Heliyon 10 (2024) e31726

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Photoacoustic method for measuring the elasticity of
polydimethylsiloxane at various mixing ratios

Tsu-Wang Shen *°, Ming-Chun Tsai ?, Ting-Mao Chen“, Chi-Chang Chang “"

@ Department of Automatic Control Engineering, Feng Chia University, Taichung, Taiwan, ROC

" Master’s Program Biomedical Informatics and Biomedical Engineering, Feng Chia University, Taichung, Taiwan, ROC

€ School of Medical Informatics, Chung Shan Medical University & IT Office, Chung Shan Medical University Hospital, Taichung, Taiwan, ROC
9 Department of Information Management, Ming Chuan University, Taoyuan, Taiwan, ROC

ARTICLE INFO ABSTRACT
Keywords: Measuring elasticity without physical contact is challenging, as current methods often require
Photoacoustic elastography imaging deconstruction of the test sample. This study addresses this challenge by proposing and testing a

Cross-correlation method
Cardiovascular vessels
Polydimethylsiloxane (PDMS)

photoacoustic effect-based method for measuring the elasticity of polydimethylsiloxane (PDMS)
at various mixing ratios, which may be applied on the wide range of applications such as
biomedical and optical fields. A dual-light laser source of the photoacoustic (PA) system is
designed, employing cross-correlation signal processing techniques. The platform systems and a
mathematical model for performing PDMS elasticity measurements are constructed. During
elasticity detection, photoacoustic signal features, influenced by hardness and shapes, are
analyzed using cross-correlation calculations and phase difference detection. Results from
phantom tests demonstrate the potential of predicting Young’s modulus using the cross-
correlation method, aligning with the American Society for Testing and Materials (ASTM) stan-
dard samples. However, accuracy may be affected by mixed materials and short tubes. Normal-
ization or calibration of signals is suggested for aligning with Young’s coefficient.

1. Introduction

Polydimethylsiloxane (PDMS), a nontoxic organosilicon component that belongs to the well-known organosilicon group, stands as
a cornerstone material across a spectrum of engineering disciplines, revered for its versatility and adaptability. From mechanical and
civil engineering to electronics and biomedicine [1], PDMS boasts attributes like cost-effectiveness, transparency, thermal stability,
and biocompatibility, making it indispensable in a myriad of applications [2] used daily such as synthetic fibers, plastic products,
lenses, glues, and micro-fluidic devices [1]. The ability to tailor its hardness by adjusting curing agent ratios further enhances its utility,
rendering it invaluable in the fabrication of diverse products [3]. Despite its widespread use, real-time elasticity measurement without
sample deconstruction remains a challenge. The quest for non-contact elasticity measurement methods drives the exploration of
innovative techniques capable of preserving sample integrity while delivering precise measurements.

PDMS is used for phantom preparation in various imaging and elasticity studies [4,5], because it is transparent and has an
approximate refractive index value of 1.43, an acoustic impedance of 150 KRayls, and a sound velocity of approximately 1300 m/s [6,
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7]. Therefore, the characteristics of polydimethylsiloxane composites become important and measured by many researches [8-12] and
they are often made as the phantom of blood vessels [7]. Per the laws of elasticity and biomechanics, a sample generates responses
related to phenomena such as the redistribution of morphological displacements, strain, and velocity [13]. Through the use of
appropriate detection methods, the strain distribution within a tissue sample can be determined to enable imaging with high imaging
depth and high resolution [14,15]. Regarding mechanical properties, pure PDMS usually shows an elastic modulus between 1.32 and
2.97 MPa and tensile strength from 3.51 to 5.13 MPa [3]. However, challenges persist in achieving accurate measurements on Young’s
coefficient, particularly in heterogeneous materials like PDMS.

