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Linear assumption on the level of stiffness in a tissue shows a significant correlation with disease. Photoacoustic
imaging techniques that are non-contact by design have been developed in this study to detect differences in
phantom (soft tissue mimicking materials) stiffness. This study aims to detect differences in phantom stiffness
based on the results of image reconstruction at the resonance frequency. Four phantom agars with differing
concentrations were made to achieve different stiffnesses. The position of each phantom agar's highest
photoacoustic signal amplitude is identified by a frequency modulation sweep. The characterization results show
an increase in resonance frequency along with an increase in phantom stiffness. The image difference can be
detected because the intensity of the photoacoustic image in samples that have a resonance frequency with laser
modulation is comparatively higher than in other samples.
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The present work aims to elucidate the significance of quantifying the photoacoustic resonance frequency in the
identification of variations in stiffness inside biological specimens. The discovery holds significant implications
for enhancing knowledge in the field of photoacoustic methodology for non-destructive and non-contact detection
of variations in mechanical properties, particularly in biological or soft tissue samples. The photoacoustic approach
holds potential for clinical applications due to its non-destructive and non-contact characteristics, which contribute
to enhanced patient comfort during examination.

. J

Introduction

Identification of soft tissue properties is one of the biological markers of a disease, besides using blood and urine media
[1]. Changes in the mechanical properties of soft tissues are important parameters that are widely studied because
pathological processes often change the structure of soft tissues and can result in mechanical properties changes [2].
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Evaluation of soft tissue mechanical properties is relatively more complicated and challenging because their
characteristics are often highly nonlinear and anisotropic. However, simple first-order linear assumptions of elastic and
isotropic materials have often been applied as a simplification of tissue mechanical properties, where stiffness can be
easily expressed using a simple modulus of elasticity [3].

Linear assumption of the level of stiffness in a tissue shows a significant correlation with disease. For example, in
mechanical testing of breast tissue affected by cancer, there is an increase in the stiffness value to 16.2 kPa compared to
normal tissue, which has a stiffness value of around 3.2 kPa [4]. Increased stiffness also occurs in tissues with cirrhosis
of the liver and in several cases of other diseases. Thus, the difference in the level of stiffness in the tissue can reflect the
pathological condition of the tissue, so it can be used as one of the parameters for tissue characterization that is useful for
clinical applications in assisting the diagnosis of a disease.

Differences in the stiffness of elastic materials can easily be detected using mechanical tests by comparing the correlation
between strength and strain. However, mechanical testing has the disadvantage of damaging the material, making it
unsuitable for biological materials [5]. Contact mechanical testing also limit flexibility in clinical applications, e.g. wound
surfaces, burns, abrasions, infections or patient discomfort [6]. To address this issue, imaging techniques that are non-
destructive by design have been developed to detect changes in tissue stiffness. However, each imaging modality has
limitations in certain aspects of its clinical application. For instance, in the case of cirrhosis of the liver, which significantly
increases the stiffness of the liver tissue as a whole but still looks normal on ultrasound examination [7].

In this context, the photoacoustic (PA) technique can be an alternative imaging method for identifying differences in
stiffness due to its working method, which combines optical and mechanical characteristics in its measurement. Despite
its application, most PA imaging studies have only explored the optical absorption effect of the sample. The PA signal
generation mechanism itself also involves interaction between the modulated laser and the sample, which produces
mechanical vibrations on the sample surface [8]. The natural vibrational frequency of the sample will increase along with
increasing stiffness, as has been proven in previous study [9]. In that research, a minisensor based on photoacoustic
endoscopy (photoacoustic cell) was developed to characterize the amplitude of photoacoustic signals in silicone rubber
samples that have different stiffness variations. The outcomes of the experiments indicate that the resonance frequency of
the photoacoustic cell is higher with a higher Young's modulus value. These results also demonstrate the feasibility of the
PA technique as a method of characterizing stiffness in soft tissues. However, the use of the photoacoustic cell will limit
the dimensions of the sample, and the measurement is still contact based with sample. In addition, the experiment has not
produced images of the samples tested, so they do not have spatial resolution.

