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Abstract

The relationship between the nanocomposite design and the laser ultrasound transducer
(LUT) characteristics was investigated through simulations in multiple scale levels for
material behavior, device response, and acoustic wave propagation in media. First, the
effects of the nanoparticle size and concentration on the effective properties of composites
were quantitatively investigated with the finite element analysis (FEA) method. Second,
the effective properties of the nanocomposite were assigned to the layer, which is modeled
as a homogeneous material, in the FEA for the LUT simulating the energy conversion
from the incident laser to the acoustic wave. Finally, the ultrasound propagation in the
water was calculated by a theoretical wave propagation model. The FEA-based prediction
was compared with the experimental data in the literature and a theoretical analysis for
LUT based on Thermal-Acoustic coupling. As a result, the ultrasound waves on the
transducer surface and at a distance in the water could be predicted. Based on the
hierarchically integrated prediction procedure, the optimal conditions of the
photoacoustic nanocomposites were investigated through the parametric study with the
particle size and concentration as variables. The results guide the material designs

optimized for different device characteristics, such as high pressure and broad bandwidth.

Keywords: Polymer-matrix composites (PMCs), Finite element analysis (FEA),
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1 Introduction:

High amplitude and broadband acoustic pulses are usually preferred in terms of
spatial resolution for ultrasound imaging and therapy [1-8]. However, developing
ultrasound transducers with high intensity and broad bandwidth has been challenging. For
example, the typical high intensity focused ultrasound (HIFU) piezo-based transducers
usually have a high operation voltage requirement > 100 V [9], and some histotripsy
HIFU need a higher voltage > 400V [10-13] to obtain the required negative pressure. For
most piezo-based imaging transducers, the -6dB fractional bandwidth is below 80%,
which can not meet the advanced imaging such as harmonic imaging and superharmonic
imaging [14-17].

In contrast, the laser ultrasound transducer (LUT) is an alternative emerging
technology due to its high power density, high frequency, broad bandwidth, and wireless
device operation [18-27]. The LUT utilizes the photoacoustic (PA) effect that converts
absorbed photon energy to acoustic waves. Since the LUT uses a short-pulse laser with
high-density energy in a short duration (3-10 ns), the acoustic waves are usually
characterized with high frequency (10°-10' MHz) and nanoseconds of pulse width
[9,18,28,29].

As the LUT is promising for a broad range of applications, it is necessary to
customize the LUT output characteristics or even break the current LUT limit to achieve
the application-specific requirements. For example, broader -6 dB bandwidth is required
for higher axial resolution imaging [ 14—17]; The medical lithotripsy and plaque disruption
benefit from the higher positive pressure; higher negative pressure is desired in cavitation-
related ultrasound therapies [30]; both high positive pressure and broad -6dB bandwidth
are required for the high precision operation ablating malign tumors while avoiding the
damage to the vital tissues [30]. In addition, low energy conversion efficiency (~1%) is
another challenge in the LUT devices as compared with the traditional PZT transducers
(~70%), which leads to excessive heat generation and limits the laser fluence [28].

Carbon-based nanomaterials and polydimethylsiloxane (PDMS) are commonly
used for PA nanocomposite fabrication due to the extremely high light absorption of
carbon and the excellent thermal expansion of PDMS [9]. To understand the effects of
the material parameters on the LUT output, it is necessary to develop a method to predict

the responses with higher accuracy and reliability. However, the relationship between the



composite material design parameters and the PA behaviors is not fully understood.
Therefore, the design capability of the LUT devices is also limited due to the lack of
knowledge predicting the multiphysics behavior of PA nanocomposites, including
optical, thermal, mechanical, and acoustic responses. Previously, Huang et al. (2016)
predicted the positive pressure output by a theoretical analysis within a 3 % error.
However, the method showed the limitation to predict accurate waveform and negative
pressure output [31]. More recently, Kwon et al. (2020) simulated the performance of
carbon nanotube-coated polyethylene microspheres by the finite element analysis (FEA)
method, but there was a significant discrepancy in the predicted positive pressure (1 MPa)
with the experimental measurement (2 X 10* Pa) [32].