The photoacoustic (PA) effect is a process where light absorption by objects generates ultrasound waves that was discovered by
Alexander Graham Bell [16] in 1880. This phenomenon involves an irradiated sample generating sound waves due to local vibration
and material absorption. Because the energy of a local vibration is dependent on the level of light absorption, PA signals can provide
information regarding the composition and structure of a substance. By analyzing the amplitude and phase of the resulting PA signal,
light absorption and viscoelastic properties can be determined simultaneously. Lock-in amplifiers and an analog Fourier transformer
were used to capture amplitude and phase differences, thereby allowing for the computation of viscoelasticity properties [17,18]. The
hardware circuit can be designed to filter and capture the phase that matches the reference signal [19,20]. Chen et al. developed an
algorithm that uses sound propagation model combined with time-dependent PA intensity to correct the phase deviation caused by
uneven tissue surfaces [21]. The piezoelectric elements sense the ultrasound waves. While directly inserting a piezoelectric element
into the human body for photoacoustic elastography might be challenging, various alternative methods exist to apply this technique
for tissue diagnosis, cancer staging, and therapy. These methods involve surface measurements [22,23], external probes [24],
endoscopic approaches [25,26], the integration of multiple imaging modalities [27] to assess photoacoustic images accurately, and
miniature sensors (such as optical fiber) [28-30]. However, the PA signals can provide more information other than the structure of a
substance.

Elastography involves deforming or displacing a tissue sample through the application of an external ultrasound force and eval-
uating the vibration response. Subsequently, mathematical models can be applied to solve the resulting mechanical response on the
elastic modulus distribution of the organizational structure being studied [31]. Photoacoustic elastography emerges as a promising
solution, leveraging the photoacoustic effect to assess elasticity. PA imaging has been instrumental in detecting tissue characteristics,
such as early-stage atherosclerosis [31] and liver cirrhosis [32]. Previous studies have demonstrated the potential of PA elastography
in mapping tissue elasticity noninvasively. Especially, elasticity assessments are essential for clarifying and characterizing the phys-
iological and pathological states of tissues, and the elastic properties of tissues provide information that is essential for diagnosis,
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Fig. 1. PA system architecture.
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cancer staging, therapy [15], and cerebrovascular assessment.

Validation studies were carried out in tissue by using shear imaging [19,20], which Young’s modulus is related to the shear
modulus in soft tissue. Few studies have investigated PA elastography imaging [15]. They mapped the absolute values of Young’s
modulus in vivo tissue up to 6-mm deep. Hai et al. [33] first demonstrated by photoacoustic elastography imaging the strains of
single-layer and bilayer gelatin phantoms with various stiffness values with an average error of less than 5.2 %. Zhao et al. applied PA
elastography by using a fiber-coupled continuous-wave laser (operating wavelength, 808 nm) to generate thermal stress and recording
it with an ultrasound sensor [17]. Hence, how to apply the PA signals and signal processing techniques for providing more information
on PA imaging such as real-time elasticity measurement becomes important issues.

The elasticity measurement may not always be feasible in a water tank environment. Thus, this study proposed a dry environment
PA system which includes a dual-light source PA system to compare with a single-light source system for measuring PDMS elasticity
and using signal processing techniques to enhance the elastic features in a standard desktop environment, thereby producing results
that can be compared with Young’s modulus from universal material testing machine.

2. Materials and methods
2.1. PA elasticity detection system

The proposed PA elasticity detection system comprises a piezoelectric sensor (STEMINC, FL, USA) coated with PDMS as PA sensor
for dry PA measurement, a data acquisition card (PCIE-1840 card, Advantech, Taiwan) linked to a computer with a 25 MHz sampling
rate, amplifier circuits, and pulsed lasers (NPL640 and NPL520, Thorlab, USA), which are controlled by a single signal generator to
synchronize laser pulses. Fig. 1 shows a 600-nm dichroic shortpass filter (Edmund Optics, NJ, USA) that provides the transparence of a
520-nm wavelength and reflects a 640-nm wavelength laser. The filter, which had a >97 % reflection rate (average polarization), was
used to mix two-wavelength laser beams that were further focused by a lens (focal length, 15 mm) to ensure that a given test sample
was irradiated by the laser pulses to induce the PA effect. The ultrasonic wave generated from the analyte was transmitted to an
external piezoelectric ceramic chip (center frequency, 3 MHz), where it was converted into an electrical signal (i.e., PA wave). After
amplification was performed, the data acquisition card (PCIE-1840-AE, Advantech, Taiwan) digitized the signal to a computer for data
analysis. The system architecture for this process is presented in Fig. 1.