This study aims to develop a non-contact measurement system based on photoacoustic techniques to detect differences
in soft tissue phantom stiffness based on the results of image reconstruction at the resonance frequency. The photoacoustic
signal is detected by the microphone as an air-coupled transducer, enabling non-contact measurements [10,11]. Phantom
samples are objects designed to mimic the properties of biologic tissues, such as acoustic impedance, acoustic propagation
velocity, and attenuation coefficient. Phantom samples are made from powdered agar, which is processed into a solid
(gel). Agar is frequently employed in the fabrication of phantoms for photoacoustic imaging [12,13] due to its analogous
acoustic characteristics to those of human tissue [14].The use of agar tissue phantoms as samples will provide flexibility
in making repeatable variations in stiffness properties, which aim to support the characterization and optimization of
photoacoustic imaging systems. Variations in agar concentration will produce different levels of stiffness in the phantom
[15]. The phantom is modeled like a damped spring-mass oscillator in order to observe the relationship the link between
stiffness and resonance frequency through scanning over a specified modulation frequency range yields the highest
amplitude position, which is validated using a damped oscillator amplitude curve model. At the resonance frequency, the
image results of the four phantoms are analyzed to detect image differences.

Materials and Methods

Theory

The generation of photoacoustic waves in the target sample occurs due to the absorption of optical energy from the
modulated laser and the rapid rise in temperature, causing a thermoelastic expansion that produces acoustic waves. The
photoacoustic effect resulting from sample surface vibration can be modeled by a mass-spring damped oscillator propelled
by an external force. The physical system of the spring (Fig. 1(b)) is similar to the interaction between a modulated laser
and a tissue (Fig. 1(a)).

The formulation of a soft tissue model as a point is absorption expressed as [16]
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Figure 1 (a) Illustration of laser modulation generating a photoacoustic effect (b) Model of the damped mass - spring
oscillator forcefully moved mass by force F.

where p is acoustic pressure, p is tissue density, a is constant of propagation phase constant, # is tissue shear viscosity, ¢
is sound speed in tissue, & tissue bulk viscosity, and T is the Gruneisen parameter defined as I' = Bc?/ Cp, where G, is
specific heat capacity at constant pressure, and 3 is thermal expansion coefficient. The function H(t) represents the
heating effect resulting from the laser irradiation. Its magnitude is directly related to the product of the tissue's optical
absorption coefficient and the optical fluence rate. The equation represented by Eq. (1) is a second order differential
pressure equation that is influenced by the optical source term I'. dH (t)/0dt . To provide a clear understanding of the PA
oscillation, we utilize a widely recognized damped mass-spring oscillator equation as a visual representation [17],

2
%x(t) + %%x(t} + %x(t) = %, ()

where b is the damping coefficient, and £ is the spring constant. Both equations exhibit strong agreement as second order
differential equations. Hence, it is possible to establish a direct correspondence between the parameters : 1/m =T,
b/m = a? ((f + gn) / p), and k/m = a®c?. The analytical solution to Eq. (2) is obtained by simulating the PA signal
generation of an elastic material through an externally stimulated impulse response using a modulated laser intensity.
When laser excitation is in stress confinement, F (t) can be approximated to zero and is comparable to impulse excitation.

The driving force term is considered to be F(t)/m = f, cos wt, and displacement of mass m is given by x(t) =
A cos(wt — 0), with
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Largest displacement occurs at resonance frequency,
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The stiffness of the material can be represented by a k value, which is proportional to E. A/, where E is Young's modulus
value, A is surface area and / is thickness of the sample [18]. The value of E affects the resonance frequency, so the higher
the stiffness value, the higher the resonance frequency (@ «< E).

Preparation of Phantom Samples

Phantom samples were made from pure agar powder mixed in distilled water with a concentration of s,=7.5 g/L; s,=8
g/L; s3=8.5 g/L, and s4=9 g/L, to simulate biological tissues with different stiffness levels. The mixture of agar powder
and water is stirred periodically while heated to 90 °Celsius, then cooled in the mold to produce a homogeneous gel.
Characterization studies of the phantom's Young’s modulus with variations in agar concentration, obtained the
relationship Young's modulus (in kilo Pascal (kPa)) = 0.349 C'%7 (C is the concentration of agar in gram per liter) [19].
Using this relation, each phantom's Young's modulus is 15.12 kPa, 17.04 kPa, 19.1 kPa, and 21.25 kPa. The higher
Young’s modulus value, correlated with increased phantom stiffness [20]. To determine the performance of the
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photoacoustic imaging system in detecting differences in stiffness, the targets were made into 3 mm thick slices, and
arranged parallel as shown in Fig. 2.