In this study, the FEA simulations for the PA nanocomposite behavior and the
LUT device response, which are modeled in nanoscale and microscale, respectively, were
used to predict the ultrasound generation. Firstly, the effective properties of the
nanocomposites, such as the laser absorptivity, thermal expansion coefficient, Young's
modulus, Poisson's ratio, and thermal conductivity, were estimated by the FEA using the
unit cell model containing a single nanoparticle. Secondly, the LUT consisted of the laser
window, nanocomposite and elastomer, was modeled for the FEA prediction of the PA
wave generation. Lastly, the wave propagation and natural focusing in the water media
were calculated by the theoretical equations. This integrated approach was validated by
comparing the simulations with the experimental measurements. The relationship
between the LUT output characteristics and the composite material parameters, including
the particle size and volume fraction, was investigated by the computational parametric

study.

2 Methods:
2.1 Prediction of effective properties of PA nanocomposites

The assumption that the composites' effective properties are the same as PDMS
was one of the causes of the inaccuracy in the theoretical models in [31,33]. In this study,
FEA simulation (COMSOL Multiphysics 5.5) is used to understand the relationship
between the composite design parameters and the effective physical properties [34—40].
The composite design variables used in this study are the type and the size of the carbon-

based nanomaterials. The physical properties such as Young's modulus E, Poisson's ratio



v, thermal expansion coefficient £, thermal conductivity K, and absorption coefficient a
are derived from the FEA results. The model employed the unit cell model to reduce the
computational burden (Fig. 1). The 0-dimensional (0-D) spherical particle (Fig. 1a) was
used to represent the carbon black (CB) or the candle soot nanoparticle (CSNP), and the
I-dimensional (1-D) cylindrical particle (Fig. 1b-e) was for the carbon nanofiber (CNF).
To implement the random orientation effect of the 1-D particles dispersed in the thin film
on x-y plane, the particles oriented in (100), (110), (010), and (-110) directions in the xyz-
coordinates were modeled to calculate the averages of the effective properties. The laser

incidents along the z-axis in the simulations.
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Fig. 1. FEA unit models for nanocomposites containing (a) spherical particle and (b)-(e)

cylindrical fibers in (100), (110), (010), and (-110) directions.

For the mechanical properties, the volume average strains &, &, and ¢, are
estimated in the FEA (Solid Mechanics modules) by applying axial force F in the z-
direction (detailed information in Supplementary Information Section 2.1). The Young's

modulus £ and Poisson's ratio v can be calculated by the equations:

F
E_s_ez (1)
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where S is the cross-section area normal to F.

For the thermal conductivity K, Heat Transfer module was employed. The bottom
and top surfaces were set to constant temperatures, and the surface average heat flux in
the z-direction @, was measured on the horizontal plane (x-y plane) when the temperature
was stable (Fig. S2¢). Periodical boundary conditions were used for the four vertical
surfaces. The detailed boundary condition is shown in Supplementary Information

Section 2.2. The thermal conductivity K can be calculated by the following equation:
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where d is the thickness of the model (length in the z-direction), and AT is the difference

of the temperatures applied on the top and bottom surfaces.

For the thermal expansion coefficient, COMSOL Heat Transfer and Solid
Mechanics modules were coupled to simulate the mechanical strain response to the
temperature change. The initial temperature was set to the ambient temperature (293 K).
The top surface was set as the heat source with a constant temperature (600 K). Other
detailed boundary conditions are shown in Supplementary Information Section 2.3. The
stationary simulation was used to observe the responses at stable conditions. The thermal
expansion in i-direction f; can be calculated by the equation:

Bi = &/AT (i = x,7,2) o)
where ¢; is the volume average strain in i-direction estimated by the FEA, and AT is the
difference of the temperatures before and after heating (AT = 307 K).

For the absorption coefficient, the incident light enters through the top surface,
and the transmitted light was measured at the bottom (Fig. S2). The vertical boundaries
were set as periodical conditions (detailed in Supplementary Information 2.4). The
absorptance A4 and the reflectance R were estimated at 532 nm by COMSOL Wave Optics.

