel lenses are most commonly manufactured

by etching and layering of various optical materials. Poly(methyl
methacrylate) (PMMA) exhibits excellent optical characteristics
for multiple applications in solar technology especially in
concentrating photovoltaic systems. Alternative silicon Fresnel
lenses are also utilized in space applications such as solar
concentrators with glass protection.14,27 In addition, such lenses
can also be manufactured by casting, injection molding, and
compression molding. Unfortunately, these techniques use
mold-based manufacturing processes with limited design and
processing flexibility.17,28,29 Therefore, 3D printing processes
are more promising to explore the design strategies and
complexity of Fresnel lenses. 3D printing also allows for
multimaterials based lens production, for sensing and multi-
functional optics. Consequently, we report five-dimensional
(5D) Fresnel lenses based on 2-hydroxyethyl methacrylate
(HEMA) resin, where the third and fourth dimensions come
from their additional functionalities of thermal and holographic
sensing introduced via masked stereolithography 3D printing.

Figure 1.Overview of the 3D printing process, design, and final products. (A) Schematic illustration of MSLA-based 3D printing process. (B) Various
views of Fresnel lens modeled in Solidworks. (C) Digital images of 3D (transparent), 4D (transparent and holographic), 4D (thermochromic), and 5D
(thermochromic and holographic) Fresnel lenses in final form after a cleaning and drying process.
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2. EXPERIMENTAL SECTION

2.1. Materials
The resin formulation included hydroxyethyl methacrylate (HEMA),
polyethylene glycol diacrylate (PEGDA), and trimethylbenzoyl
diphenylphosphine oxide (TPO) as the monomer, cross-linker, and
photoinitiator, respectively. We mixed the monomer and cross-linker
1:1 ratio and added 2.5% of the photoinitiator to the resulting resin
solution. The pink-colored thermochromic pigment powder purchased
fromModern Stationery LLCDubai was also added 0.08%wt% to resin
material to change the optical properties of resin. The 3D printing was
performed using transparent polyvinyl chloride (PVC) smooth plastic
film (serving as support) on the print bed to achieve good surface
quality. A Rainbow diffraction thin film (274 cm by 14.6 cm) provided
by Rob’s Store (Gurnee, IL) having 13 500-line grating was used for
micropatterning of the surface. During printing, cleaning and drying
were also accomplished using isopropyl alcohol (IPA), deionized (DI)
water, and ethanol.

2.2. Design of Fresnel Lens and Printing Procedure
The Fresnel lens design includes the focal length calculations, number
of concentric rings, and bending angle for each concentric ring forming
a groove. Therefore, a Fresnel lens with a 25 mmdiameter, 15 rings, and
2 mm thickness was designed, to give a 50 mm focal length. The rings
had a constant width of 0.833 mm, and their heights increased radially
outward to a maximum height of ∼0.4 mm for the last ring. The
mathematical formulations for lens design are provided in Figure S1
(Supporting Information). The Fresnel lens was modeled in the
computer-aided-design (CAD) software named Solidworks (Figure
1B). The designed details of the lens parameters are provided
schematically (Figure S1, Supporting Information). The CAD file
was transformed into a standard triangulation (STL) file. The STL file is
then sliced for printing using the PrusaSlicer-2.2.0 slicer provided by the
Original Prusa SL1 3D printer manufacturer.
The Prusa printer is based on MSLA technology which uses light

