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A straightforward, controllable, and cost-effective system was developed for the optical printing of
photosensitive polymers. By utilizing a digital micromirror device (DMD), the optical printing system

enables the facile and rapid fabrication of photosensitive materials with any desired structures. As such,

poly(2-hydroxyethyl methacrylate)(PHEMA)-based 1D and 2D diffraction gratings with high resolution

and excellent optical performance were printed for use as alcohol sensors, where the diffraction

efficiency would change due to the expansion of the hydrogel matrix upon exposure to alcohol

solutions. During alcohol sensing measurements, both zero- and first-order optical powers of hydrogel
gratings were recorded in response to various concentrations in the range of 0 to 50 vol% of ethanol,
isopropanol, and methanol for the analysis of variations in diffraction efficiency. The sensing performance was
explored across different crosslinking densities of PHEMA-based 2D gratings. Significant changes were
observed, with a low detection limit of 1 vol% for methanol and ethanol in 2D gratings printed from a 98%
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HEMA solution. Moreover, sub-second response times were achieved in all the measurements, and the
gratings demonstrated excellent recyclability. The proposed optical printing system offers advantages such as
customization of microstructures, a wide choice of hydrogels, high efficiency, low cost and environmental

friendliness. This versatile and powerful platform holds promise for developing highly sensitive and selective

rsc.li/materials-advances

Introduction

Stimuli-responsive hydrogels, characterized as smart materials,
have been increasingly recognized as promising candidates for
chemical and biological sensing, owing to their modifiable
physicochemical properties which dynamically respond to
alterations in environmental stimuli, such as variations in
PH, temperature, pressure, and the presence of specific chemi-
cals or biomolecules."? Equipped with elaborately designed
microstructures, these hydrogel-based devices find diverse
utility across domains spanning biomedical diagnostics,"?
environmental monitoring,®” wearable technology,®*° and soft
robotics.”™'*> Among them, hydrogel grating sensors, combin-
ing hydrogel properties with diffraction grating technology,
have gained attention for their high sensitivity, specificity,
and versatility in biosensing and environmental monitoring.
These sensors detect analytes like glucose, metal ions, and
viruses’®'® by altering their grating structure in response to
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sensors for a wide array of applications in physical, chemical, and biological sensing.

stimuli. They offer label-free detection and biocompatibility,
making them suitable for biomedical applications.'”® Despite
their potential, challenges include achieving sensitivity and
selectivity in complex environments and maintaining stability.
Research aims to improve sensor reliability, scalability, and
integration with technologies like nanomaterials and smart
connectivity for broader applications.

The successful integration of smart materials into practical
applications relies heavily on the selection and utilization of
fabrication techniques.'®>* As one of the mainstream techni-
ques, mask-based photolithography has been widely employed.
For instance, Han Yu Peng et al.>® developed a simple grating
system for detecting ethanol concentrations using poly(NIPAM-
co-AAm) hydrogel via microcontact printing, showing signifi-
cant diffraction efficiency changes with ethanol concentrations
between 0-30 vol% at various temperatures. Similarly, Ahmed
et al.** created a PHEMA-based alcohol sensor with an Aztec
layer mask, achieving sensitivity to different alcohol concentra-
tions with a 20-second response time and a 1 vol% detection
limit for ethanol. However, mask-based techniques require
intermediary media to transfer patterns, adding complexity
and cost while limiting material and structural flexibility.
Interferometric and holographic lithography offer alternatives
for creating holographic sensors without intermediary masks,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suitable for detecting analytes and physical parameters.>®
R. Gupta et al®® used laser interferometric lithography to
fabricate poly(acrylamide) hydrogel gratings with fluorescein
immobilized in alternating strips, enabling precise patterning
for spectroscopic pH sensing. A. J. Marshall et al.>’” demon-
strated the use of holographic sensors to measure metabolites
like urea and penicillin G by incorporating ionizable monomers
into thin, polymeric hydrogel films to monitor the pH changes
associated with specific enzymatic reactions. Although these
techniques can produce precise and periodic patterns, they are
hindered by complex setup requirements, the need for highly
coherent light sources, and precise alignment. In contrast,
additive manufacturing, commonly known as 3D printing, does
not require complicated etching processes of masks and has
the advantages of a wide range of material selection, ease of
use, and low cost. Among all the different 3D printing techni-
ques, VAT photopolymerization, which utilizes a light source to
trigger polymerization in photosensitive materials,*® has
attracted particular attention due to its high printing efficiency
and high resolution.***° Additionally, maskless photolithogra-
phy based on digital micromirror device (DMD) allows for pixel-
level control over the light source distribution, enabling the
fabrication of microstructures with exceptional precision and
reproducibility.®'** D. W. Yee et al.** used digital light proces-
sing (DLP) printer to create stable genomic DNA-coated poly-
meric lattices that successfully captured doxorubicin from
human serum. B. Zhang et al.>* developed highly stretchable
and UV-curable hydrogels for high-resolution biostructures and
tissues using DLP 3D printing, suggesting applications like
3D-printed contact lenses and flexible electronic boards with
conductive hydrogel circuits. While commercial maskless
photolithography systems based on DMD offer significant
advantages, they also come with certain limitations and dis-
advantages, such as high cost, time-consuming processing, and
restricted material flexibility.