The absorption coefficient a can be calculated by the equation:

A
a=—in|(1-2)/d] (5)
Lastly, the composite's effective mass density p, and heat capacity Cp were

estimated by the theoretical equations:

Pe = fv1P1 + fvap2 (6)
Cp1fvipP1+Cp2fv2p2

Cp = 7

P fvipi+fvap2 ( )

where Cp;, fyi, and p; are the heat capacity, volume fraction, and density of the composite
phases i (1: particle, 2: matrix), respectively.
2.2 FEA model for LUT device

The three-layered LUT structure in a water medium was built in COMSOL
Multiphysics (Fig. 2). Four physics solvers, including Radiation in Absorbing-scattering
Media (rasm), Heat Transfer in Solids (4¢), Solid Mechanics (solid, not including water),
and Pressure Acoustic (actd, only for water), were employed in the sequential energy

conversions from light absorption to acoustic wave. Three Multiphysics couplings were



used to build the relation between different physics solvers: Heat Transfer with Radiation
in Absorbing-Scattering Media built the Laser-thermal coupling between rasm and ht;
Thermal Expansion built the thermo-mechanics coupling between 4t and solid; and
Acoustic-Structure Boundary built the mechanics-acoustic coupling between solid and
actd.

The boundary conditions for each model block are shown in Fig. 2. The width
(vertical length) of the model was set as 1 um. The thickness (horizontal length) of the
substrate is 1 um to decrease the computation load by assisted of the fix boundary
condition. The water media was set as 20 um with a perfect match layer at the end of the
model to mimic a unlimited open media. The composite layer and protection layer
thicknesses were adjustable depending on the specific experimental setup. The mesh type
was the free triangular, and the mesh size was controlled under 1/5 incident laser

wavelength (laser wavelength is 532 nm).

Fig. 2. Schematic of the LUT device structure in a water medium (not in scale). The
model’s boundary conditions (red bold) are shown for the corresponding solvers (blue
italic) (i.e., rasm, ht, solid, asb, and actd).

2.3  Wave propagation in media:

Fig 3. Wave propagation in the water medium.



The acoustic wave pressure detected at a distance from the LUT in the water (Fig.

3) can be analytically estimated as follows [41]:

Jlr=rol
p(r,0) = =L peuge ™t [7 [7 Ao v0) St —dxodY, ®)
up =2 )
A(XOIyO) =1 (10)

where p(r,f) is the acoustic pressure at a location r at a time ¢, p is the density of
propagation media (i.e., water), ¢ is the sound speed in the media, p, is the acoustic
pressure at the LUT surface (water-side of PDMS protection layer) derived from the FEA
simulation, w is the angular frequency of the acoustic wave at the LUT surface, k is the
wavenumber, u, is the LUT surface velocity (thermal expansion velocity), and A(xg, yo)
is the LUT surface velocity distribution function. According to the Fresnel approximation
for a relatively large wave source (aperture size D >> acoustic wavelength), Equation (8)

can be simplified by:

etrrol e L ik{(x-x0)*+(y-y0)21/(22) (11)
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The aperture size D is equal to the effective diameter of the laser beam. The

spatiotemporal theoretical acoustic pressure p(r,t) can be calculated by:
p(r,t) = —%Poe_jwt f_oooo _Ooooezk e tkl(x=%0)*+(r=y0)"] /(Zz)dxod}’o (12)

3 Results and Discussion:
3.1  Model validation

The hierarchical approach, including the effective property estimation, the LUT
device simulation, and the wave propagation model, was validated by comparing the
reproduced results with the experimental data in the literature, where the LUTs are
composed of various carbon particles, such as carbon soot nanoparticle (CSNP), carbon
nanofiber (CNF), and carbon black (CB), dispersed in PDMS [18]. Material and
experimental conditions, including the particle volume fraction, particle size, and incident
laser wavelength, were set identical with the literature [18]. Firstly, the composites'
effective properties (Young's modulus E, Poisson's ratio v, absorption coefficient a,

thermal expansion coefficient 8, and thermal conductivity K) were estimated by the unit

cell FEA. The mechanical, optical, and thermal responses of the unit cells are shown in



Table S1-S4 in Supplementary Information. The estimated effective properties of
composites are summarized in Table 1 with the properties of the bare PDMS, a glass
substrate, and water [31]. Secondly, the estimated properties were used in the PA layer of
the LUT device simulation. The input laser fluence was 3.58 mJ/cm?, and the thickness
of each device layer was modeled based on the information shown in [18]. Detailed
dimensional information of the device layers is shown in Supplementary Information
Table SS. The FEA-based acoustic pressure profiles at the LUT surface in the time and
frequency domains are shown in Fig. 4 (a)-(c) as compared with our previous theoretical
analysis model (Huang’s model) used in the literature [31].

