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Abstract: In this study, we demonstrated a thermally tunable acoustic beam splitter using a poly(vinyl
alcohol) poly(N-isopropylacrylamide) hydrogel (PVA-pNIPAM). The nature of PVA-pNIPAM hydro-
gel offers exceptional temperature-dependent physical properties due to its phase transition around
its lower critical solution temperature. The acoustic impedance of the hydrogel can be tuned below,
above, or matched to that of water by changing the environmental temperature. An acoustic wave
propagating in water can be split into transmitted and reflected components by the PVA-pNIPAM
hydrogel slab on varying its angle of incidence. The intensity ratio between the reflected and the

check for

updates
Citation: Jin, Y.; Zhou, M.; Choi,
T.-Y.; Neogi, A. Thermally Tunable
Acoustic Beam Splitter Based on
Poly(vinyl alcohol)
Poly(N-isopropylacrylamide)

transmitted componence can be adjusted by tuning the temperature of the medium. The acoustic
beam can be entirely reflected at a temperature corresponding to the matched impedance between
hydrogel and water. The beam-splitting behavior was observed for acoustic waves from both a
monochromatic wave and broadband pulse source. In addition, the phase of beam split pulses can
be reversed by selecting the hydrogel’s operating temperature.
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1. Introduction

Academic Editor: Michael T. Cook The anomalous phase transition in certain liquid or hybrid hydrogel composites can

be induced by varying the environmental pH condition [1] or temperature [2]. The thermal
responsive hydrogels commonly transform from a hydrophilic state to a hydrophobic
state around its lower critical solution point (LCST). The water—polymer crosslinks break,
which then form into polymer—polymer links [3]. The anomalous phase transition of
thermally tunable hydrogels opens a great potential in drug-delivering [4], sensing [5],
and micro-robotics [6] fields. Bulk poly(N-isopropylacrylamide) (pNIPAM) composite
is one of the commonly studied thermal sensitive hydrogels with a sharp transition in
volumetric and mechanical properties around its LCST [7]. The dramatic change in the
physical properties was observed in terms of physical volume [8], static elasticity [9],
dynamic elasticity [10], density [11], and swelling/deswelling ratios [12]. The reported
behaviors and characterizations have resulted in the development of practical applications,
such as micropumps [13], small-scale surgery [14], acoustic lens [15], and even 4D additive
manufacturing products [16].

Based on the similarity in the physical properties between PVA-pNIPAM hydrogel
and water, we investigate the feasibility of controlling the underwater acoustic wave
propagation by designing an acoustic beam splitter for active acoustic systems. Acoustic
Attribution (CC BY) license (https:// beam spl.it-ters were lllsually realized by 2D phononic crystal structure-based dev.ices [17].
creativecommons.org/licenses,/by/ The specific waveguide arrangement in the array of scatters can separate acoustic waves
10/). into multiple channels [18]. The transmission through phononic crystal waveguides is
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relatively low due to reflection and transmission losses due to scattering. A bulk phononic
crystal can also act as a beam splitter if its high transmission band operates at wavelengths
comparable to its periodicity [19]. However, due to the difficulty in fabricating 3D phononic
crystals, the commonly used 2D phononic crystal distorts the acoustic beam profile along
the third axis. Hence, a relatively homogeneous material beam splitter with tunability
is necessary for future phononics devices to realize acoustic systems similar to optical
systems and electric circuits in photonics and electronics.

We previously reported the sound velocity, density, and dynamic bulk modulus in
PVA-pNIPAM hydrogel [10,20]. These properties are critical in steering the propagation
of longitudinal sound waves. Hence, we realized that the acoustic impedance Z could be
correspondingly varied in PVA-pNIPAM hydrogel with respect to the sound velocity c
and density p by changing the environmental temperature. According to the definition:
Z = pc, the acoustic impedance of PVA-pNIPAM hydrogel can approximately match that
of water around its LCST. The feature was numerically simulated and characterized by
experimental approaches in this study. It was observed that the PVA-pNIPAM hydrogel’s
acoustic impedance could be lower and higher than water at a temperature below and
above its LCST, respectively. A novel active thermally tunable acoustic beam splitter
was designed with a slab of PVA-pNIPAM hydrogel in water ambient using numerical
approaches. At a critical incident angle, the acoustic ray can be separated into reflected and
refracted components. The propagating beam can have varying transmissivity at specific
operating temperatures induced by the impedance mismatch between the hydrogel slab
within the ambient water. At the impedance-matched temperature, the absence of the
reflection ray led to a significant increase in the transmission intensity. The tunable beam
splitter can operate with monochromatic acoustic and broadband pulse sources in the
frequency and time domains. Additionally, it also observed that the sign of the impedance
mismatch (Z — Zyater) dictated the phase of the reflected component. The phase of the
reflected pulse envelopes can be reversed by a change in the impedance mismatch around
LCST due to the volumetric phase transition temperature of the hydrogel.