In this work, we introduced a flexible and low cost optical
printing system based on DMD to design and fabricate hydro-
gel microsensors with poly(2-hydroxyethyl methacrylate)
(PHEMA). Our PHEMA-based hydrogel gratings not only exhibit
excellent optical performance, but also show sensitive and
rapid responses to various concentrations of methanol, etha-
nol, and isopropanol. PHEMA hydrogels are highly hydrophilic,
enabling them to swell and alter their physical properties in the
presence of alcohols, while their chemical stability ensures
consistent performance and longevity across various solvents.
Additionally, they are biocompatible, non-toxic, and cost-
effective to synthesize, making them ideal for sensitive, reli-
able, and versatile alcohol sensors suitable for biological
systems or environments. Both the crosslinking density and
polymer chain structure significantly influence its sensing
performance. Crosslinking density determines the hydrogel’s
rigidity and porosity: higher density results in a stiffer struc-
ture, while lower density enhances flexibility. The polymer
chain structure, including length and flexibility, directly
impacts sensitivity; longer and more flexible chains tend to
increase alcohol absorption and sensor response. Achieving an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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optimal chain structure is crucial to balancing sensitivity with
mechanical stability.”® The choice of hydrogel depends on the
specific requirements of the sensor application, including
sensitivity, response time, biocompatibility, and environmental
stability. Other hydrogels with similar or tuneable properties, such
as Poly(N-isopropylacrylamide) (PNIPAM) and Poly(acrylamide)
(PAAmM),*>?* could also be effectively used. However, the lower
critical solution temperature (LCST) of PNIPAM and its sensitivity
to temperature changes may affect its stability and performance.
Additionally, the crosslinking process of PAAm can be more
challenging, making it less easy to fabricate compared to PHEMA.
Compared to traditional alcohol sensing methods,**° hydrogel
sensors provide reliable detection of alcohol concentrations with
high sensitivity and straightforward implementation. The use of
hydrogel materials makes them suitable for various applications,
including continuous monitoring in wearable devices, rapid testing
in clinical settings, and environmental monitoring due to their
biocompatibility and customizable properties.

Method and materials

Initially, hydrogel materials are blade-coated onto a conven-
tional glass slide by a home-built blade coating setup (Fig. 1(a)).
Subsequently, various designed structures can be built up using
a DMD-assisted optical printing technique (Fig. 1(b)). After a
simple rinsing process to wash off the uncured hydrogel
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Fig. 1 Schematic illustration of integration smart materials with
DMD-assisted optical printing. (@) Home-built blade coating setup;
(b) DMD-assisted optical printing setup; (c) unprocessed material devel-
oping device; (d) optical diffraction efficiency measurement setup.
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solution (Fig. 1(c)), the printing is completed. Once the desired
microstructures are printed, sensing detection can be promptly
implemented on a diffraction efficiency measurement setup

(Fig. 1(d)).