pattern projection for the curing process. The MSLA technology
provides better vertical and lateral resolutions along with fast curing of
the whole layer exposed at once compared to stereolithography (SLA)
technology. The schematic diagram of the MSLA printing process is
illustrated in Figure 1A. In MSLA based printing process, light shines
upward into a high-resolution LCD placed beneath the transparent
resin tank. The LCD serves as a mask, allowing the printer to select the
area in the resin bath to be cured. The maximum printing area was 5.9
by 4.7 by 2.6 in. with 25, 50, and 100 μm layer thicknesses. Our printing
system can print features with 35, 50, and 100 μm thickness while lower
layer thickness results in higher optical transmission of printed
components. The complex optical structures such as photonic crystals
are fabricated with layer thickness around 25 μm.30 This study
considered suitable printing parameters, such as 25 μm layer thickness,
40 s time exposure for the first layer, and 20 s for the remaining layers.
The translucent orange hood protects the UV-sensitive resin from
ambient UV light that could prematurely harden the resin material. The
PVC film was applied to the print bed to avoid the usage of any support
structures to be printed and to improve print surface quality. The
printed lenses were washed with ethanol and dried at ambient
conditions. After the washing and cleaning process, the resulting
Fresnel lenses are shown in Figure 1C.

2.3. Material Characterization of Fresnel Lenses
The optical properties of the printed Fresnel lenses were measured
using customized homemade optical setups. An optical microscope
(AXIO, Scope 1, Germany) was used to measure the optical
transmission spectra. Optical images of the lenses were captured
digitally using a digital microscope with a magnification of 300× and an
image sensor of 5 megapixels. The rainbow grating sheet was
characterized by optical diffraction with three monochromatic light
sources (blue, green, and red). Samples were positioned 220 mm from
the plane white screen, which was used to record the diffraction
patterns. Field emission gun scanning electron microscopy (FEG-
SEM) was utilized to analyze the thin film with the holographic design

and printed lenses (JEOL JSM-7610F). A 24 nm Pt-coating was
deposited on the samples with a direct current sputtering machine
(JEOL JEC-3000FC) to avoid charging during SEM imaging. The
coating was performed at 40 mA current for 120 s in a vacuum of less
than 5 Pa. Atomic force microscopy (AFM; Asylum Research, Santa
Barbara, CA) was used to determine the surface roughness. X-ray
diffraction patterns via a D2 PHASER diffractometer were recorded
using Ni-filtered Cu Kα radiation (λ = 1.54284 Å) at 30 kV. Surface
wettability was investigated using a homemade setup to measure the
surface contact angles. The measurements were taken by the LBADSA
method31 and were repeated five times to account for standard
deviation errors by using a sessile drop of 10 μL.
2.4. Focal Length Measurement
Focal length measurements were done to evaluate the focusing
performance of the printed lenses. For this purpose, three
monochromatic light sources of different wavelengths have been used
to illuminate the lenses. A homemade setup was designed for the focal
length measurements (Figure 5). The experimental setup comprised of
light sources (450, 532, 650, 850, and 980 nm laser diodes covering
from the ultraviolet (UV) to infrared (IR) spectral range (450−980
nm)), a beam expander, lens mounting platform with flexible arms and
adjustable height, and optical power meter. The light source produces a
monochromatic beam of light, the beam expander spreads the light over
the entire surface of lens, and the power meter records the transmitted
light intensity through lenses. These components are precisely aligned
with the help of kinematics mounts on an optical bench to guarantee the
propagation of a collimated light beam going through the lens and
converging at the focusing point. The maximum power intensity (W/
m2) was found at the focusing point by varying the translational
positions of the power meter on the optical bench. The recorded power
intensity values were normalized with the experimentally measured
power of each laser source. Before the beam expander, the power
intensity of all laser sources was measured for normalization.