2. Results and Discussion

To obtain the temperature-dependent acoustic impedance of PVA-pNIPAM hydrogel,
we initially performed temperature-dependent acoustic transmission measurements in
water ambient using a bistatic setup. Figure 1A shows the acoustic impedance in our
bulk PVA-pNIPAM hydrogel. The experimental values were obtained from the measured
speed of sound and density by the methods demonstrated in our previous study [20]. The
temperature range investigated was from 20 °C to 39 °C. The two temperature points
are typically considered stable hydrophilic and hydrophobic states below and above the
LCST, respectively. The temperature-dependent acoustic impedance in water is depicted
in Figure 1A for comparison. In this narrow temperature range, deionized water shows
weak temperature dependence. The variation of the impedance of water is contributed
by the increase in water’s sound velocity temperature. In the same temperature range,
the acoustic impedance of bulk PVA-pNIPAM hydrogel increased sharply from 28 °C to
39 °C. This increase is about 35%, contributed to by the increase in both PVA-pNIPAM
hydrogel’s speed of sound and density. At around 32 °C, a crossing point can be found
between temperature-dependent acoustic impedance lines in PVA-pNIPAM hydrogel and
water, indicating the acoustic impedance of the hydrogel can be matched with DI water to
achieve acoustic transparency. Our previous experimental observation [15] shows that the
heating rate of hydrogel media does not deviate its acoustic properties within the specific
temperature range of which the experiments have considered in the present work. The
temperature dependent impedance behavior of the hydrogel is reversible if the ambient
temperature of the DI water in which the hydrogel medium is immersed is changed within
a range that does not any modify its density leading.

To verify the temperature-dependent impedance, an additional temperature-dependent
transmission and reflection experiment was performed using a bistatic setup. A hydrogel
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disc was aligned in between two identical ultrasound planar transducers. The surfaces of
the disc sample were parallel to the transducer surfaces to have normal incidence. One of
the transducers emitted an acoustic pulse propagating in water ambient to the hydrogel
in the experiment. The reflection signals were collected at the emission source transducer.
Another transducer acquired the signal transmitted through the hydrogel sample. In
Figure 1B, the plot shows the normalized (by the emission source intensity) signal intensity
of the collected reflection and transmission at different temperatures. From room tempera-
ture to 28 °C, we observed a reduction in the reflection intensity as the hydrogel’s acoustic
impedance increasingly approached the impedance of the ambient water. However, the
transmission intensity we measured did not have a corresponding rise. As the total emitted
acoustic source energy was constant, we conclude that the absorption within the hydrogel
increased from 20 °C to 28 °C. From 28 °C to 32 °C, a sharp rise in the transmission through
the hydrogel sample was observed. It is associated with a decrease in reflection intensity.
At 32 °C, the transmission intensity reached its maximum with the minimum reflection
measured below 8% of the source intensity.

Around 32 °C, the hydrogel sample can be considered as acoustically transparent. As
the environmental temperature further increased, the acoustic impedance of the hydrogel
sample kept increasing after passing through the matching point with ambient water.
The reflection (transmission) intensity increased (decreased) again due to the increasingly
enhanced impedance mismatch between the hydrogel sample and ambient water from
32 °C to 34 °C. Beyond the phase transition temperature (34 °C to 39 °C), the transmission
through the hydrogel was stable. From this experiment, we verified that hydrogel could
be approximately acoustically transparent around 32 °C. And the hydrogel can provide a
comparable amount of reflection and transmission intensity in the temperature ranges 20 °C
to 30 °C and 34 °C to 39 °C respectively. Therefore, using a bulk PVA-pNIPAM hydrogel to
make a tunable acoustic beam splitter with a material-dependent transparency point.
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Figure 1. (A) Experimentally characterized temperature-dependent acoustic impedance of PVA-pNIPAM hydrogel and the

comparison with water. (B) Experimental transmission and reflection behavior of the hydrogel in water ambient at varying

operating temperatures.