Table 1. Material properties of the individual constituents and the estimated effective
properties of carbon embedded PDMS composites (9 vol% CSNP, 1.77 vol% CNF and
47 vol% CB.)

9% 1.77 % o
Glass Water PDMS CB CNF CSNP CNF 47% CB
B [UK] B 3.3O4><10‘ 2><610‘ 2><610' 3.00x104  3.16x10 1.654><10‘
Gy
[J/(kg<K)) 1000 4200 1460 675 675 1390 1446 1088
p [kg/m’] 2200 1000 970 1630 1630 1029 981 1284
K
[W/(mxK)] 2 0.65 0.16 150 150 0.207 0.16 0.773
a [1/pm] 0 0 0 32 32 1.31 0.47 10
E [kPa] 72x10° _ 750 107 5%x108 951 791 2148
v 0.17 _ 0.49 0.2 0.35 0.49 0.49 0.486

Lastly, the acoustic pressure detected at a distance from the LUT device surface
(4.2 mm in [18]) was calculated by Equation (12) using the pressure profiles obtained
with the FEA simulation and the Huang’s model for comparison. The detected pressure
profiles based on the experimental results [18], the TAC model [31], and the FEA
simulation are compared in Fig. 4 (d)-(f). The peak positive and negative pressure, peak
frequency, -6 dB bandwidth, and energy efficiency obtained by the prediction model and
the measurement are summarized in Table 2. The energy efficiency n was calculated by

the equations:
Eq

n= (13)

Eoptical

Eq =51 J, po*(6) dt (14)




where E, is the acoustic signal energy, E,pticq; 1S the laser pulse energy, and Sy, is the

laser beam area.
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Fig. 4. The hierarchical predicting results for carbon-embedded PDMS LUT. (a)-(c) The
acoustic waveform at LUT surface (water-side of the PDMS protection layer), This work
vs. previous theoretical analysis model (Huang’s model): (a) 9 vol% CSNP, (b) 1.77 vol%
CNF, (c) 47 vol% CB. (d)-(f) The acoustic waveform at 4.2 mm from LUT surface,
COMSOL/Propagation model (this work) vs. Huang’s model/Propagation model vs.
Experimental measurement shown in [18]: (d) 9 vol% CSNP, (e) 1.77 vol% CNF, (f) 47
vol% CB.

From Fig. 4 and Table 2, it can be known that the Huang’s theory predicted results
have significant differences on the acoustic output: the peak positive pressure is too high,
the waveform is too sharp, negative pressure does not exist, and the bandwidth is
extremely broad. Meanwhile, the hierarchical simulation approach has better performance
than the theory. The simulation results of the 9 vol% CSNP/PDMS composite match well
with the experimental data in both the time and frequency domain. The minor waveform
difference at the time domain could be induced by the uncertainty in the experiment's
measurement process. For the 1.77% CNF/PDMS composite, the simulated peak positive
pressure and the -6 dB bandwidth simulation results (2.61 MPa and 13.6 MHz) are slightly
higher than the measurement data (2.27 MPa and 7.2 MHz), the simulated peak frequency



(1.42 MHz) matches well with the measurement data (1.5MHz). The possible reason of
broader predicted -6 dB bandwidth is that the high-frequency wave dissipated quickly in
the unperfect CNF/PDMS composite structure of the experiment. On the other hand, the
peak negative pressure in the simulation is smaller than the measurement as much as 0.23
MPa. The perfect fixed boundary condition in the simulation limited the LUT surface
backward displacement, which attributes to the lower peak negative pressure. The
experimental result of 47% CB/PDMS composite showed significantly reduced
performance for all outcomes compared to the simulation. The deteriorated LUT
performance is attributed to the particle agglomeration [18] and the reduced synthesis
quality of the polymer matrix (PDMS) due to the too high particle concentration. Of note,
the effective properties assigned to the LUT device layer are obtained by using the unit
cell model, which assumes the individual particles are uniformly separated or not
agglomerated. The results showed that the hierarchical simulation approach provides
effective prediction in both time and frequency domains when the particle dispersion

status in the composite is close to uniform.