2.5. 5D Fresnel Lenses (Holography and Temperature
Sensing)
Thermochromic materials undergo a coloration or discoloration
process at specific temperatures known as thermochromic transition
temperatures. When the temperature reaches a particular value, the
color change occurs rapidly. Here, thermochromic pigment powder was
added as a responsive material to the transparent hydrogel resin.
Indeed, such a powder can reversibly change the color as a function of
surface temperature, enabling temperature sensing which we present as
the fourth dimension (4D) of the printed device. Thermochromic
pigment powders are colorless at higher temperatures while being
colored at low temperatures32,33 A thermochromic pigment powder
(pink) of 0.08 vol % concentration was mixed with liquid monomer
resin and magnetically stirred for 15 min (Figure S2, Supporting
Information). The prepared mixtures with 0.08 vol % pink-colored
pigment powders have the most negligible impact on the lens
transmission. Various concentrations (low or high) of pigment powder
could be used for parameter-specific optical applications. The mixed
solutions were transferred separately to resin vat for printing (Figure
S2). After successful printing, 4D Fresnel lens samples were washed
with isopropyl alcohol and dried, as discussed earlier. The fifth
dimension was introduced to the 4D printed lenses by embedding
microscale holographic patterns on one side of the lenses, leading to 5D
printing. The holographic film was applied to print bed of the 3D
printer to imprint the holographic micropattern onto the first printed
layer for producing 5D printed Fresnel lenses. A variety of textured
surfaces with holographic effects can be embedded into 3D parts. Here,
we report a microsize holographic pattern embedded in Fresnel lens
that enables the lens to focus light and simultaneously exhibits the
holographic effect.
Therefore, another optical setup to investigate the thermochromic

behavior of the 5D fabricated lenses was designed. It is challenging to
heat lenses uniformly for color intensity variation with temperature.
Therefore, the lens was immersed in deionized water and the
temperature was gradually increased from 25 to 36 °C with 1 °C step
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increase. The lens response based on coloration was stable despite the
lens material being based on a HEMA hydrogel. The water content
absorption varies the refractive index, as water is a low refractive index
material.34 Here, refractive index variations are not considered for the
sole purpose of the experiment to homogeneously heat the fabricated
lenses.

3. RESULTS AND DISCUSSION

MSLA-based 3D printing has shown promising results by
fabricating the current lens design with the desired geometrical
parameters and dimensions. The process is even capable of other
complex shapes with close tolerances depending on printer

Figure 2.Optical characterization of liquid resin, printed samples, thin holographic film, and 5D printed Fresnel lenses in transmission and reflectance
modes. (A,B)Optical transmission spectra of the hydrogel resin before and after printing. (C,D)Diffraction analysis of thin grating filmwith three laser
sources (450, 532, and 650 nm) and 3D representation of the diffraction patterns. (E) Optical pixel effect of 5D printed lenses with three laser sources
in transmission mode. (F) Diffraction pattern of the 5D printed lenses in reflection mode.
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capabilities. The chosen lens materials exhibited suitable optical
properties for light focusing and thermal sensing without any
adverse effects. The optical transmission spectra for lens
materials were recorded before and after the printing process
Figure 2A,B. The transmittance measurement setup was
composed of an Ocean Optics spectrometer (USB 4000)
connected to an optical microscope equipped with a white light
source for transmittance measurement. A collimated beam of
white light passes through the sample and is then collected by a
high numerical aperture microscope objective. The collected
light was directed into a spectrometer through a multimode
optical fiber. The transmission measurements were conducted
with DI water as a reference with an average transmittance value
of 99.92%.
The prepared HEMA resin transmits all the wavelengths but

with a slightly lower average transmission value (∼94%) than
that of DI water. The resin transmittance above 450 nm
wavelength was close to 98%. Thus, the prepared UV curable
resin suitably fabricates optical devices such as Fresnel lenses.
However, the addition of pigment powder resulted in lower
transmittance due to light absorption and scattering caused by
the powder particles. Therefore, the average transmittance value
was reduced for the resin-powder mixture solution to ∼82%. A
slight dip in transmission spectrum around the 500−575
wavelength range refers to the absorption range of the pigment.
However, beyond 600 nm wavelength the transmittance
increased to the maximum value of ∼84% (Figure 2A). Optical
transmission measurements for the printed samples after the
curing process are shown in Figure 2B. The transmission varied
slightly depending on the side (featureless flat side or side with
rings) from which the light propagated into the lens first. The
transmission was higher when the light entered from the flat side
as the light beamwasmore uniform andwith no diffraction while
propagating through the lens. The transparent Fresnel lenses
exhibited the highest average transmittance values of near 86.8%
and 91.4% for sides with rings (features) and without rings
(features and smooth sides), respectively. Compared to the
transparent liquid resin before printing, 3D printed samples
resulted in lower transmittance (∼10% average reduction) upon
curing (3D printed), probably due to strong bonding in solid
materials offering more resistance to light propagation through
the material.35 Also, printed samples had multiple layers which
function as scattering interfaces for the light propagating
through the lens media. The addition of pigment powder
resulted in coloration (pink) and reduced the transmission as
expected. The addition of powder or nanoparticles to clear resin
encourages the wavelength selective absorption and scattering of
the incoming light rays. However, optimum powder concen-
tration (0.08%) avoided significant reduction in light trans-
mission, recording a 72.29% average value. Light transmission
through composite materials varies according to their
absorption and scattering properties,36 and both depend on
the particle size distribution and the mismatch between the
refractive indices between particles and the resin matrix.37