Based on the above experimental verification, we proposed a simple thermally tunable
acoustic beam splitter design by following numerical simulations with input experimental
measured temperature-dependent properties of PVA-pNIPAM hydrogel. As Figure 2A,C,E
illustrate, a PVA-pNIPAM hydrogel slab was placed in water ambient along a 45° angle.
An acoustic transducer was placed at the upper edge of the water tank, excited single-
frequency continuous wave at 0° vertically, 45° incidence respective to the PVA-PNIPAm
hydrogel slab. Figure 2A,C,E showed the sound intensity field maps at 20 °C, 32 °C, and
39 °C at 600 kHz. The beam-splitting behavior of the hydrogel slab was temperature-
dependent. The acoustic beam was separated into reflection and transmission beams with
different intensities at 20 °C (Figure 2A) and 39 °C (Figure 2E). At impedance-matched
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temperature 32 °C (Figure 2C), a very limited amount of reflection energy was observed on
the left side of the hydrogel slab.
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Figure 2. (A) Numerical simulation of acoustic separation by hydrogel in water presented by acoustic intensity field at

600 kHz and 20 °C. (B) Simulated frequency spectra of the separated reflection and transmission at 20 °C. (C) Numerical

simulation of acoustic separation at 600 kHz and 32 °C. (D) Simulated frequency spectra of the separated reflection and

transmission at 32 °C. (E) Numerical simulation of acoustic separation at 600 kHz and 39 °C. (F) Simulated frequency

spectra of the separated reflection and transmission at 39 °C.

The broader frequency range was studied for the three cases, and the results were
plotted as normalized frequency spectra in Figure 2B,D,F. In these figures, the lines in
each subplot were normalized by their maximum values. In Figure 2B,F, we observed a
broadening of the transmission spectra at the two different temperatures. The crossing
point between the transmission intensity and reflection intensity lines had a blue shift due
to increased interacting wavelength in the hydrogel slab. At an elevated temperature, the
increase in the speed of sound within the hydrogel led to the change in the reflectivity peak.
The temperature-dependent elastic constant of the medium modifies the hydrogel’s refrac-
tive index, leading to the reflection of the wavelength of the waves at a lower frequency. At
20 °C (39 °C), a part of the incident wave propagated inside the slab and dissipated energy
from around 550 kHz (625 kHz). Taking advantage of the blue shift on the frequency
spectra between 20 °C and 39 °C, the thermally adjustable intensity ratio between the
separated transmission and reflection rays can be obtained at a certain operating frequency.

On the other hand, the spectra in Figure 2D showed low reflection over the entire
studied frequency range at the impedance-matched temperature of 32 °C. Based on the
extent of impedance mismatch, the intensity of the transmission rays was expected to be
higher than we observed.

In many acoustic practical applications, the acoustic sources are typically broadband
pulse to have time information. Hence, we also investigated the effectiveness of the
impedance mismatched principle on a broadband acoustic pulse by changing the operating
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temperature. Figures 3-5 show the beam splitter operation in the time-domain with a
broadband pulse source. Figure 3 illustrated the numerical model of our time-domain
numerical experiments at 20 °C and 39 °C. At t;, the identical broadband pulse emitted
by the transducers propagated to the hydrogel slab at 20 °C and 39 °C. At t,, the source
pulse was separated into three pulses. The transmission pulse showed around the lower
horizontal edge of the water tank. On the left side of the water tank, two reflection signals
produced by the hydrogel slab occurred at the front and back edges at the water/hydrogel
interface and the hydrogel /water interfaces due to impedance mismatch. With the close-
to-water impedance, the two reflections can have comparable intensity. As the white
dash lines indicated, the spatial positions of the first reflection signals were observed as
expected. However, the second reflections that occurred from the back hydrogel surface
have a vertically spatial offset. The offset was caused by the difference in the hydrogel’s
speed of sound at 20 °C (lower than water) and 39 °C (higher than water). The index of
refraction n in the hydrogel from the water ambient has a significant difference between
n>1at20°Cand 0 <n<1at39 °C, which led to the different wave paths shown by the
white arrows.
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Figure 3. (A) Time-domain simulation of sound pressure field showing the incident pulse at 20 °C. (B) Time-domain
simulation of sound pressure field showing the identical incident pulse from (A) at 39 °C and t;. (C) Separated pulses at
20 °C and tp. (D) Separated pulses at 39 °C and tp. The white dash lines indicated the vertical position of the pulses’ center.
The white arrows referred to the propagation paths in the hydrogel slab.