2.2. Phantom preparation

2.2.1. ASTM sample preparation
ASTM International (formerly known as the American Society for Testing and Materials) publishes voluntary consensus technical
standards in the form of documents covering a diverse range of materials, products, systems, and services [34]. The mechanical

L e == | o »
12.00 12.00 12.00 00 5.00 5.00

,, 11  ,
[ A S S| 417
¢ ﬁz 2 5| &l |3
3| %8 8 8| 8] |8
il
A ZA8L)
. . 7488 VR /8 WA /88
Unit: mm Unit: mm

Fig. 2. ASTM D412 standard sample (Type A, left image) and cuboid sample (Type B, right image).
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characterization of numerous materials is usually performed per ASTM standards.

ASTM D412, the standard test method for determining the tensile properties of vulcanized rubber and thermoplastic elastomers
[35], was applied in our PDMS tension test. The thickness of the ASTM standard sample was set as 3.0 + 0.02 mm, the test temperature
was set as 23 °C + 2 °C, and the humidity level was set as is 50 % =+ 5 % RH. The distance from the narrow area of the standard sample
to its center was 25 mm. A tensile test of the sample indicated a tensile speed of 500 mm/min. If the yield point elongation was <20 %,
the tensile speed was set as 50 + 5 mm/min, and if the yield point elongation was still <20 %, the tensile speed was further reduced to
5 + 0.5 mm/min.

Our ASTM sample was prepared as follows. First, a mold was made from acrylic material by using a computer numerical control
machine. To avoid dents or nicks in the sensitive neck area, which can be caused by a round cutting tool, the mold had to be rounded
and over-cut at both acute and right-angled positions. The radius of the over-cut part was half the radius of the cutting tool. The ASTM
D412 standard sample (Type A) and the self-made cuboid (40 x 5 x 2 mm?; Type B) were created (Fig. 2). When the mold was filled
with PDMS liquid, the Type A and Type B samples weighed approximately 0.24 + 0.05 and 0.42 + 0.05 g, respectively (see Fig. 3).

Type A and Type B samples were made at three elasticity levels by adjusting the PDMS-base-to-catalyst ratio (i.e., 10:5 [M1
sample], 10:2 [M2 sample], and 10:1 [M3 sample]). The mixing process took 15 min to complete, and the curing process occurred over
2 days at a temperature of 23 °C. Each type goes through the same production process with three samples for each hardness. Hence,
total has 45 samples for the entire experiment. After the samples were prepared, tensile testing was conducted using microcomputer-
controlled universal tensile testers (Universal Tensile Testers-CY-6102, Chun Yen Testing Machines, Taiwan) to measure Young’s
modulus [35-37]. Young’s modulus, also known as the modulus of elasticity in tension, is a mechanical property that quantifies the
tensile stiffness of a solid material. It indicates the relationship between tensile stress (force per unit area) and axial strain (proportional
deformation) in the linear elastic region of a material. Notably, increasing the quantity of the catalyst used does not necessarily result
in a proportional increase in hardness because of chemical characteristics. A study reported that the PDMS-base-to-catalyst ratios of
10:1, 10:2, 10:3 correspond to the Young’s modulus values of 1.527, 1.334, 1.587, respectively [38]. However, Salzbrenner’s research
shows temperature at 70 °C for 2 h to make PDMS with 10:1 ratio with elastic modulus range from 0.39 to 0.47 MPa [39], the research
provides a table to list that the PDMS-base-to-catalyst ratios of 10:1, 9:1, 8:1, 7:1, and 6:1 correspond to the Young’s modulus values of
1.47,1.53, 1.34, 1.2, and 0.93 MPa with heating process for 12 h.