Optical printing setup

As Fig. 1(b) shows, the collimated LED light beam with the
wavelength of 405 nm (Thorlabs, M405LP1-C1) is spatially
modulated by the digital mask loaded on the DMD (Vialux,
V7000) and directed by the reflection function of the DMD into
a demagnification system which is configured by a bi-convex
lens with focal length of 200 mm (Thorlabs, LB1945) and
microscope objective lens (Olympus LUCPlanFL N 20x). The
modulated light with the designed pattern will eventually be
projected onto the hydrogel material. A beamsplitter allows the
reflected light to be imaged by a CCD for feedback which is
integrated into a microscope (Olympus IX71) in practice.

Theory of diffraction efficiency changing

Optical diffraction gratings, characterized by their periodic
structures that disperse light into multiple beams moving in
diverse directions*® find application not solely in optical instru-
ments like monochromators and spectrometers*' but also in
the precise detection of various analytes.*>™** The diffraction
equation can be expressed as:

mi = d(sin 0; — sin 04)

where d is the periodicity of the grating, m is an integer and
represents the diffraction order, 4 is the wavelength of the
incident light, and 6; and 64 are the incident and diffraction
angles respectively.

Additionally, according to grating theory, the diffraction
efficiency (DE) can be approximately described by the following
equation:*

DE o« {[n(ny — ny)h)/2y

where n, and n, are the refractive indexes of the grating and
sample solution respectively, and # is the height of the grating
in sample solution. For the grating system made of PHEMA
hydrogels which are typically cross-linked polymer networks
that have a high affinity for water due to the presence of
hydrophilic functional groups, when in contact with the alcohol
solutions, undergo swelling as the alcohol molecules can dis-
rupt the hydrogen bonds between water molecules and the
hydrogel network*®*” and water molecules penetrate the hydro-
gel matrix more easily. The swelling induces a change in the
volume of hydrogel-based gratings. Besides, as the concen-
tration of alcohol increases, the effective refractive index of
the diffraction system inevitably changes. Both above reasons
cause the changes in the diffraction efficiency.

Materials

2-Hydroxyethyl methacrylate (HEMA) (99%), ethyleneglycol dimeth-
acrylate (EGDMA) (98%), lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP) (99%), poly(allylamine hydrochloride)(PAH),
methanol (>99.9%), ethanol (>99.8%), and isopropanol (99+%).
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All chemicals were purchased from Sigma-Aldrich and used as
received.

Experimental section
Fabrication of hydrogel-based grating sensors

To prepare the hydrogel solutions, the HEMA monomer and
cross-linker EGDMA are mixed first. Different molar ratios of
EGDMA to the mixed solution (2% EGDMA + 98% HEMA,
5% EGDMA + 95% HEMA, and 8% EGDMA + 92% HEMA) were
prepared to investigate the influence of crosslinking density on
alcohol sensing. Next, LAP (1% wt vol ') (photo-initiator) was
dissolved in deionized (DI) water (100 pl) by stirring for 30 min.
Later, both solutions were mixed.

Before the coating of the hydrogel solution, a thin layer of
PAH solution was coated onto the substrate for 10 min to
increase the adhesion between the glass substrate (Fisher,
1.0-1.2 mm, which was cleaned with ammonium peroxydisul-
fate acidic cleaning solution beforehand) and the polymer.
A homemade blade coating device was employed for hydrogel
solution (20 pl) coating which is equipped with a micrometer to
control the thickness of the hydrogel layer. A 1D grating mask
with periodic of 3.6 um and a 2D diffraction grating mask with
a periodic constant of 3.6 pm X 3.6 um were designed and
uploaded onto the DMD for printing. A 405 nm LED was used
for triggering the polymerization of hydrogel since a visible
light-sensitive photoinitiator LAP was mixed in the hydrogel
solution. The optical power and exposure time for printing were
0.856 mW mm > and 50 seconds respectively. After washing off
the unpolymerized hydrogel solution with DI water, a hydrogel-
based grating sensor was created.