Moreover, light transmission through the lens could be
controlled using various pigment powder concentrations
depending on specific requirements. Interestingly, powder
addition leads to the selective wavelength filtering capability of
Fresnel lenses at room temperature.38,39 Furthermore, tinted
and holographic lenses (4D) responded similarly to trans-
mission spectra with tiny deviations. Compared to all samples,
5D lenses exhibit the lowest transmission (64.05%) due to the
holographic micropattern (caused light diffraction) and powder

addition (caused light absorption/scattering) but could be
improved by methods mentioned earlier.
The diffraction analysis of grating film was done using blue

(450 nm), green (532 nm), and red (650 nm) lasers, revealing
various diffraction orders upon illumination (Figure 2C).
According to the grating equation (Λ = mλ/sin θ, where m is
diffraction order, λ is the incident light wavelength, and θ is
diffraction angle), the spacing between two diffraction orders or
grating period Λ decreases as the light wavelength shortens.40

Thus, for the blue and red light, the minimum and maximum
grating distances observed are 20 and 28 mm, respectively.
Similarly, by shortening the wavelength (from red to blue),
diffraction angles exhibited a reducing trend for red (15.07°,
7.47°, 0°), green (12.28°, 6.10°, 0°), and blue (10.37°, 5.16°, 0°)
lasers for the first three diffraction orders (m = 0, ±1, ±2),
respectively.41 A translucent hemispherical surface was used to
view the 3D diffraction patterns produced in response to the
normally incident laser beams, and a similar trend of the
reducing diffracted angles (d3 > d2 > d1) was observed with
incident light wavelength decreasing from red to blue (Figure
2D). The 5D lens was exposed to a collimated high-intensity
laser beam in transmission and reflection modes (Figure 2E,F).
Interestingly, when light passes through volume of printed
material in transmission mode, the holographic effect dimin-
ishes. However, the pixel effect (from the 3D printers display)
could be observed due to the finite pixels size used in the printing
process (Figure 2E). The diffraction effect (from the imprinted
grating) could be observed by reversing the light direction and
illuminating reflection mode Therefore, the lens was placed at
45° to laser light sources, and diffraction patterns for blue, green,
and red lasers were recorded in reflection mode. The most
prominent diffraction orders are 0 and +1 in reflection mode
(Figure 2F).
Surface topography using SEM micrographs to present the