Furthermore, the acoustic impedance of the hydrogel can be tuned from lower-than-
water to higher-than-water from 20 °C to 39 °C, as Figure 1 illustrated. The PVA-pNIPAM
hydrogel’s temperature-dependent impedance behavior can introduce phase reversal of the
acoustic wave in water ambient, a unique functionality. Figure 4 shows the time domain
signals collected from the numerical model which is illustrated in Figure 3. In general, the
separated pulses had higher amplitude at 39 °C than 20 °C as the hydrogel’s higher density
at 39 °C induced less energy dissipation. In Figure 4A, a phase reversal behavior from the
acoustic waves reflected from the gel at 20 °C and 39 °C is shown. The behavior occurred
due to the change of PVA-pNIPAM hydrogel from a softer medium-to-hard medium (from



Gels 2021, 7, 140

60f 11

20 °C to 39 °C) comparing with ambient water. In Figure 4B, the transmission obtained at
20 °C and 39 °C does not exhibit any phase reversal. Hence, the proposed PVA-pNIPAM
hydrogel slab can offer matched or mismatched phases of separated pulse envelopes
depending on the operating temperature. The novel temperature-dependent phase modu-
lation behaviors of acoustic broadband pulse sources have never been demonstrated in the
existing literature. The simulated animations are in Supplementary Materials.
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Figure 4. Measured acoustic reflection signals obtained from the setup shown in Figure 3. (A) Reflections. (B) Transmissions.

Measured acoustic transmission signals obtained from the setup shown in Figure 3.
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Figure 5. (A) Time-domain simulation of sound pressure field showing the incident pulse at 32 °C (B) Separated pulses at
32 °C and tp. (C) Measured acoustic reflection and transmission signals from (A,B).
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Figure 5 shows the time-domain pulse-sourced simulation results at the impedance-
matched temperature 32 °C. At t; (subfigure A), the broadband pulse emitted by the
transducer transmitted through the hydrogel slab without creating a visible reflection
(Figure 5B). We plotted the collected signals from the lower edge and left side edge on
the water tank in Subfigure C. The lines were normalized with an identical factor equal to
the absolute maximum amplitude of the transmission signal. The maximum amplitude
collected on the reflection side was only about 3% of the transmission side. It further
confirms that the PVA-PNIPAm slab can be transparent at 32 °C to acoustic pulse.

The existing design of acoustic beam splitters includes phononic crystals [21], topo-
logical metamaterials [22], asymmetric artificial meta-surfaces [23]. These designs were
complex and introduced limitations due to fabrication, a narrow operating band, strong
frequency dispersion, and nonreciprocity. In addition, at a certain operating frequency, the
existing approaches cannot modify the intensity ratio between the separated acoustic com-
ponents. In the existing literature, another in-air 3-port active non-reciprocal device [24]
could achieve tunable beam separation with the changing speed in the circulating fluid.
However, for underwater acoustics, an additional powered pumping source also introduces
certain complexity in design. Especially in ultrasound applications, the most common
pumping sources have comparable or larger sizes compared to the operating wavelength
in water. Using the temperature-dependent acoustic impedance of PVA-pNIPAM hydrogel,
our designed thermally responsible hydrogel slab separates the source beam into reflection
and transmission with tunable intensity ratio and transparency function. It is not limited
to a narrow frequency range or any active external pumping source. Comparing with
the existing solution of an acoustic separator or splitters, the advantages of our design
were tunability, wider operating frequency, flexibility to scale up/down with very different
operating frequencies, easy manufacturing, and reciprocal propagation.

Based on previous reports [11,20] of the acoustic properties of pNIPAM hydrogel and
PVA-pNIPAM hydrogel, sound propagates slower in PVA-pNIPAM hydrogel in compari-
son to pNIPAM hydrogel. The slower sound velocity in PVA-pNIPAM hydrogel increased
its contrast in acoustic impedance mismatch with the ambient water at various tempera-
tures. To realize a tunable beam separator, using solely pNIPAM hydrogel would reduce the
contrast in its sound wave propagation characteristics with water at different temperatures.