Crosslinking density of PHEMA measurements

Hydrogel solutions with molar ratios of EGDMA at 2%, 5%, and
8% were photopolymerized under identical conditions. The
resulting samples were dried completely and weighed to obtain
their initial dry weights. Each dried sample was then immersed
in DI water and allowed to swell for 24 hours to reach equili-
brium. After swelling, the samples were gently blotted to
remove surface water and weighed again to measure the
swollen weights.

Optical characterizations of hydrogel gratings

The printed hydrogel grating was characterized by both optical
microscopy (ZEISS Imager. M1) and scanning electron micro-
scopy (JEOL, JSM-6010LV) to get the structural features. Under
white light illumination (Ocean optics, Inc, LS1), a compacted
spectrometer (Thorlabs, CCS200/M) was employed to capture
the spectra of the first order which was diffracted from the
gratings. To characterize the diffraction efficiency of the grat-
ings, a red laser light with a wavelength of 632.8 nm (Uniphase
102-3 Helium-Neon Laser/4 mW) was used at normal incidence,
and the periodic diffraction patterns were recorded at the plane
which is 250 mm away from the sample plane. Moreover, the
brilliant structural colors were captured by a smartphone.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Diffraction efficiency measurements

The PHEMA hydrogel grating was simply integrated with a
He-Ne laser (Uniphase 102-3 Helium-Neon Laser/4 mW), an
optical mirror (Thorlabs, PF10-03-P01), a sample cell, and a
power meter (Thorlabs, PM100D) to establish the alcohol-
sensing platform. All components were meticulously posi-
tioned on an optical table to ensure consistent and stable
sensing conditions. The hydrogel grating, printed on a glass
plate, was submerged in the sample cell containing an aqueous
solution with a specific alcohol concentration.

The laser emitting light at a wavelength of 632.8 nm was
employed to irradiate incident light perpendicularly onto the
hydrogel grating. Concurrently, the power meter measured the
transmitted optical powers of both the zero-order (I0) and first-
order (I1) diffraction beams. To evaluate the alcohol-sensing
capability, various concentrations ranging from 0 to 50 vol% of
methanol, ethanol, and isopropanol were introduced to the
PHEMA sensor. The initial transmitted powers and diffraction
efficiency were determined by the transmitted powers through
the grating sensor while immersed in DI water. Both the zero-
and first-order diffraction powers were measured using the
power meter. The DI water was then substituted with a
5 vol% ethanol solution, and the newly transmitted powers

(b)
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were recorded. This process was repeated with increasing
concentrations, incrementing by 5 vol% up to 50 vol%. To
eliminate the impact of the previous measurement, the sensor
was dried by suction to remove any residual solution before
introducing the new solution. The same detailed procedures
were replicated for all other alcohol solutions. To investigate
the threshold concentration, alcohol sensing with low concen-
tration ranges from 0-5% were tested out on printed 1D and 2D
PHEMA-gratings. The influence of the crosslinking density of
hydrogels on alcohol sensing performance was investigated
using 2D PHEMA-gratings printed with different molar ratios
of EGDMA. Notably, the hydrogel gratings were stored in sealed
Petri dishes and rehydrated with DI water before measure-
ments. Each measurement was completed quickly (within
1-2 minutes) to minimize water evaporation from the hydro-
gels. All the measurements were performed in transmission
mode as demonstrated in Fig. 1(d).