entire lens with 15 rings (from a set of combined images) is
reported in Figure 3. MSLA-based 3D printing uses the mask to
illuminate pixels during printing specific areas. Here, the effect of
the pixels can be seen clearly without surface defects confirming
process integrity (Figure 3A). The color changing pigment
powder was characterized using SEM micrograph that revealed
spherical morphology and comprised of agglomerates (Figure
3B). The thin holographic film exhibits rhombohedral
morphology, imprinted from the grating thin film, with features
size of around 5 μm (Figure 3C). Rhombohedral features were
successfully embedded on the lens surface using the current
printing process Figure 3D. Although all the efforts were made
to print a completely homogeneous pattern, but small
discrepancies are possible in the physical processes. The
homogeneity of the pattern is possibly affected by these three
main factors: (1) slight misalignment of the holographic sheet
on the print bed, (2) high cure time of the first layer, and (3)
applying inadequate force during pattern removal from the print
bed. The holographic effect from these features in response to
white light surface can be observed clearly in Figure 1C. Lens
samples were fractured for SEM characterization to examine the
binding quality of powders and resin matrix upon photo-
polymerization. The embedded powder particles are encircled
on the fractured surface, and the presence of no voids justifies
complete layers diffusion during the printing process Figure 3E.
Also, fracturing led to particle pull-out represented by dotted
circles are shown in Figure 3F.
Optical polarization spectroscopy analysis was performed to

record optical transmission spectra for the lens samples; the

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.2c00026
ACS Mater. Au 2022, 2, 602−613

606

pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.2c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transmission spectra for all the lenses were obtained from 0° to
90° polarization angles with 10° step size, as presented in Figure
4. The experimental setup consists of the light source, polarizer,
and analyzer as integral components for examining polarization
dependent transmission (Figure 4A). Polarized light passes
through the sample and then from the analyzer to confirm any
shift in optical polarization of light due to resin crystallization, as
shown in Figure 4B. The light polarization through all the lenses
is angle-dependent polarization. The polarization angle is zero
when the axes of the polarizer and analyzer are parallel, allowing
maximum light to pass through and exhibiting maximum
transmission spectra (highest transmission intensity), as shown
in Figure 4C−F. According to Malus’ law, transmission spectra
intensities are reduced when the polarization angle increases
from 0° to 90°. Upon reaching the 90° polarization angle, the
axes of the polarizer and analyzer are crossed, leading to
complete blockage of incident light.42 The reduction in
intensities of full transmission spectra for all the lenses is
evident (Figure 4C−F). Thus, all the lenses (3D, 4D, and 5D)
responded similarly to polarized light and indicated that lenses
do not influence light polarization. The results further confirm
that transparent, tinted, holographic, and their hybrid (tinted
holographic) lenses do not exhibit polarization depending
optical properties since there is no correlation between the
degree of tinting and holographic effect with the intensity of
polarized light transmission. The polarization-based measure-
ments allow us to depict that no crystallization has occurred and
the printed composite sample is not birefringent. Moreover, the

findings suggest that MSLA-based 3D printing is a viable option
for producing transparent (3D), tinted (4D), holographic (4D),
and tinted plus holographic (5D) Fresnel lenses (Figure 4C−F).
The focusing performance of lenses was evaluated by focal

length measurements using a homemade optical setup (Figure
5A). All the lenses were illuminated with five lasers from the UV
to IR (450−980 nm) spectral range for measuring the focal
points. Each figure is represented by five curves using different
symbols for focal length measurements. A blank symbol
represents the focal point in each curve. The focal lengths for
the transparent lens (3D) in response to 450, 532, and 650 nm
lasers were 58.5, 58.5, and 64.5 mm, respectively (Figure 5B).
Notably, measured focal lengths were obtained with 10.5 mm
average deviations from the designed value (50 mm) without
postprocessing. However, the deviation was slightly more for the
red laser (less than 15 mm) due to wavelength dependent
focusing nature of lenses. Moreover, for 850 and 980 nm lasers
(near IR wavelengths), focal lengths were recorded as 55.5 and
52.5 mm, respectively, with a 4 mm average deviation from the
designed value. The results confirm that MSLA-based 3D
printing is suitable for fabricating Fresnel lenses and similar
optical components. The focal lengths for all the lenses were
determined using the same procedure.
The focal lengths for composite tinted Fresnel lens (4D) were

