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Abstract
The mechanical properties of biological tissues are significant biomarkers for diagnos-
ing various diseases. The aim of this study was to develop an empirical formula to esti-
mate Young’s modulus from the acoustic impedance measured by scanning acoustic
microscopy. Agar, a material with mechanical properties similar to those of biological tis-
sues, was prepared at concentrations ranging from 5% to 20%. The acoustic impedance
was measured by scanning acoustic microscopy, and Young’s modulus was deter-
mined via indentation testing. The results showed that both the acoustic impedance and
Young’s modulus increased with agar concentration. Theoretical models did not accu-
rately describe the relationship between the acoustic impedance Z and Young’s mod-
ulus E ; however, the empirical formula E = 9.2835× 10–6Z2 – 21.6347× 106 (with E in Pa
and Z in Ns/m3) provided a better fit. This formula could potentially be used to estimate
Young’s modulus for biological tissues, aiding in the realistic analysis of stress fields and
understanding the etiology of various diseases.

Introduction
Themechanical properties of biological tissues are important biomarkers of health and patho-
logical conditions in various diseases [1]. Measuring the mechanical properties of biological
tissues, such as their density and elasticity, has valuable diagnostic applications. For instance,
Yeh et al. [2] reported liver stiffness increased with fibrosis severity and showed the poten-
tial clinical value of ultrasonic elasticity imaging for assessing fibrosis severity. Krouskop
et al. [3] demonstrated that breast carcinomas, particularly infiltrating ductal carcinomas,
were significantly stiffer than other tissues at high strain levels, and highlighted the poten-
tial of elastography to differentiate tissue types based on stiffness, with implications for diag-
nosing breast and prostate pathologies. Lin et al. [4] revealed that patients with later stages of
chronic kidney disease had stiffer kidneys, and thus concluded that renal elasticity is associ-
ated with proteinuria and rapid renal deterioration in patients with chronic kidney disease.
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samples. The tensile test is the most common method [5]. In this test, both ends of a sam-
ple are gripped, and it is pulled until it breaks or reaches a defined strain. Although biologi-
cal tissues are typically inhomogeneous, viscoelastic materials that exhibit nonlinear stress–
strain behavior, a linear elastic model described by Young’s modulus and Poisson’s ratio is
generally used for representing the overall mechanical characteristics of a sample of inter-
est. A uniaxial tensile test is a well-established and standardized method, making it easy to
perform and interpret. For heterogeneous materials with potential directional dependencies
(anisotropy), the uniaxial tensile test can reveal variations in mechanical properties along dif-
ferent axes. It also provides apparent mechanical properties of the material, which are often
sufficient to understand its macroscopic characteristics. A “biaxial tensile test” applies tension
in two directions on the specimen at once, providing a more comprehensive understanding
of the material’s behavior under complex loading conditions. One of the limitations of the
biaxial testing lies in the need of specialized testing machines with precise control over loads
and displacements in multiple directions. Furthermore, stress concentrations and boundary
effects near grips can lead to non-uniform strain fields outside the central region and near
the gripping part, complicating data interpretation [6,7]. Digital image correlation (DIC) is
a non-contact optical technique that measures surface deformation by tracking image pat-
terns, suitable for delicate or heterogeneous materials. While DIC is versatile and compatible
with various mechanical tests, its accuracy depends on high-quality speckle patterns, light-
ing, and camera systems, limiting its use for relatively small-scale measurements [8]. Com-
pression tests, which evaluate material behavior under compressive loads, are straightforward
and adaptable but require precise specimen preparation to ensure accuracy [9]. Atomic force
microscopy (AFM) has emerged as a method for quantifying mechanical properties at the
nanoscale [10]. AFM can achieve a vertical subnanometer resolution and a lateral resolution
of a few nanometers, but it requires a large amount of time to measure large surfaces. Because
of this limitation, care must be taken to avoid sample dehydration during measurements that
are not performed under liquid conditions. Moreover, the scanned area is relatively limited;
output images have lengths on the order of 0.1 mm. Additionally, the probe must be changed
for each measurement or sample to avoid contamination, making AFM costly. Parameter
setting is difficult for inexperienced operators although some machines perform this func-
tion automatically. These difficulties make AFM unsuitable for evaluating the mechanical
properties of biological tissues with a large surface area. Micropipette aspiration measures
mechanical properties of small, soft materials like cells by applying suction pressure and ana-
lyzing deformation [11]. Although effective for studying individual cells, it is time-consuming
and requires skilled operators for precise pipette handling and alignment. Other than these
mechanical loading tests, some studies employ microfluidics-based techniques to charac-
terize stiffness of samples [12,13]. Compared with traditional mechanical loading tests, the
microfluidics-based techniques have high throughput, but are weak in the accurate quantifica-
tion of mechanical properties. Furthermore, it is basically limited to small samples, exclusively
to cells and difficult to apply for tissues.