2.2.2. Stretching test

The Type A and Type B samples were tested per ASTM D412 specifications at a tensile speed of 5 & 0.5 mm/min on a universal
material testing machine (Ju Yen CY-6102 0-2000 kg, Chun Yen Testing Machines, Taiwan). The environment temperature and
humidity were maintained at 23 °C and 50 %, respectively. Each test was repeated three times to generate load/strain curves. Given
that three mixture ratios were tested, a total of 18 tests were performed. All tensile tests were completed within 4 h to prevent any
possible changes in sample elasticity over time. Our experiment was made when PDMS samples is placed the on the table without any
tension. The results of this photoacoustic method when PDMS is under tension is not collected.

2.2.3. Tube phantom
Instead of evaluating pure PDMS rods, we evaluated PDMS cardiovascular vessels filled with hemoglobin chemical compound to
measure Young’s modulus. The mixture ratios that were applied were the identical to those applied for the Type A and Type B samples.

Fig. 3. Microcomputer-controlled universal tensile testers for measuring Young’s modulus.


astm:D412
astm:the
astm:D412
astm:D412

T.-W. Shen et al. Heliyon 10 (2024) e31726

Each vessel phantom had an inner radius of 2.5 mm, outer radius of 6 mm, height of 15 mm, and weight of 0.75 + 0.02 g (Fig. 4).
Biopsy punches (World Precision Instruments-WPI, 504648) were used to punch a central hole (radius, 2.5 mm; depth, 2.5 mm) that
was subsequently filled with hemoglobin solution. The solution used to fill the cardiovascular vessel phantoms was prepared by
dissolving human hemoglobin (Sigma H-7379, Merck, Darmstadt, Germany) in a 0.1-M phosphate-buffered saline solution (UR-
PBS001-1L, UniRegion Bio-Tech, Taiwan) at a concentration of 20 g/mL (see Fig. 5).

2.3. PA signal processing

2.3.1. PA signals

The system sampling frequency was set to 25 MHz, the number of samples was set to 5 M points, the sampling time was set to 0.2 s,
the laser frequency was set to 1 kHz, and the duty cycle was set to 20 %. Two hundred waves were measured at once for each samples,
with 25,000 points forming a single data piece. We obtained the eigenvalues for 200 waves of data. To minimize interference and
optimize our signal assessment, a 10-level bandpass filter was designed to remove 60-Hz noise.

2.3.2. Cross-correlation

In signal processing, cross-correlation is a measure used to express the similarity between two signals, and it is usually used to
identify characteristics in an unknown signal by comparing it with a known signal. It is also a function of the time between two signals
(also referred to as the “sliding dot product™), being applicable in pattern recognition and cryptanalysis. For the discrete functions x
and y, the cross-correlation can be expressed as formula (1). When the sequence is normalized such that the autocorrelation at zero lag
equals 1, formula (2) is obtained.

Ry(m)= i fltglt+m )
Ruyoep(m) = ————— Ry (m) @
R.x(0)Ryy(0)

In formulas (1) and (2), m represents the amount of translation performed. Function f[t] and g(x) represent the PA signal segments.
After g(x) is shifted to the left m times through integration or summation, the function values of x and y after translation within the
entire time domain is calculated by summing the products at any time point; e is the sum corresponding to m, and }Atxy(m) thus
represents the correlation as distributed across different values of m.

2.3.3. Phase difference calculation

A phase difference calculation was used to calculate the delay between two signals. This calculation is performed by first removing
the DC offset to prevent the frequency domain from concentrating at the zero point after Fourier transformation. Subsequently, the
position of the maximum value within the frequency domain is identified, converted into radians, subtracted from the corresponding
values in the two signals, and finally output into degrees.

X=X — Xean 3
N-1 i n
Xe= ) Xqe 4
n=0
180
Deg = X (AngleMa,(,(k1 - AngleMaxXk2> 5)

where X; is the Fourier amplitude, Deg is the angle difference between two signals, and Angle is the angle from signal k1 or k2.
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Fig. 4. A 15-mm solid round tube sample (Type C, left image) and a 15-mm hollow round tube sample (Type D, right image).
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Fig. 5. System structure and signal processing steps.