-‘l,"||'|.‘ '(&H‘-'lau\_

Figure 2 Samples with varying agar concentration values s; to s4 (low to high

S152 53 54 _ concentration), and similar cross sections.

Set Up a Photoacoustic Imaging System

The setup of the photoacoustic imaging experiment is shown in Fig. 3. For the light source, a focused 808 nm diode laser
(JLM8050ZB-J2Y5 China) with a maximum power of 500 mW is used. The laser source is electronically modulated and
controlled by the Arduino Nano microcontroller. The modulation of the diode laser was controlled by a transistor-
transistor logic laser pin connected to a microcontroller using the pulse width modulation technique. The modulated beam
is directed at the target, which triggers the emergence of photoacoustic waves. The photoacoustic signal is received by the
sensor ECM8000 (Behringer—Germany) condenser microphone and sent to the computer via a sound card (UMC202HD
Behringer—Germany). The microphone is installed at a distance of 10 mm from the object, forming an angle of 60° to the
surface of the sample. The laser source and microphone are moved in the x-y direction by a stepper motor, which is also
controlled by the Arduino Nano microcontroller.

The four phantom slices that has been prepared is placed on the sample table and scanned from point to point. The
recorded photoacoustic signal is processed at each point and displayed using the LabVIEW program. To set the step
resolution in the sample scanning process, enter the value of the stepper motor's number of steps, and measure the length
of the shift in the x and y directions to determine the distance for each step.

Stepper
motor

Soundcard

Stepper motor s

driver Arduino nano
Power supply

Computer

Figure 3 Experimental schematic diagram for a photoacoustic imaging system.
Phantom Stiffness Difference Detection
The measurement of the photoacoustic signal for each variation of the phantom sample has its maximum value when the
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modulation frequency is close to the natural frequency, which is known as the resonance frequency. To determine the
range of scanning frequencies, noise measurements are carried out up to a frequency limit of 20 kHz to determine the
noise stability area. The resonance frequency is found by modulating the laser frequency for each sample of the stiffness
variation and measuring the highest peak amplitude of the photoacoustic signal. Image reconstruction is carried out by
scanning four phantom slices (Fig. 2) in parallel, using a modulation frequency diode laser according to the measured
resonance frequency. The resulting image is analyzed to determine the effect of the resonance frequencies on the resulting
image.

Results

Step resolution calibration is conducted on the stepper motor to ensure that no sample areas are double scanned or missed
during the laser scanning procedure. For stepper motor calibration on the x and y axes, 20 steps are input for each, and
the shift value is measured for every 5 steps. The results of the measurement of the shift length on the x-axis and y-axis
optimum at value of 0.2 mm. To obtain a stable measurement of a photoacoustic signal, noise measurements of the
environment and the system are collected in the range of the laser modulation frequency that will be used when the laser
is turned off.

Noise measurements are carried out by measuring the response of sound signals from the environment and the system
received by the microphone over a range of frequency variations. The measurements were conducted within a laboratory
setting characterised by a relatively low ambient noise level and a considerable distance from any large gatherings of
individuals. When the acoustic frequency filter within the system is adjusted to align with the laser modulation frequency,
it effectively prevents the entry of external sounds with frequencies that do not correspond to the system into the
microphone. These external sounds typically exhibit a normal sound intensity range of 25-30 dB within the room. From
the results of measurements carried out three times on different days as shown in Fig. 4, for the frequency range 6.5 to 20
kHz, the system shows that the normalized noise signal response tends to be flat with a variation range between 0to 0.11.
The noise value exhibits a significant increase by one order of magnitude below this frequency. Consequently, the
amplitude of the PA becomes challenging to discern from its surroundings because it is buried in the noise.
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Figure 4 Noise intensity measurement from the environment and system.