Numerical analyses also play an important role in characterizing mechanical properties
of materials. The finite element method (FEM) is a numerical technique used to solve com-
plex problems in engineering and physics. FEM can model how materials deform under var-
ious loads (e.g., tension, compression, shear). The combination of FEM and inverse problems
is particularly powerful for material characterization. Olson et al. developed computational
techniques that use surface force measurements to create three-dimensional stiffness maps
of breast tissue, aiming to refine and automate manual breast exams [14]. Odin et al. pre-
sented a method for determining the mechanical properties of mandibular bone using inverse

PLOS ONE https://doi.org/10.1371/journal.pone.0320705 April 14, 2025 2/ 15

https://doi.org/10.1371/journal.pone.0320705


ID: pone.0320705 — 2025/4/14 — page 3 — #3

PLOS ONE Estimation of Young’s modulus for biological tissue mimics using acoustic impedance measurements

analysis [15]. Moreover, Zhang et al. used the optimization method combined with FEM to
inversely determine the mechanical properties of the iris in vivo based on [16].

Scanning acoustic microscopy (SAM) uses ultrasound signals to image the speed of sound
in and the acoustic impedance of samples. The scanning area of SAM is on the order of sev-
eral square millimeters. The acoustic impedance mode of SAM provides data on the local dis-
tribution of acoustic impedance in a cross section of the sample without requiring slicing.
Owing to these advantages, SAM has been used to evaluate the acoustic properties of both
soft and hard tissues. Saijo et al. [17] reported that the speed of sound in an atherosclerotic
lesion is higher than that in unlesioned intima. Strohm and Kolios [18] scanned MCF7 breast
cancer cells with SAM to characterize their acoustic properties. Hasegawa et al. [19] com-
pared the acoustic velocity of biopsied iliac bones from normal and osteoporotic subjects and
reported altered elasticity in the latter. Hatori et al. [20] applied SAM to dentistry to analyze
the speed of sound in rat periodontal ligament at various developmental stages and demon-
strated that it increases over the course of development. Although these studies demonstrate
acoustic differences between normal and pathological tissues or cells, interpreting the corre-
sponding differences in their mechanical properties remains challenging. If Young’s modulus
could be derived from the acoustic impedance measured by SAM, it would enable the effec-
tive mapping of Young’s modulus across biological tissues using SAM.This approach would
be especially advantageous for measuring relatively large sample areas.

The aim of the present study is therefore to establish an empirical formula that determines
Young’s modulus from the acoustic impedance obtained by SAM. For this purpose, we mea-
sured the acoustic impedance and Young’s modulus for agar at different concentrations to
characterize the relationship between them.

Materials and methods
Sample preparation
Agar is a useful material for replicating the physical properties of human soft tissue because
it has similar mechanical properties that can be adjusted based on concentration [21–24]. By
adjusting the agar concentration, it is possible to create materials with various Young’s mod-
uli in a range similar to that for biological tissues [25]. In the present study, agar samples were
prepared at four different concentrations, ranging from 5% to 20% in 5% increments, rela-
tive to the weight of distilled water. Fig 1 exhibits agar samples at these concentrations. Five
samples were made for each concentration. Distilled water (10 mL) produced by an ultrapure
water production system (Direct-Q UV 3, Yamato Scientific Co., Ltd.) was vacuum degassed
for more than an hour using a vacuum degassing machine (VD, AS ONE Corporation, DA-
20D, ULVAC KIKO, Inc.). Agar powder (01059-85, Nacalai Tesque, Inc.) was added to the
vacuum-degassed distilled water, heated, and dissolved. The dissolved agar was poured into
a 35 mm dish (150460, Thermo Fischer Scientific Inc.) and refrigerated until it solidified. The

Fig 1. Agar samples.

https://doi.org/10.1371/journal.pone.0320705.g001
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dish was treated with a hydrophilic treatment by irradiating it with an excimer lamp for 15
min.

Measurement of acoustic impedance
The acoustic impedance of the agar was measured with a scanning acoustic microscope
(AMS-50AI, Honda Electronics Co., Ltd.). Fig 2 shows a schematic of the experimental setup.
The agar sample to be measured was placed on the stage above a transducer with a center fre-
quency of 80 MHz (HTD80-2025, Honda Electronics Co., Ltd.), which radiates an acoustic
signal and receives the reflected signal. Distilled water was used as the coupling fluid between
the dish and the transducer. The sample was scanned in the x- and y-directions with aid of
a mechanical stage to obtain the acoustic impedance distribution of the sample. The mea-
surement area was 4.8 mm × 4.8 mm, and scans were obtained with a resolution of 300 × 300
pixels in this area.

To calculate the acoustic impedance of the agar, the acoustic impedance Zsub of the
substrate and that Zref of a reference material with a known acoustic impedance needed
to be set. Zsub was set to 2.37 MNs/m3 to match that of the material of the dish bottom
(polystyrene) [26].