38, 43, and 49 mm for the 450, 532, and 650 nm lasers. Again,
the results are promising for tinted lenses with an average
deviation of 7 mm from the UV to visible spectral range (Figure
5C). However, near IR wavelengths resulted in 70.5 and 67.5
mm focal lengths for 850 and 980 nm lasers with larger
deviations from the designed values. The significant average
focal length variations (13.5 mm) might be due to variations in
signal strength, misalignment, or surface roughness. The tinted
thermochromic lenses are also useful for wavelength selective
color filtering applications. Composite holographic lens (4D)
behaved similarly with 37, 43, and 52 mm focal lengths for the
450, 532, and 650 nm lasers, respectively, with an average
deviation of about 7 mm (Figure 5D). The lens recorded focal
lengths of 58.5 and 61.5 mm using 850 and 980 nm lasers,
respectively, with 10 mm average deviation. An average
improvement of 3.5 mm in focal length was achieved when
using near IR wavelengths for composite holographic Fresnel
lens compared to tinted Fresnel lens.
Eventually, the composite (tinted and holographic) Fresnel

lens (5D) was assessed for focal length measurements. The 5D
lens remarkably performed well and generated focal points at 47,
49, and 49 mm for 450, 532, and 650 nm lasers, respectively,
with less than 2 mm average deviation (Figure 5D). For the 850
and 980 nm lasers, the same focal length of 61.5 mm was
obtained from the 5D lens. The focal length average deviation
for 5D Fresnel was between the tinted Fresnel lens (4D) and the
holographic Fresnel lens (4D) using near IR lasers. All the lenses
performed focusing with experimental results in agreement with
the designed parameters; the 5D lens exhibited significant
performance as a light-guiding optical device. These promising
results consolidated the idea that our current approach can be
used to fabricate 4D and 5D hierarchical optical devices for
photonic and sensing applications. The focal length measure-
ments were carried out at room temperature. It is proven that
temperature affects the focal length of the optical systems.43

With the increase in temperature, the wavelength range
transmitting through the Fresnel lens increases allowing all the
light to pass through affecting the filtering wavelengths. Thus,

Figure 3. Scanning electron microscopy (SEM) micrographs of the
printed lens. (A) Surface topography of the printed lens with 15 rings.
(B) Morphology of thermionic pigment powder used for coloration.
(C) Surface topography of micropatterned thin grating film. (D)
Surface details of microfeatures imprinted on the lens surface. (E)
Quality of fractured lens surface after printing with embedded powder
particles. (F) Surface quality of after printed lens after fracture
indicating particle pull-out.
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high temperature influences the filtering wavelength in the case
of color Fresnel lenses.
Recently, significant improvements have been reported in the

design and applications of 3D printed lenses.39,44 Therefore,
adding extra functionalities to such lenses is always desirable to
extend their utilization in optical systems. The color-changing

characteristics in 4D and 5D lenses were imparted by the
addition of a thermionic pigment powder into the resin matrix,
which allows lenses to change colors reversibly upon cooling and
heating (Figure 6A,B). The 5D lens exhibits color changes from
pink to transparent with a 1 °C step increase in temperature
from 25 to 36 °C upon heating (Figure 6A). The same color-

Figure 4. Optical polarization analysis of printed samples. (A) Schematic illustration of polarization setup for transmission based spectroscopic
analysis. (B) Schematic illustration of light polarization process. Angular dependent optical transmission spectra of Fresnel lenses: (C) transparent lens
(3D), (D) composite tinted lens (4D), (E) composite holographic lens (4D), and (F) composite (tinted + holographic) lens (5D).
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changing response was observed upon cooling the lens from 36
to 25 °C (Figure 6B). Analyzing the digital image requires
extracting color information from the pixels of the color sample
chart in terms of red (R), green (G), and blue (B) codes.45 Pixels
are the points that make up a digital image. The pixels are
composed of three components, red, green, and blue.46