Response time and repeatability measurements

To evaluate the response time, a spectrometer (Ocean Optics,
USB4000) was used to monitor the dynamic response process
due to their ability to capture detailed spectral changes with
high accuracy and precision. Before exposure to alcohol, the
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Fig. 2 Optical characterizations of printed hydrogel gratings. (a) SEM imaging of printed 1D hydrogel grating ((al) optical imaging); scale bar: 20 um (b)
diffraction pattern of a printed 1D hydrogel grating illuminated by a red laser; scale bar: 15 mm (c) first-order dispersion spectra of printed 1D hydrogel
grating illuminated by white light with recording view from 7° to 14°((c1) structural color of printed 1D hydrogel grating in daylight ambient) scale bar:
1 mm (d) SEM imaging of printed 2D hydrogel grating ((d1) optical imaging); scale bar: 20 um (e) diffraction pattern of printed 2D hydrogel grating
illuminated by red laser; scale bar: 15 mm (f) first-order dispersion spectra of printed 2D hydrogel grating illuminated by white light with recording view
from 9° to 14° ((f1) structural color of printed 2D hydrogel grating in daylight ambient scale bar: 1 mm).
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peak of the first-order dispersion spectra settled at a specific
wavelength. As alcohol was introduced, the peak gradually
shifted to longer wavelengths, returning to stability after inter-
action. The time interval between these transitions reflects the
sensor’s response time. Different alcohols including methanol,
ethanol, and isopropanol with a concentration of 25% were
tested. The changing rate of spectral shift represents the
response time. The repeated alcohol sensing was achieved by
simply washing PHEMA-gratings with DI water for alcohol
removal, followed the addition of ethanol solution with 25%
concentration for detection.

Results and discussion
Optical characterizations of the printed hydrogel sensor

Fig. 2 shows the optical characterizations of 1D(a)-(c) and
2D(d)-(f) hydrogel gratings printed by DMD-assisted optical
printing with HEMA hydrogel. Slightly expanded structural
features with 3.8 um for printed 1D PHEMA grating and
3.7 um x 3.7 um for printed 2D PHEMA grating were measured
using SEM and optical imaging. Diffraction patterns of the
printed PHEMA gratings are shown in Fig. 2(b) for 1D grating
and Fig. 2(e) for 2D grating under the red laser illumination.
Their dispersion abilities are verified not only by successfully
splitting the broadband light into multiple monochrome
beams but also by presenting bright structural colors, as shown
in Fig. 2(c) for 1D PHEMA grating and Fig. 2(f) for printed 2D
PHEMA grating.

Alcohol sensing of the printed PHEMA-gratings

Since the PHEMA sensors have volumetric change when
exposed to alcohol solutions, the effects of alcohol concentra-
tions on the DE values are investigated by a diffraction effi-
ciency measurement setup (shown in Fig. 1(d)) where the
optical powers of zero-order (I0) and the first-order (I1) are
recorded in respond to different concentrations of alcohol
solutions. DE values are easily calculated by DE = 11/10 for
analysis. Three alcohols including methanol, ethanol and iso-
propanol were studied on printed both 1D and 2D PHEMA-
gratings. Fig. 3 shows the non-linear response of printed
PHEMA-gratings (a-c for 1D grating and d-f for 2D grating)
when exposed to alcohol solutions with concentration varying
from 0-50 vol%. For either grating and each alcohol upon
increasing concentration, there is a noticeable increase in the
zero-order intensities 10, while the first-order intensities I1
display a declining trend, consequently resulting from a
decrease in DE. Through comparison between Fig. 3(c) and
Fig. 3(f), higher DE and larger changes were observed in the
sensing with 2D grating, although both 1D and 2D gratings
respond to different concentrations of alcohol solution in the
same tendency.

The results of printed 1D and 2D gratings at the low concen-
tration range of 0-5% with a concentration difference of 1% were
demonstrated in Fig. 4(a)-(c) for printed 1D PHEMA-grating and
Fig. 4(d)-(f) for printed 2D PHEMA-grating. Using the equation
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Fig. 3 Alcohol sensing of printed 1D and 2D PHEMA-grating sensors.
(a) changes in intensities of the zero-order diffraction beam 10 of printed
1D PHEMA grating when it is immersed in alcohol solutions with different
concentrations; (b) changes in intensities of the first-order diffraction
beam of printed 1D PHEMA grating when it is immersed in alcohol
solutions with different concentrations; (c) diffraction efficiency changes
of the printed 1D PHEMA sensor calculated based on the 10 and I1;
(d) changes in intensities of the zero-order diffraction beam 10 of printed
2D PHEMA grating when it is immersed in alcohol solutions with different
concentrations; (e) changes in intensities of the first-order diffraction
beam of printed 2D PHEMA grating when it is immersed in alcohol
solutions with different concentrations; (f) diffraction efficiency changes
of the printed 2D PHEMA sensor calculated based on the 10 and I1.