Furthermore, the acoustic impedance of the hydrogel can be tuned to be transparent
in water, which is a special function and never was demonstrated before. In electronics, the
transparent impedance of an extra component can be achieved by applying a wavelength
phase delay [25]. However, the methods can only perform well with the monochromatic
source but not broadband pulse. Our proposed hydrogel slab impedance can be physically
tuned to match the ambient water to overcome the limitation of using pulse in conven-
tional techniques if the temperature control can be regulated. Furthermore, microwave
or other electromagnetic wave-based heating methods can be applied to the hydrogel
for rapid heating in terms of uniformity and operation speed. Alternatively, by using
a thinner slice of the hydrogel slab (with a reduced volume), the beam splitter can be
operated at a significantly higher operating frequency. The size deviation that occurs
due to the deswelling effect cannot change the behavior of the temperature-dependent
impedance hydrogel beam splitter, as long as the thickness of the slab is greater than one
operating wavelength. Hence, the minimum thickness after deswelling can be calculated
(dmin > c39 °c/f) based on the operating frequency f and the speed of sound c3g ¢ reported
in the previous study [20]. To avoid experimental error, the minimum sample thickness can
be optimized by considering the initial volume of the hydrogel at a temperature at 39 °C.

3. Conclusions

In summary, we designed a novel thermal tunable acoustic beam separator with an
acoustically transparent function by thermally phase transitive bulk PVA-pNIPAM hy-
drogel. The mechanism of the tunable separator was based on the temperature acoustic
impedance of the PVA-pNIPAM hydrogel. From room temperature to 39 °C, the acoustic
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impedance of the hydrogel can be changed dramatically from lower than water, matched
with water, and higher than water. The temperature dependence on the impedance of
the hydrogel was experimentally characterized. We designed the thermal tunable hydro-
gel acoustic separator numerically based on the characterized acoustic properties of the
PVA-pNIPAM hydrogel. Then, the beam-splitting behavior was experimentally demon-
strated by measuring the temperature-dependent transmission/reflection intensity ratio
of PVA-pNIPAM hydrogel in water ambient. The designed separator can split the inci-
dent beam into reflected and refracted beams in a frequency-domain simulation with a
single-frequency continuous wave source. The intensity of the two components can be
thermally tunable. At the impedance-matched temperature between hydrogel and water,
the separator can be transparent without any reflected component. In the time-domain
simulation with a broadband pulse source, in addition to the beam spitting and transparent
functionalities, the hydrogel separator can split the source pulse into two resulting pulses
with the same or reversed phase, dependent on the operating temperature.

4. Materials and Methods
4.1. PVA-pNIPAM Hydrogel

The PVA-pNIPAM hydrogel composites were prepared by dissolving NIPAM monomer
(TCI Chemicals, Tokyo, Japan) and N’-methyene-biacrylamide crosslinker (BIS; Poly-
sciences Inc., Warrington, PA, USA) in DI water. The NIPAM:BIS:DI water weight ratio
was 0.1:0.02:0.85 Poly (Vinyl Alcohol) (PVA) (Polysciences Inc., Warrington, PA, USA)
was added to the monomer solution by weight ratio 0.03 of the total weight. The PVA
molecular weight was about 25,000 and is 98% hydrolyzed. To dissolve PVA, the mixture
was heated at 50 °C under stirring for more than 24 h. After complete dissolution, the
solution was cooled down using an ice bath under N; for more than an hour to remove
oxygen. To initiate polymerization, 0.03 ammonium persulfate (Sigma-Aldrich, St. Louis,
MO, USA) and 0.015 tetramethylethylenediamine (TEMED) (Sigma-Aldrich, St. Louis, MO,
USA) were used by the weight ratio of the total mixture at room temperature. The time
duration for the polymerization was about 6 h. The solidified hydrogel was then placed in
a deionized water bath for more than two days to further swell. As PVA is soluble in water,
replacing the unreacted PVA water solution with DI water in the hydrogel is essential. In
the clean DI-water, the immersed hydrogel was heated and cooled to remove water-soluble
impurities. This water solution was replaced with another round of clean DI water. The
process was repeated five times to clean the hydrogel. Finally, the processed bulk hydrogel
was ready to dehydrate and hydrate for being used reversibly. Under the polymerization
conditions (10-15% of total gel concentration), the reaction went to 90-96% completion.