Researchers have also used the red, green, blue-distance
(RGB-D) method with the Kinect 3D sensor for tracking
purposes.47,48 A line through the diameter of the 5D lens at
specific temperatures (25, 27, 29, 33, and 36 °C) was drawn, and
RGB codes were extracted to analyze each component with
increasing temperature (Figure 6C). The red, blue, and green

spectra represent the R, G, and B components of the digital
image analyzed. The pink color is evident from the first image at
25 °C, where the R-component spectrum has the average
highest intensity (∼198) while B and R components stayed at an
average intensity value of ∼155. When the temperature
increases, the intensity of the R-component declines and reaches
∼194 at 36 °C. Interestingly, the separation between B and G
components increases gradually with the temperature rise. The
average difference in their intensities at 25 and 36 °C obtained
was 0.27 (lowest) and 15.57 (highest). These results confirm the
color change response of the 5D lens with temperature as an
external stimulus. These results also suggest that the current

Figure 5. Optical performance evaluation of Fresnel lenses by focal length measurements with five laser sources. (A) Schematic illustration of
experimental setup for focal length measurements. Focal length measurements for (B) transparent lens (3D), (C) composite tinted lens (4D), (D)
composite holographic lens (4D), and (E) composite (tinted + holographic) lens (5D).
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approach is viable since our lenses are stable and exhibit good
repeatability (5 times repeated). The holographic effect of the
5D lens is still intact even at 36 °C and confirms the stable status
of the hierarchal device. The simultaneously tunable temper-
ature and optical response (fourth and fifth dimensions) of the
5D printed lens is demonstrated in Video S1 (Supporting
Information).
The hydrogel material of the lens is known for its water

retention, biocompatibility, and interesting hydration proper-
ties. Hence, we examined the printed hydrogel lenses for mass
variation and water contents absorption while immersed in DI
water for 3 h (Figure 7A,B). We dried the printed samples in an
oven at 50 °C for 2 h to conduct the experiments. As is intrinsic
to the hydrogel, the mass of all samples increased rapidly during
the first 90 min of the immersion period,49 and minimal changes

occurred onward. The curve for the tinted Fresnel lens is
smoother than that of others and might be attributed to the
inclusion of pigment powder entangled in polymeric chains
allowing the least mass variation. The water content absorption
for all the lenses is presented in Figure 7A. As expected, the
transparent Fresnel lens made of pristine HEMA hydrogel
absorbed the maximum water content of around 16% (Figure
7B). Tinted and holographic lenses absorbed similar water
content, indicating similar lens material modification. Tined
lenses absorbed the least water content (∼9.5%) due to pigment
powders among polymeric chains, and the one-sided holo-
graphic pattern altered the lens surface wettability. Thus, the 5D
lens also performed similarly due to the combined pigment
powder and grating pattern inclusion, but the former modified
the lens material slightly more.
In particular applications, our lenses could interact with fluid,

such as integrating with soft contact lenses to detect glucose.50

In addition, micro- and nanostructures can alter surface
properties. Therefore, changes in surface characteristics need
to be reported. The composite tinted lens recorded the highest
contact angle (84.62° ± 2.59°) (Figure 7C). Each lens has two
surfaces described as smooth and featured sides, without and
with rings, respectively. The smooth surface offers minor surface
roughness that leads to a higher contact angle. Also, the
transparent lens is without material modifications and showed
the lowest contact angle (56.38° ± 2.38°). The contact angles
for all the lens surfaces are less than 90°, confirming the
hydrophilic nature of the lens material (Figure 7C).51 The

Figure 6. Temperature sensing analysis of 5D Fresnel lens in the 25 °C
(complete coloration) to 36 °C (complete discoloration) temperature
range. (A) Discoloration of lens by increasing temperature from 25 to
36 °C (heating cycle). (B) Coloration of lens by decreasing the
temperature from 36 to 25 °C (cooling cycle). (C) RGB code based
spectra for selected temperatures (between 25 and 36 °C exhibiting the
color intensity variation phenomenon.