2.3.4. Comparison of the PA parameters and Young’s modulus

When biological tissue is irradiated with a laser, it absorbs light, resulting in a sinusoidal temperature change due to a non-radiative
transition, which then causes thermal expansion and contraction and generates PA waves. During this process, the periodic heating of a
local area causes thermal stress, and the resulting strain then generates PA waves through a force-based mechanism. Because of the
damping effect of biological tissue, PA signals delay the excitation laser [14,15]. In soft tissue and human tissue, biological tissue
hardness is positively correlated with shear wave propagation velocity (c), Young’s modulus (E), and density (p), thus the formula for
estimating the elasticity of a viscoelastic body can be expressed as formula (6) [40], and given that the shear wave velocity is pro-
portional to hardness, the relationship between the phase delay & and the viscoelastic ratio can be expressed as formula (7).

E=3pc? (6)
— nw
§=arctan E )

In formula (7), n is the viscosity coefficient, which is approximately equal to 10 cst; ® is the modulation frequency; and E is Young’s
modulus. This formula indicates that phase delay changes in proportion to changes in Young’s modulus.

2.4. Statistical analysis

The mean and standard deviation of the 200 feature values obtained in each detection were obtained to compare the effects of
various methods. These two statistical quantities are defined as follows.

Xy + X5 + -+ Xo

X= (8)

©)]

X1 + Xo + - + X, is a set of samples, and the mean X is obtained by dividing the sum of the sample values by the number of samples.
Three sets of arrays were obtained per test. Each set contained 200 eigenvalues that were subject to one-way analysis of variance for
intergroup comparisons. Therefore, post hoc tests had to be conducted, and Tukey’s multiple comparison test (Tukey’s honestly
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significant difference) was used to test for the two data sets with the largest difference in average values within paired data sets. In this
test, the q statistic was used to determine whether the difference between two groups was significant.

3. Results

Zero correction was performed prior to testing, and the spare parts were used for trial clamping to obtain two types of load/strain
curves that corresponded to the three mixing ratios. Fig. 6 presents (a) two types of M1 load/strain curves, (b) the load/strain curve of
the two types of M2, and (c) the load/strain curve of the two types of M3. The testing process revealed that M2 had the highest load
bearing capacity and that M3 had the largest extension. Young’s modulus can be calculated by applying Hooke’s law. Table 1 shows
the machine test results with different mixing ratios of PDMS.

3.1. Wavelength detection

Comparing with single-light-source system, dual-light-source detection systems were the most accurate in terms of cross-
correlation. Through an analysis of the cross-correlation of the three ratios with the reference signal, the error value was revealed
to be the smallest under the dual-light-source system. Therefore, in the present study, a dual-light-source system was used as the main
detection system. To compare with single-light-source system, the dual-light-source system has two major advantages. First, two
different light wavelengths expand the phase delay after cross-correlations. Second, two different light sources provide the extra light
energy which can enhance the PA signals by increasing the heat expansion on samples (see Tables 2-4).

3.2. Cross-correlation

In the PA elasticity tests for the Type A, Type B, Type C, and Type D samples, cross-correlation calculations were performed for the
detected signals. Cross-correlation detection proceeded in two steps. The first step was triggering a square wave to isolate section 1
(0-2500), after which the cross-correlations of the first part with various levels of hardness was calculated. The second step began with
the isolation of section 2 (5000-7000) from the PA signal of M1, after which cross-correlation calculations were performed for M2 and
M3. For this detection method, we considered the values from 200 wave detections and the standard deviation of 200 eigenvalues. Ppqax
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Table 1
The Young’s modulus from machine test results with different mixing ratios at curing process occurred over 2 days at a temperature of 23 °C.

Type Mixing ratio Young’s Modules (kgf/mm?) Young’s Modules (MPa)

Type A M1[10:5] 0.0612 + 0.0259 0.600 + 0.2542
M2[10:2] 0.0998 =+ 0.0854 0.9788 + 0.8375
M3[10:1] 0.0372 £ 0.0155 0.3648 + 0.1520

Type B M1[10:5] 0.1064 + 0.0803 1.0435 + 0.7875
M2[10:2] 0.1384 + 0.638 1.3577 + 0.1500
M3[10:1] 0.0451 + 0.0217 0.4421 + 0.2127

1 kgf/mm? = 9.8067 MPa.