Table 2. The hierarchical model estimation of Carbon/PDMS LUT acoustic output

comparing with experiments and the Huang’s model.

Peak Peak

positive negative Peak -6 dB bandwidth .
frequency Efficiency
pressure pressure [MHz] [MHz]
[MPa] [MPa]
Experimental 4.66 0.6 10 22.5(2.5-25,225%)  0.45%
C9S‘§>P Hl;lgggls 6.1 B 10 65 (0-65, 650%) 0.32%
. 21.3(1.5-22.8, ,
This work 44 0.89 7.49 277%) 0.35%
Experimental 2.27 0.26 1.5 72(1.59.7,480%)  0.17%
0 )
lglle/ Hl;lgggls 5 - 10 55 (0-55, 550%) 0.19%
This work 2.61 0.03 1.42 13.6 (1.4-15,957%)  0.23%
Experimental  0.73 0.15 5.7 I (1'50/'1)2'6’ 195 0.03%
0
47% ;
CB Hrggggls 3.62 - 10 75(0-75,750 %)  0.07%
This work 2.12 0.84 13.28 56.8 (3.2-60,428%)  0.05%
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3.2 Composite layer optimization

Design parameters of photoacoustic nanocomposites, such as the particle size,
shape, and volume fraction, are often arbitrarily chosen according to the designer’s
experience and insight, not by systematic procedures [18,28,42]. On the other hand, the
approach in this study hierarchically combines the nanocomposite property estimation
and the device output prediction providing a scientific design method to optimize the
nanocomposites for the application-specific characteristics, such as the higher negative
pressure or broader bandwidth. Herein, the design capability was demonstrated with the
study models each composed of 1-D cylindrical and 0-D spherical nanoparticles mixed in
PDMS. The parametric studies were conducted by sweeping the particle design
parameters, including the volume fractions f,, (5, 9, 12, 15, 18, 21, 24, 27 and 30 vol%)
and the particle diameters d (10, 15, 20, 30, 50, 80, 100, and 120 nm). For the composites
containing the 1-D cylinder particles, the particle orientation changed from (100), (110),
(010), and (-110) directions in the xyz-coordinates to simulate the directional distribution
(Fig. S1 in the Supplementary Information). Then, the average of the directional
properties was used in the subsequent LUT device simulation. The laser incidents along
the z-axis and was linearly polarized in both x and y directions (Ex =1 V/m and E, = 1
V/m, respectively).

The effective properties of the CB/PDMS and CNF/PDMS composites are shown
in Fig. 5 and Fig. 6, respectively. For both cases, it was found that only the light
absorption coefficient a is sensitive to the combination of the particle size and volume
fraction. Other parameters, Young's modulus E, Poisson's ratio v, thermal expansion
coefficient B, and thermal conductivity K, are sensitive only to the volume fraction (Fig.
5 and Fig. 6). The thermal conductivity K increases along with the particle size increases
[43]. However, in this studyi, it is not sensitive to the particle size in the relatively narrow

range (10 - 120 nm) compared to [43].
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Fig. 5. CB/PDMS composite. Parametric study of the effective properties in terms of
particle concentration and particle diameter. (a) Young's modulus £, (b) Poisson's ratio v,
(c) light absorption coefficient a, (d) thermal expansion coefficient f, (e) thermal

conductivity K, (f) heat capacity C,.

Fig. 6. CNF/PDMS composite. Parametric study of the effective properties in terms of
particle concentration and particle diameter. (a) Young's modulus E, (b) Poisson's ratio v,
(c) light absorption coefficient a, (d) thermal expansion coefficient 8, (e) thermal
conductivity K, (f) heat capacity C,.