Sg + 30, where Sg is the mean signal measurements of reagent
blank, and oy is the standard deviation of responses of reagent
blank, the estimated LOD values of zero-order powers are
3.34 mW and 3.02 mW for 1D and 2D sensors. For 1D grating,
threshold sensing concentration of 2%, 2%, and 3% were
determined for methanol, ethanol, and isopropanol, respec-
tively. For the 2D grating, threshold sensing concentration of
1%, 1%, and 2% for methanol, ethanol, and isopropanol,
respectively. For the first-order intensities, the estimated LOD
values are 19.93 uW and 65.12 pW for 1D and 2D sensors.
Threshold sensing concentration for methanol, ethanol and
isopropanol remained the same as the results from zero-order.
In addition, printed 2D PHEMA grating shows better diffraction
efficiency and higher sensitivity which was found to agree with
the above conclusion. Alcohol sensing threshold values for both
1D and 2D grating are summarised in Table 2 together with
response time which is discussed consequently.

Fig. 5 shows the dynamic change in the first-order diffrac-
tion peak wavelength with time in aqueous solution with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Low alcohol concentration sensing of printed 1D and 2D PHEMA
gratings. (a) changes in 10 of printed 1D PHEMA grating with regards to
increased methanol, ethanol, and isopropanol concentrations; (b) changes
11 of printed 1D PHEMA grating with regards to increased methanol,
ethanol, and isopropanol concentrations; (c) changes in DE of the printed
1D PHEMA sensor calculated based on the 10 and I1; (d) changes in |0 of
printed 2D PHEMA grating with regards to increased methanol, ethanol,
and isopropanol concentrations; (e) changes in 11 of printed 2D PHEMA
grating with regards to increased methanol, ethanol, and isopropanol
concentrations; (f) DE changes of the printed 2D PHEMA sensor calculated
based on the 10 and I1.

different alcohols ((a) for printed 1D PHEMA grating and (b) for
printed 2D PHEMA grating). Upon addition of the alcohol
solutions in the sample cell, a fast shift in the position of
diffraction peak was observed. Remarkable response time of
870 ms, 631 ms, and 643 ms for methanol, ethanol, and
isopropanol respectively are achieved in 1D grating sensing,
while 550 ms, 541 ms and 527 ms are observed in 2D grating
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Fig. 5 Time response of printed 1D PHEMA grating (a) and 2D PHEMA
grating (b) to different alcohols.
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Table 1 Relevant parameters of HEMA hydrogel and alcohols

Refractive index Solubility [(cal cm )]

HEMA 1.512 11.6
Methanol 1.328 14.5
Ethanol 1.361 12.9
Isopropanol 1.378 11.5

Table2 Summary of alcohol sensing performance of printed hydrogel 1D
and 2D grating

Threshold concentration(vol%) Response time (ms)

1D grating 2D grating 1D grating 2D grating
Methanol 2 1 870 550
Ethanol 2 1 631 541
Isopropanol 3 2 643 527

sensing. There are two main explanations for sub-second
response time: (i) strong affinity between the hydrogel network
and alcohol solutions due to hydrogen bonding and similar
solubility parameters®® (values shown in Table 1), leading to
rapid absorption and diffusion of alcohol; (ii) the short diffu-
sion length of the micron-sized hydrogel-gratings, which allows
quick diffusion and swelling equilibrium of alcohol molecules.