4.2. Experimental Setup

The temperature-dependent acoustic impedance of PVA-pNIPAM hydrogel was ob-
tained by measuring its sound velocity and density. Density measurement was performed
using a pycnometer with disc-shape samples. In the speed of sound measurements
(Figure 6A), the JSR (Pittsford, NY, USA) DPR300 Pulser/Receiver (signal source and col-
lector) and Tektronix (Beaverton, OR, USA) MDO 3024 oscilloscope were used. Olympus
(Shinjuku City, Tokyo, Japan) pulse immersion transducers (at 0.5 MHz-center-frequency
with 1-inch negative spike) were used in this experiment. Bistatic experimental setup with
a set of pulser and receiver at the two separated ports was used. Besides 20 °C (room
temperature), specimens needed to be heated up with a heating lamp to 28 °C, 31 °C, 34 °C,
and 39 °C for the time-of-flight measurements. The hydrogel samples’ temperature was
monitored by thermocouples (4 (), 0.5 mm) connected to N.I. C-Series temperature input
module with NI (Austin, TX, USA) USB compact DAQ chassis to read the temperature on
the computer for an average temperature value.
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Figure 6. (A) Bistatic speed of sound experimental measurement for determining the temperature-dependent acoustic

impedance of the hydrogel. (B) Temperature-dependent bistatic transmission and reflection experiments of hydrogel

in water.

The four thermocouples were inserted into the hydrogel disc samples. At each tem-
perature point, three specimens with all different thicknesses were measured. For the
pulse repetition frequency measurements, the DPR300 pulser sent a pulse every 2 ms.
The total time range was set to 8 ms on an oscilloscope to record three waves on a single
specimen and minimize the experimental error. The speed of sound in PVA-pNIPAM
hydrogel was determined from the ratio of specimen thickness and travel time of the
sound wave. The bistatic experiment was moved to a deionized water-infilled tank for the
temperature-dependent transmission and reflection measurements (Figure 6B).

The entire tank of water was heated with a strip-type resistive heater. The hydrogel
sample was placed between the two parallel facets of the transducers. The distance between
the hydrogel sample and each transducer was about 12 mm. In the acoustic measurements,
the emission transducer sent a pulse while another transducer on the opposite side recorded
the transmission signals. In the data analysis, the emission pulse intensity was used as a
normalization factor. The emission pulse intensity was measured with the same bistatic
experimental setup in the water tank without the PVA-pNIPAM hydrogel sample. The
emission pulse intensity in water was temperature-independent in our studied temperature
range, based on our experimental observation.

4.3. Models in Numerical Simulation

The numerical simulations were performed by finite elements analysis (FEA) based
COMSOL-Multiphysics software (Burlington, MA, USA) in the pressure acoustic module.
The 25 mm wide transducer was placed on the upper edge of a 250 mm wide, 150 mm
height water. The outer edges on the tank were set to an impedance matched condition
to infilled water for avoiding additional energy reflection from the edges of the tank. A
180 mm wide and 30 mm thick PVA-pNIPAM hydrogel slab was placed on the center of the
tank at a 45° inclined angle. The source transducer emitted a monochromatic plane wave
with 0° inclined angle respected to the normal direction at 10~ Pa pressure amplitude. The
frequency sweep was performed in the frequency domain study from 500 kHz to 700 kHz
with 1 kHz interval steps. The reflection and transmission intensity spectra were measured
on the water tank’s left side and bottom edges. The averaged mesh element size was
0.4515 mm with a minimum element size of 0.2946 mm. For the time domain simulations,
the time explicit pressure acoustic module was used with time-dependent study. The width
of the water tank was reduced to 220 mm for a shorter calculation time. The source was
a pulse function expressed as x(t) = sin(271f0t)e’f0(t’5T0)2. The Ty was defined as 1/fy,
where fy was the center frequency of the pulse (600 kHz). The averaged mesh element size
in the time domain simulation was 0.4506 mm with a minimum element size of 0.2255 mm.
The recorded transmission and reflection pulses were collected at the water tank’s left
side and bottom edges. The temperature-dependent physical properties of water were
selected from the built-in library in the simulation software. The temperature-dependent
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speed of sound and density of PVA-pNIPAM hydrogel was obtained from the experimental
characterization by the methods described above. At 20 °C, 32 °C, and 39 °C, the speed
of sound values was 1342 m/s, 1455 m/s, and 1554 m/s, and the density values were
1018 Kg/m?, 1014 Kg/m?, and 1058 Kg/m? pectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels7030140/5s1, Figure S1: time domain wave propagations.