The amplitudes of the PA signal in proportion to the modulation frequency were measured for the four samples of the
phantom agar slices. Each measurement was repeated three times for each sample, and the average amplitude values are
presented in Fig. 5. The PA signal in each sample is measured in the modulation frequency range between 13 and 19 kHz,
with steps of 1 kHz. At each frequency point, the peak-to-peak amplitude of the PA signal is recorded to construct the
photoacoustic signal spectrum. The Fourier transform was used to analyze signal modulation, and the resulting spectra
included the square wave signals' basic frequencies as well as nearby frequencies. This is due to the fact that none of the
square waves signals were exactly square. The photoacoustic interactions caused responses that expanded the
photoacoustic frequency spectrum and increased the standard deviation for each frequency [21]. A curve fitting model is
created based on the amplitude equation of the damped oscillations [22] as a method for locating the resonance frequency
of each sample as shown in Fig. 5.
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Figure 5 PA signal amplitude measured (N=3) as a function of modulation frequency for phantom with concentrations
of (a) 7.5 g/L, (b) 8 g/L, (¢) 8.5 g/L, (d) 9 g/L.

Resonance frequency position selection can be determined based on the highest signal amplitude value when given a
variation of the modulation frequency. Based on the measured signal waveforms depicted in Figs. 5(a)-5(d), the resonance
frequencies' averages and standard deviations for the agar concentrations of 7.5 g/L, 8 g/L, 8.5 g/L, and 9 g/L are as
follows: 14.6 = 0.2 kHz, 15.4 + 0.1 kHz, 15.9 + 0.1 kHz, and 17.2 £ 0.2 kHz, respectively. The resulting resonance
frequency values allow one to establish a correlation between the measured frequency and the stiffness level of each
sample, as shown in Fig. 6. Phantom with higher Young's modulus mean higher stiffness, exhibit higher resonance
frequencies, which match the predictions from Eq. (3).
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Figure 6 The value of the phantom resonance frequency for four different agar phantom samples (N=3).
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Four phantom slices with small areas (1.1 cmx0.3 cm) that have different concentrations are positioned parallel to one
another in the sequence s, s, 3, and s4 in order to test the efficiency of the photoacoustic system in imaging phantoms
with various degrees of stiffness. The photoacoustic signal is scanned at each point (pixel) throughout the full surface
area as part of the image reconstruction process. Fig. 7(a) displays the image results photoacoustic imaging system with
a laser modulation frequency of 14.6 kHz, and Fig. 7(b) displays the same results with a laser modulation frequency of

15.4 kHz.
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Figure 7 Photoacoustic images of four phantoms si, s, s3, and s4 at a modulation frequency of (a) 14.6 kHz, (b) 15.4
kHz. Pixel plot profile on image cross section at a modulation frequency of (c) 14.6 kHz. (d) of 15.4 kHz.

Fig. 7(a) shows there is a variation in the visual contrast of the resulting image. High PA signal exhibited more lighter
color than low PA signal. The image of phantom s; is dominated by the color light gray, whereas the images of phantoms
$2, 83, and s4 are dominated by the darker color (black). The pixel profile plot in Fig. 7(c) of the region of interest phantom
s1 (red box) reveals the gray value of the phantom s; is substantially greater than the other phantom samples. This indicates
that phantoms with an agar concentration of 7.5 g/L generate a higher PA signal at a modulation frequency of 14.6 kHz.
Fig. 7(b) demonstrates that the phantom s, image contains a greater proportion of light gray than the other phantom,
indicating a stronger PA signal. According to the ROI pixel profile plot in Fig. 7(d), phantom s; has a significantly
different gray value than the other phantoms. This means that phantoms with an 8.0 g/L concentration generates a stronger
PA signal for a 15.4 kHz modulation frequency.

Discussion

In this study, a photoacoustic technique with a continuous laser as an irradiation source was applied to image samples
with different stiffness levels. Measurements of photoacoustic signals on samples with varying Young's modulus values
revealed variances in the obtained signal patterns in earlier investigations [9,23]. The use of photoacoustic cells and
ultrasonic transducers adopts the concept of a contact measurement design, thus limiting the possibilities for clinical and
pre-clinical applications. Therefore, a photoacoustic imaging system was developed using a more flexible open
configuration with an air-coupled transducer in the form of a condenser microphone. From our previous work, the oral
soft tissue was imaged by setting the laser modulation frequency to 17.8 kHz [24]. The use of modulation frequencies at
19 kHz has been reported to be capable of producing image contrast in periodontal tissue to distinguish between healthy
and periodontitis tissue as shown in Fig. 8 [25]. These results show that variations in the modulation frequency over the
audiosonic range can be applied to soft tissue characterization. However, the PA resonance effect generated by the
mechanical resonance properties of the specimen has not been investigated further, with just changes in surface color

evaluated.