The swelling ratios (Q) were calculated using the formula
Q = Wawollen — Wary, Where Wyyonien and W,y are the weights of
the swollen and dry samples, respectively. Providing insights
into the effect of crosslinking density on PHEMA properties.
The higher the molar ratio of EGDMA, the higher the cross-
linking density, resulting in a lower Q. When the molar ratio of
EGDMA increased from 2% to 5% and 8%, the Q decreased
from 1.56 to 1.37 and 1.35, respectively. The alcohol sensing
performance of these PHEMA 2D gratings is shown in Fig. 6.
The change of first-order optical powers of differently cross-
linked PHEMA sensors in response to low concentrations of
different alcohols was studied to compare the sensing sensitiv-
ity because first-order diffraction typically provides more spe-
cific and distinct information about the interaction of light
with the analyte. The slopes of linear response represent the
sensing sensitivity. Fig. 6(a) illustrates that, for each alcohol,
sensitivity slightly decreased with increased crosslinking den-
sity. This indicates that higher crosslinking densities may
restrict the swelling of the hydrogel, thereby reducing its
responsiveness to alcohol concentration changes. As shown in
Fig. 6(b), the response time was also influenced by the crosslinking
density of PHEMA sensors, with a slightly slower response time
observed as the ratio of EGDMA increased. The crosslinking density
of the hydrogel plays a crucial role in determining the sensor’s
performance in terms of sensitivity and response time. Other
factors, such as crosslinker concentration, different types of cross-
linkers, chemical modifications, and polymerization conditions,
can be varied to tailor the crosslinking density of PHEMA hydrogels
to meet specific requirements for various applications, including
alcohol sensing.

Moreover, the printed hydrogel sensors show great robust-
ness, since the response-recovery cycles can be carried out
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Fig. 6 Influence of crosslinking density on sensing performance of 2D
PHEMA gratings. (a) Sensing sensitivity in the 0-5% concentration range
decreased as the crosslinking density of PHEMA increased for each type of
alcohol. (b) Response time increased with higher crosslinking density of
PHEMA.

repeatedly with highly consistent performance as illustrated in
Fig. 7. The diffraction efficiency, calculated from the recorded
10 and I1 values, remained stable across repeated response-
recovery cycles. The same 1D and 2D sensors were tested for
measurements, including alcohol sensing in Fig. 3-5, and
repeatability in Fig. 7, illustrating the sensors’ high stability
over extended periods of use.

Unlike other alcohol sensors whose fabrication may involve
complicated design or high-cost fabrication procedures, the
proposed hydrogel grating sensors, fabricated by a simple,
rapid, and cost-efficient optical printing method, are capable
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Fig. 7 Repeatability measurements of hydrogel alcohol sensors.
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of achieving reliable and instant alcohol sensing via a simple
optical readout method. Furthermore, the alcohol-responsive
hydrogel can be substituted with any other stimuli-responsive
hydrogels for applications like remote sensing of glucose, pH,
proteins, and various other analytes.

Conclusions

A straightforward and cost-effective system for printing photo-
sensitive materials has been developed, utilizing a controllable
digital micromirror device (DMD) to fabricate 1D and 2D
hydrogel gratings with micrometer-sized features in a single,
simple, and fast exposure step. These gratings, owing to the
characteristics of PHEMA hydrogels, can be seamlessly inte-
grated into optical detection systems for applications such as
alcohol sensing. By varying the structures of hydrogel gratings,
significant changes in diffraction efficiency (DE) and higher
sensitivities are observed in 2D PHEMA sensors, making them
highly responsive to alcohol concentrations with a threshold
detection of 1 vol% response within a second. The molar ratios
of EGDMA were varied to explore how the crosslinking density
influenced the sensing performance. It was observed that a
higher crosslinking density resulted in lower sensitivity and
slower response time. In our studies, both 1D and 2D PHEMA
sensors have demonstrated slightly higher selectivity to metha-
nol and ethanol compared to isopropanol. The selectivity of
PHEMA sensors to different alcohols may depend on their
molecular sizes and refractive indexes. The smaller size of
methanol and ethanol may penetrate the PHEMA structure
more easily and cause larger refractive index contrasts com-
pared to other alcohols, such as isopropanol and 1-butanol.

The ease of manufacturing and deployment, coupled with
the sub-second response time to alcohol, set PHEMA grating
sensors apart from other types of alcohol sensors. Furthermore,
this DMD-based optical printing system can theoretically
achieve any design of microstructures, allowing flexible fabri-
cation of smart hydrogels for various applications.
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