Then, the FEA-derived effective properties of the nanocomposites were applied

to the absorption layer in the LUT device simulations. The thicknesses of the absorption

12



layer and PDMS protection layer (Fig. 1) were set to be 2 um and 16 um, respectively,
and the incident laser fluence was 3.58 ml/cm? The photoacoustic pressure was
monitored at the interface of the device and media (i.e., water). The pressure waveforms
are shown in Supplementary Information Fig. S3-S4. The acoustic wave characteristics,
including the peak positive pressure, peak negative pressure, peak frequency, -6dB

bandwidth, and energy conversion efficiency, of the CB and CNF-based LUTs are shown

in Fig. 7 and Fig. 8, respectively.

_ |

A

Fig. 7. The CB/PDMS LUT output acoustic wave simulation result (at the LUT surface).

(a) peak positive pressure, (b) peak negative pressure, (c)energy conversion efficiency,

(d) peak frequency, (e) -6dB bandwidth
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Fig. 8. The CNF/PDMS LUT output acoustic wave simulation result (at the LUT surface).

(a) peak positive pressure, (b) peak negative pressure, (c) energy conversion efficiency,

(d) peak frequency, (e) -6dB bandwidth.

For CB/PDMS-based LUT, the positive peak pressure has the maximum in the
region of 10 — 40 nm particle diameter d and 20 % particle volume fraction f,,. The
negative peak pressure and the positive peak frequency ascend with the increase of
volume fraction. The broadest -6 dB bandwidth appears at d in the range of 10 — 20 nm
and f,, in the range of 16-22%. The highest energy efficiency is located at d from 10 — 25
nm and f, near 15%. In practical material design, for example, if a transducer needs
higher positive pressure to obtain better performance in therapies such as lithotripsy and
plaque disruption, the CB/PDMS transducer with d in the range of 10-40 nm and f,, near
20% will be recommended [30]. If both broader -6dB bandwidth and higher positive
pressure are required for precisely ablating malign tumors, the intersection of their
optimal regions, d around 10 — 20 nm and f,, near 20%, is the optimal scenario [30].

For CNF/PDMS LUT, the peak positive pressure had the maximum value at
region d in the range of 40 — 80 nm and f,, in the range of 10 — 15%. The peak negative
pressure ascends with the increase of volume fraction. The maximum peak frequency and
broadest bandwidth appears at d in the range of 70 — 90 nm and f,, approximately in 25
— 30%. The highest efficiency is located at d in the range of 40 — 80 nm and f,, around
12%. If the broader -6dB bandwidth and higher peak positive pressure are required, the

14



intersection of their optimal regions, d around 70 — 80 nm and f,, near 20 %, is the optimal

scenario.

4 Conclusion

In this study, a LUT hierarchical predicting approach was constructed. The
effective properties estimation, LUT FEA model, and the propagating calculation in the
media (water) were jointed to predicted the acoustic output of LUT. To validate the
feasibility of our method, three different LUT, 9% CSNP/PDMS, 1.77% CNF/PDMS,
and 47 % CB/PDMS, were used for the comparing simulation. For 9% CSNP/PDMS and
1.77% CNF/PDMS, the hierarchical predicting approach achieved excellent performance
on both time and frequency domain output. Meanwhile, 47 % CB/PDMS result is not
expectable due to the very high particle content.

Based on the hierarchical predicting approach, the parameter-sweep simulations
were demonstrated to explore the optimal LUT design with variables as particle size (10
— 120 nm) and volume fraction (5 — 30 %). It was known from the composite effective
properties prediction simulation that only light absorption coefficient was sensitive to
both embedded particle size and volume fraction and other effective properties only
response to the particle volume fraction. For different purposes, there were different
optimal parameters for LUT design. For example, if one device need both high peak
positive pressure for plaque disruption, a CB/PDMS transduce with particles with d in the
range of 10-20 nm and f, near 20% or a CNF/PDMS transduce with particles with d
around 70-80 nm and f,, near 20% could be chosen as the design scenario.

Overall, this study provides one novel hierarchical FEA method to predict the
acoustic output of the LUT accurately. This method has great potential for the LUT design
and comparative research, including parameter optimization, new material direction, and

surface-pattern design.
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