Author Contributions: Conceptualization, M.Z. and Y.J.; methodology, M.Z. and Y.J.; software, Y.J.;
validation, Y.J., T-Y.C. and A.N.; formal analysis, T.-Y.C.; investigation, Y.J.; resources, A.N.; writing—
original draft preparation, Y.J., T.-Y.C. and A.N.; writing—review and editing, A.N.; visualization,
A.N.; supervision, A.N.; project administration, A.N.; funding acquisition, A.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This work is supported by an Emerging Frontiers in Research and Innovation (EFRI) grant
from the National Science Foundation (NSF) Grant No. 1741677. The support from the infrastructure
and support of the Center for Agile & Adaptive and Additive Manufacturing (CAAAM) funded
through State of Texas Appropriation #190405-105-805008-220 is also acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is available from the corresponding author.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

Paris, R.; Quijada-Garrido, I. Swelling and hydrolytic degradation behaviour of pH-responsive hydrogels of poly [(N-
isopropylacrylamide)-co-(methacrylic acid)] crosslinked by biodegradable polycaprolactone chains. Polym. Int. 2009, 58, 362-367.
[CrossRef]

Mellati, A.; Dai, S.; Bi, J.; Jin, B.; Zhang, H. A biodegradable thermosensitive hydrogel with tuneable properties for mimicking
three-dimensional microenvironments of stem cells. RSC Adv. 2014, 4, 63951-63961. [CrossRef]

Heskins, M.; Guillet, ].E. Solution properties of poly (N-isopropylacrylamide). J. Macromol. Sci—Chem. 1968, 2, 1441-1455.
[CrossRef]

Tam, K.C.; Wu, X.Y,; Pelton, R.H. Viscometry—A useful tool for studying conformational changes of poly (N-isopropylacrylamide)
in solutions. Polymer 1992, 33, 436-438. [CrossRef]

Manandhar, P.; Calvert, P.D.; Buck, J.R. Elastomeric ionic hydrogel sensor for large strains. IEEE Sens. ]. 2012, 12, 2052-2061.
[CrossRef]

Li, H.; Go, G.; Ko, S.Y,; Park, J.-O.; Park, S. Magnetic actuated pH-responsive hydrogel-based soft micro-robot for targeted drug
delivery. Smart Mater. Struct. 2016, 25, 027001. [CrossRef]

Chen, Y.; Xu, W. The evolution of structure and properties of PNIPA /clay nanocomposite hydrogels with the freezing time in
polymerization. J. Mater. Res. 2014, 29, 820-832. [CrossRef]

Buwalda, S.J.; Boere, K.W.; Dijkstra, P.J.; Feijen, J.; Vermonden, T.; Hennink, W.E. Hydrogels in a historical perspective: From
simple networks to smart materials. . Control. Release 2014, 190, 254-273. [CrossRef]

Haraguchi, K.; Li, H.-J.; Xu, Y.; Li, G. Copolymer nanocomposite hydrogels: Unique tensile mechanical properties and network
structures. Polymer 2016, 96, 94-103. [CrossRef]

Jin, Y; Yang, T; Ju, S.; Zhang, H.; Choi, T.-Y.; Neogi, A. Thermally Tunable Dynamic and Static Elastic Properties of Hydrogel Due
to Volumetric Phase Transition. Polymers 2020, 12, 1462. [CrossRef]

Walker, E.; Reyes, D.; Krokhin, A.; Neogi, A. Anomalous temperature dependence of speed of sound of bulk poly (N-
isopropylacrylamide) hydrogels near the phase transition. Ultrasonics 2014, 54, 1337-1340. [CrossRef]

Kopecek, J. Hydrogels: From soft contact lenses and implants to self-assembled nanomaterials. J. Polym. Sci. Part A Polym. Chem.
2009, 47, 5929-5946. [CrossRef]

Richter, A.; Klatt, S.; Paschew, G.; Klenke, C. Micropumps operated by swelling and shrinking of temperature-sensitive hydrogels.
Lab Chip 2009, 9, 613-618. [CrossRef]

Jiang, S.; Liu, S.; Feng, W. PVA hydrogel properties for biomedical application. . Mech. Behav. Biomed. Mater. 2011, 4, 1228-1233.
[CrossRef]

Walker, E.L.; Reyes-Contreras, D.; Jin, Y.; Neogi, A. Tunable Hybrid Phononic Crystal Lens Using Thermo-Acoustic Polymers.
ACS Omega 2019, 4, 16585-16590. [CrossRef]