Figure 7. Various material characterizations of printed samples. (A)
Mass increase of HEMA-based lens material over a 3 h immersion
period. (B) Absorbed water content of various printed sample. (C)
Contact angle measurements of printed samples on various surfaces
(with and without features for Fresnel lenses). X-ray diffraction analysis
of pigment powder and printed samples. (E,F) AFM image for surface
quality evaluation (left) and surface roughness measurements by row
(orange curve) and column (pink curve) approaches (right).
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holographic lens modified the lens surface by surface texturing
and increased the contact angle from ∼56.38° to ∼66.10°,
making the material more hydrophobic. Typically, laser
technology is applied to generate surface texturing for specific
applications.52 Moreover, 5D printed lenses performed
similarly, having a higher contact angle on the smoother side
(69.62° ± 1.45°) than on the features side (55.36° ± 4.83°).
The results suggest that surface wettability modification is more
prominent due to the addition of pigment powders rather than
from the embedded holographic patterns.
X-ray patterns for all the printed samples were obtained to

examine crystallinity and new phase formation (Figure 7D). The
powder material presented two peaks of 21.79° and 24.02° at 2θ,
confirming the crystalline nature. However, the broad peak for
the transparent lens of 18.58° at 2θ indicates that HEMA-based
resin is amorphous in nature.53 For the 5D printed Fresnel lens,
no new phase formation was found, and the shift of the broad
peak to 20.16° at 2θmight be due to curing processing. A similar
change of the broad peak from 18.58° to 20.16° at 2θ is observed
for the holographic lens. Finally, the printing process integrity
without postprocessing for our printed lenses was evaluated by
AFM characterization (Figure 7E,F). A selected region
(represented by a black rectangular box) from a 20 × 20 μm2
lens surface was chosen for surface roughness measurements
(Figure 7E). The roughness measured by two different methods
(row and column approaches) is presented in (Figure 7F). The
average surface roughness values (Ra) measured by row (orange
curve) and column (pink curve) approaches are ∼72 and ∼69
nm, respectively. Thus, these results confirm the high surface
quality of our 3D printing process. Consequently, the surface
quality of our lens (λ/4 to λ/10 quality) falls in the acceptable
range of component surfaces fabricated with optimized printer
parameters.54

4. CONCLUSIONS AND PROSPECTS
This work successfully manufactured 3D, 4D, and 5D Fresnel
lenses with suitable optical properties. Remarkably, the
fabrication of 5D printed Fresnel lens extends its functionalities
as hierarchical device in optical systems, ensuring reduced cost
and enhanced materials. 3D Fresnel lenses performed well to
ensure lens characteristics of transmission and convergence of
incoming light. The use of PVC film on the printer head resulted
in improved average transmission reaching 91.4% for the
transparent lens. Lenses also converged incident light with
acceptable deviations from designed values despite wavelength-
dependent focusing behavior. The pigment powder’s addition to
the transparent resin led to a fourth dimension of the Fresnel
lens, and a stable thermal response (coloration and discolor-
ation) in 25−36 °C range was observed. The response of the
thermionic Fresnel lens was stable after five repetitions
(fabrication and measurements), confirming the stability and
durability of our lenses. In addition to thermal sensing, such
lenses can be employed in selective wavelength filtering
applications at room temperature. The photonic structures
required to generate holographic sensors can be produced in
several ways. Due to the optical properties being dependent on
the spacing of fringes, micro- and nanoscale fabrications are
often required. The fifth dimension of the Fresnel lens is evident
from the digital images and SEM micrographs. The rainbow
pattern generated could be easily combined with an image
sensor providing a miniature spectrometer for mechanolumi-
nescence sensing applications. AFM analysis revealed average
roughness values of ∼72 and ∼69 nm with two approaches to

confirm the quality of printed lenses. Although the lenses
fabricated have suitable optical properties, further improve-
ments are also possible. For instance, layer thickness of less than
25 μm can minimize the stairing effect and improve optical
performance. Further progress in surface roughness is possible
by using dip-coating with a similar resin material and then curing
in a UV chamber. The fabricated lenses can be utilized in
hydration sensing in future work.
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