Table 2
Dual-light-source system provides smaller errors to compare with single-light-source system.

Systems Mixing ratio Max/Minimum
Correlation coefficient

Relative position of points

Dual light sources M1 0.2362/-0.3817 0/-6
M2 0.2398/-0.2286 0/-15
M3 0.3336/-0.2270 0/5
Single light source M1 0.4182/-0.1836 —-1/642
M2 0.6504/-0.1353 0/632
M3 0.6501/-0.2185 0/11
Table 3
Points with maximum correlation coefficient in first section.
Feature I
Standard Trigger of Photoacoustic Signal

Test product

Type Type A Type B Type C Type D
Item mean+ mean+ mean+t meant
SD(Points) SD(Points) SD(Points) SD(Points)
M1 Feature —4857 + 392.4 —4238 + 350.1 —4614 £ 451.4 —7147 £ 621.1
M2 Feature —3880 £ 213.5 —6205 + 516.2 —5159 £ 563.4 —4252 + 435.3
M3 Feature —9351 + 689.6 —3703 + 219.4 —6070 £ 556.3 —4222 + 3339
Table 4

Differences between the M2 and M3 characteristics of the four
sample types.

Difference between M2 and M3 characteristic

Feature
Type mean + SD(Points)
Type A 1117 £18.5
Type B 612 + 14.0
Type C 576 + 9.5
Type D 109 £+ 91.9

represents the point with the maximum correlation coefficient. The following table presents the first step and lists the means and
standard deviations for various levels of hardness in section 1.

The statistical distribution of the first step is presented in Fig. 7, which illustrates the 200-fold cross-correlation feature distri-
butions for Type A, Type B, Type C, and Type D at the three ratios. These results indicate that in first section, the sample types differed
in their characteristics. In Type A, M2 had the largest value, whereas in Type B, M2 had the smallest eigenvalue. That causes from value
orders revised at Type A and B. In Type C and Type D, M1 had the smallest value. In addition, one-way ANOVA was performed to
determine whether the sample characteristics were related at various levels of hardness. In the present study, differences between
different levels of hardness were expected. In Type A and Type B, significant differences were identified between M2 and M3 and
between M1 and M3. By contrast, no significant difference among M1, M2, and M3 was identified in Type C and Type D. With those
significant difference results, that demonstrates the cross-correlation method based on photoacoustic signals may only show the
hardness relationship within the same structure. However, the different structure samples or samples with compound solution may not
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be compared to each other or provide non-significant results.
These results indicate that different types of samples with the same characteristics exhibited relative comparison of hardness.

4. Discussion

The cross-correlation and phase difference results revealed that the cross-correlation method yielded the most favorable results.
The first step of cross-correlation involves using a trigger as the reference signal to identify the characteristic value distribution for
minimum hardness. However, in the present study, we discovered that changes in the shape of a sample led to changes in the dis-
tribution of its characteristic values. For identical cuboid samples, no significant difference was identified. However, this was not the
case for round tubes. Fig. 8 presents the distribution of the values of the four types of samples at a hardness level of M1, revealing that
the Type A and Type B samples did not significantly differ from each other. In contrast, significant differences were identified between
Type C and Type D samples. A value distribution similar to that of the M1 hardness can be judged by the shape and feature value. The
hemograbin solution and shortened tube shape may influence the performance of the cross-correlation method, so the hardness level
cannot be predicted correctly.

In accordance with the second step of the aforementioned cross-correlation method, a relationship was identified between the
position of the largest cross-correlation coefficient and Young’s modulus in Type A. Polynomials were generated by fitting the data to
exponential functions, Gaussian functions, linear functions, and Fourier series-based functions relating the characteristics and
hardness of the samples. For the Fourier series method, R2 = 1 was the optimal solution. Thus, formula (10) was obtained, in which the
coefficients were ap = 0.0839, a; = —0.0248, b; = —0.1202, and w = 0.005583. With a standard product, the generated characteristic
value corresponded to the standard value of the Young’s modulus of the sample (see Fig. 9).