Champeau, M.; Heinze, D.A.; Viana, T.N.; de Souza, E.R.; Chinellato, A.C.; Titotto, S. 4D printing of hydrogels: A review. Adv.
Funct. Mater. 2020, 30, 1910606. [CrossRef]


https://www.mdpi.com/article/10.3390/gels7030140/s1
https://www.mdpi.com/article/10.3390/gels7030140/s1
http://doi.org/10.1002/pi.2539
http://doi.org/10.1039/C4RA12215A
http://doi.org/10.1080/10601326808051910
http://doi.org/10.1016/0032-3861(92)91008-P
http://doi.org/10.1109/JSEN.2011.2181993
http://doi.org/10.1088/0964-1726/25/2/027001
http://doi.org/10.1557/jmr.2014.51
http://doi.org/10.1016/j.jconrel.2014.03.052
http://doi.org/10.1016/j.polymer.2016.04.039
http://doi.org/10.3390/polym12071462
http://doi.org/10.1016/j.ultras.2014.01.014
http://doi.org/10.1002/pola.23607
http://doi.org/10.1039/B810256B
http://doi.org/10.1016/j.jmbbm.2011.04.005
http://doi.org/10.1021/acsomega.9b02374
http://doi.org/10.1002/adfm.201910606

Gels 2021, 7, 140 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bucay, J.; Roussel, E.; Vasseur, J.O.; Deymier, P.A.; Hladky-Hennion, A.C.; Pennec, Y.; Muralidharan, K.; Djafari-Rouhani, B.;
Dubus, B. Positive, negative, zero refraction, and beam splitting in a solid/air phononic crystal: Theoretical and experimental
study. Phys. Rev. B 2009, 79, 214305. [CrossRef]

Tang, Y.; Zhu, Y,; Liang, B.; Yang, J.; Yang, J.; Cheng, ]. One-way Acoustic Beam Splitter. Sci. Rep. 2018, 8, 13573. [CrossRef]
Han, X.K.; Zhang, Z. Acoustic beam controlling in water by the design of phononic crystal. Extrem. Mech. Lett. 2020, 34, 100602.
[CrossRef]

Jin, Y.; Heo, H.; Walker, E.; Krokhin, A.; Choi, T.Y.; Neogi, A. The effects of temperature and frequency dispersion on sound speed
in bulk poly (Vinyl Alcohol) poly (N-isopropylacrylamide) hydrogels caused by the phase transition. Ultrasonics 2020, 104, 105931.
[CrossRef]

Lee, H.; Oh, ].H.; Kim, Y.Y. Multiple beam splitting in elastic phononic crystal plates. Ultrasonics 2015, 56, 178-182. [CrossRef]
Wang, Z.; Yang, Y.; Li, H,; Jia, H,; Luo, J.; Huang, ].; Wang, Z.; Jiang, B.; Yang, N.; Jin, G.; et al. Multichannel Topological Transport
in an Acoustic Valley Hall Insulator. Phys. Rev. Appl. 2021, 15, 024019. [CrossRef]

Fu, Y-Y,; Tao, J.-Q.; Song, A.-L.; Liu, Y.-W.; Xu, Y.-D. Controllably asymmetric beam splitting via gap-induced diffraction channel
transition in dual-layer binary metagratings. Front. Phys. 2020, 15, 52502. [CrossRef]

Fleury, R.; Sounas, D.L.; Sieck, C.F,; Haberman, M.R.; Alu, A. Sound isolation and giant linear nonreciprocity in a compact
acoustic circulator. Science 2014, 343, 516-519. [CrossRef]

Zhou, M.; Ren, H.; Gu, Y,; Jin, Y.; Arigong, B. A Novel Uniplanar Balun with Transparent Termination Impedance. IEEE Microw.
Wirel. Compon. Lett. 2019, 29, 589-591. [CrossRef]


http://doi.org/10.1103/PhysRevB.79.214305
http://doi.org/10.1038/s41598-018-29579-0
http://doi.org/10.1016/j.eml.2019.100602
http://doi.org/10.1016/j.ultras.2019.05.004
http://doi.org/10.1016/j.ultras.2014.10.012
http://doi.org/10.1103/PhysRevApplied.15.024019
http://doi.org/10.1007/s11467-020-0968-2
http://doi.org/10.1126/science.1246957
http://doi.org/10.1109/LMWC.2019.2929490

	Introduction 
	Results and Discussion 
	Conclusions 
	Materials and Methods 
	PVA-pNIPAM Hydrogel 
	Experimental Setup 
	Models in Numerical Simulation 

	References