210008 7



Biophysics and Physicobiology Vol. 21

Acoustic Intensity (dB)
e

Acoustic Intensity (dB)

0091
7028
7168
7308
7440
7878
7118

7853

2 4 G B 1012 14 16 15 20 22 24 26 28 30 79.90

Shift towards x stage

(a) (b)

Figure 8 Incisors specimens of Sprague Dawley rat’s periodontal tissue and photoacoustic images: (a) health tissue (b)
periodontitis tissue. The figure is used with permission from the authors [25].
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Utilization of a continuous laser source modulated in the audiosonic range is necessary to produce a photoacoustic signal
capable of being detected by a microphone [21,26,27]. The use of modulation frequency in the area below 20 kHz brings
benefits, including better efficiency of acoustic transmission in the air, so that measurements can be made non-contact
using a condenser microphone. However, using an audiosonic transducer in an open configuration is vulnerable to external
(environmental) noise. In anticipation of this, the implementation of a higher laser modulation frequency (> 10 kHz) is
relatively more stable in suppressing environmental noise fluctuations. Fig. 4 shows that the modulation frequency above
10 kHz has a minimum and flat noise level. The modulation frequency area with a flat noise response is used as the
modulation frequency variation area in searching for the highest photoacoustic signal amplitude.

Periodic heating by the modulated laser induces mechanical vibrations on the sample's surface, which leads to thermal
expansion and the generation of acoustic waves. The relationship between the initial pressure increase and thermal
expansion shows that the photoacoustic source is a strain source [28]. This means that variations in Young's modulus
values (stiffness level) characterize the strength of the strain pulse or PA source.

Sweeping frequency modulation at phantom agar samples with different stiffness will produce different resonance
frequencies that provide a contrast perspective apart from optical absorption. Fig. 5 shows that each concentration of agar
shows a peak amplitude at a different modulation frequency. Variation of concentration to be selected close to the value
of stiffness in breast cancer (9—17 kPa) [29]. By using the curve fitting model for the recorded waveform, the resonance
frequencies for each sample (si, s, 3, and s4) are plotted in the graph shown in Fig. 6. It appears that the phantom with a
higher degree of stiffness has a higher resonance frequency, as predicted by Eq. (4).

The photoacoustic image demonstrates that when the laser modulation frequency is close to or equal to the phantom's
resonance frequency, the image contrast is predominantly brighter compared to other phantoms, which are darker in color
(black) because the resonance frequency is positioned relatively far away. The scanning process for image reconstruction
is carried out with a size of 60 x 10 pixels, resulting in a total of 600 measurement points. The average shift of the x-y
stage step for each pixel is 0.2 mm. For each measurement point, the photoacoustic signal is recorded, and its amplitude
is calculated using the Fourier transform. This peak value is subsequently recorded as intensity level data on a single pixel,
which is then converted into 256 gray-level values. This is repeated at every surface measurement point in order to
generate a two-dimensional photoacoustic image.

The plot profile, under ideal circumstances of a homogenous sample, should have a uniform shape across the whole
surface [30]. Variations in measurements may be caused by nonuniform light fluence on the surface [31], and surface
roughness of the sample [32]. The boundary line of the phantom intersection experiences repetitive reflection toward a
very thin slit, which results in an increase in absorption as a result of repeated laser-material interactions [33] and shows
up as an increase in the gray value of the pixel plot profile (Fig 7(c), and 7(d)). However, the photoacoustic technique
still presents the difference in mechanical resonance for the different phantom stiffnesses tested. This research is still
limited to phantom studies, and further research is needed to verify the performance of photoacoustic imaging for ex vivo
tissue stiffness, due to the complexity of heterogeneous tissue properties.

Conclusion

This study proposes non-contact photoacoustic imaging to detect differences in phatom stiffness based on frequency
resonance measurements. The measurement results show that there is a relationship between the increase in stiffness and
the positional resonance frequency. Image reconstruction shows that the contrast of the PA phantom image at the
resonance frequency position is relatively brighter compared to other phantoms, which are darker in color, so that
differences in stiffness can be detected.
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