The general model f(x) established using the Fourier equation was as follows,

f(x)=ap + a1 * cos(x * @) + by * sin(x * ) 10)

The test results obtained through the second step of cross-correlation revealed that the standard deviation of the round tube with
hemoglobin solution was smaller than that of the solid round tube. In addition, we also discovered that the PA differences in sample
characteristics changed when the shape of the samples changed. When the round tube was shortened, the differences in sample
characteristics between different levels of cross-correlation points decreased.

In addition, the present study also proposed a feature normalization method. Because different shape features are represented
differently, errors may occur when converting these features into hardness values. Therefore, the difference between the M2 and M3
feature values of Type A was used as a reference for the new detection process. To obtain the maximum feature value (Fpq,) and
minimum feature value (Fp,) for conversion into floating values that correspond to elastic conversion, a ratio must be enlarged K
times, after which the feature value is multiplied by K times to obtain the new characteristic value.

K:(Fmax_Fmin)/Sos (11)
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Fig. 9. The data were fit to curves to determine the relationships between the measured features and Young’s modulus.

The normalization method is first used to obtain the magnification K value and calculate new characteristic values (Table 5). The
table reveals that the K values of various shapes were either enlarged or reduced.

5. .Limitation

Unlike the Young’s module is fixed with the material, the features from photoacustic signals may change when the shape of the
sample changes, because the shape influences the ultrasound wave propagation. Different shape may cause the different propagation
distances, which will influence cross-correlation results. However, PA signal indicates the hardness if the shape is determined. For data
normalization according to the shape, it is suggested to use microcomputer-controlled universal tensile testers for measuring Young’s
modulus of one standard sample to get the initial point on formula. Then other samples with different hardness can be predicted their
Young’s modules by using non-contact PA signal technique.

The presence of the hemoglobin solution in Types C and D samples significantly impacts the accuracy of the Young’s modulus
prediction, especially for shortened round tubes. Due to shortened round tubes have the shortest ultrasound wave propagation dis-
tance, the cross-correlation method have large error on delay results, especially on M2 sample (type C). It is well-known that he-
moglobin will affect light absorption around 645 nm wavelength, so it is found that the hemoglobin do have the influence on the PA
signal feature. Hence, the mixed material type D also have large error on propagation delay. Unlike the Young’s module tester is not
affected by light, the PA non-contact measurement have its limitation on mixed materials and is required for calibration of the
propagation delay based on shapes.

6. Conclusions

A dual-light source platform system and mathematical model for PDMS elasticity measurement were constructed, which can detect

Table 5
Original feature data and Young’s modulus after conversion.
Type Type C Type D
Item mean + SD (Points) mean + SD (Points)
M2 Feature —1478 —7138
M3 Feature —1502 —7795
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the phase delay caused by photoacoustic signal, and the phase delay varies according to hardness only if the same shape. Cross-
correlation calculations and phase difference detection were used to calculate this phase delay and have been shown to provide ac-
curate hardness detection at the same shape. Significant results are shown for the standard ASTM samples. The formula states that
signal delay are correlated with hardness relationship. The PA signal of the system was generated by setting the parameters of the laser
emission system and the appropriate signal filters.

The dual-light-source system was revealed to outperform the single-light-source system as a verification system with cross-
correlation method. These methods yielded the position and phase difference of the maximum cross-correlation coefficient and
verified the feasibility of delay through statistical analysis and feature selection.

In addition, a detection method was developed through the application of appropriate features, and the value range for PA feature
was first assessed on the basis of shape. The calculation of differences and conversion at the same shape to Young’s modulus were then
performed, leading to an improvement in the stability of signal detection. However, the exact mechanism for PA signal changes ac-
cording to shape and mixed materials is unknown. The future studies is suggested to have detail evaluation on ultrasound wave
propagation on different conditions.
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