Distilled water was used as the reference material to set Zref. The sound speed c and den-
sity 𝜌 for the distilled water were estimated from the water temperature measured with a
thermometer (3003XT101B, BOMATA) based on existing literature [27–30]. The acoustic
impedance Zref of the reference material was then determined from

Z = 𝜌c, (1)

where Z is equal to Zref.
The acoustic impedance Z of the agar samples was measured after the samples had been

stored at room temperature for a sufficient time. Measurements were conducted four times

Fig 2. Schematic of SAM system.

https://doi.org/10.1371/journal.pone.0320705.g002
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for each sample. The acoustic impedance in the measurement area was averaged to obtain a
representative value for each measurement.

Measurement of Young’s modulus
Young’s modulus for the agar sample was measured with a custom-made indentation
tester. Figs 3 and 4 present a photo and a schematic of the indentation tester, respectively.
The indentation tester consists of a micro-force sensor (THK Precision Co., Ltd), a stylus
(DM45505, Tokyo Seimitsu Co., Ltd.) fixed to the sensor and a Z-stage (KHE06008-CH,
Suruga Seiki Co., Ltd.). The stylus is supported by a leaf spring (THK Precision Co., Ltd)
installed inside the sensor. When a force is applied to the stylus, the leaf spring bends, causing
the stylus to move vertically.

The bridge voltage signal from the strain gauge attached to the leaf spring is amplified by a
sensor amplifier (FSA202S, THK Precision Co., Ltd.), and the amplified voltage V is recorded
with an oscilloscope (DL850, Yokogawa Electric Co., Ltd.).

The magnitude of the received force F was calculated from the recorded voltage
V as

F = 𝜆V, (2)

where 𝜆 is a coefficient that was provided by the company that manufactured the strain
gauge (THK Precision Co., Ltd.). Given the force F, the deflection of the spring 𝛿 can then be
obtained as

𝛿 = F
k
, (3)

where k is the stiffness of the spring. Finally, the indentation depth d for the stylus is calcu-
lated as

d = z – 𝛿 (4)

In the experiments, the specimen placed on the stage was raised by the Z-stage controlled
via a stepping motor (PK523HPB-C17, Oriental Motor Co., Ltd.) at a rate of 10 µm/s such
that the specimen was quasi-statically indented with the stylus. The parameter values used

Fig 3. Indentation tester.

https://doi.org/10.1371/journal.pone.0320705.g003
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Fig 4. Schematic of indentation tester system.

https://doi.org/10.1371/journal.pone.0320705.g004

were 𝜆 = 2.635× 10–2 N/V and k = 5.86× 10–3 N/µm, provided by a manufacturer of the
micro-force sensor (THK Precision Co., Ltd).

Each sample was indented at 20 different locations using a stylus with a tip radius R of 25
µm. Young’s modulus E was determined from the relationship between the fitting force F and
the indentation depth d using Hertz’s contact theory described as

F = 4
3

E
(1 – 𝜈2)R

1
2 d

3
2 , (5)

where 𝜈 is Poisson’s ratio. (Eq 5) was fit to the measurement data for an indentation depth
range of 0–3 µm using MATLAB R2023a (9.14.0.2254940, MathWorks). Poisson’s ratio 𝜈 for
the agar sample was assumed to be 0.499, indicating its incompressibility.

Relationship between acoustic impedance and Young’s modulus
Theoretically, Young’s modulus E is described as a function of the acoustic impedance Z as
follows. According to the wave equation, the sound speed c is given by

c =
√

K
𝜌 , (6)

where K is the bulk modulus. If the sample is an isotropic linear material, K can be
expressed as

K = E
3(1 – 2𝜈) (7)
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using Young’s modulus E and Poisson’s ratio 𝜈. Thus, combining (Eqs 1), (6), and (7) yields
the relationship between the acoustic impedance and Young’s modulus as

E = 3(1 – 2𝜈)𝜌 Z2 = 𝛼Z2, (8)

where 𝛼 is the coefficient of Z2 to be determined by fitting (Eq 8) to the experimental data.
In the present study, we also used the empirical formula

E = 𝛼Z2 + 𝛽 (9)

to express the relationship between the acoustic impedance and the Young’s modulus, because
(Eq 8) did not accurately represent the data, as shown in the following section. Here, 𝛼 and 𝛽
are constants to be determined by fitting.

Results
Fig 5 shows color-coded acoustic impedance images for agar samples prepared with differ-
ent concentrations. The acoustic impedance of the agar appeared mostly uniform within the
measurement area. As the agar concentration was increased from 5% to 20%, the acoustic
impedance of the sample increased. Fig 6 shows the average acoustic impedance of each sam-
ple plotted against its concentration. Table 1 presents mean ± SD of the acoustic impedance of
the samples. The acoustic impedance increased monotonically with agar concentration.

Fig 7 shows representative force–indentation depth plots. As the agar concentration was
increased, the reaction force against indentation by the stylus increased. The red lines in Fig 7
show the results of fitting using (Eq 5) to the force-indentation depth data, demonstrating

Fig 5. Representative acoustic impedance color-coded maps for agar samples with concentrations. (A) 5%,
(B) 10%, (C) 15%, and (D) 20%. Bars: 1 mm.

https://doi.org/10.1371/journal.pone.0320705.g005
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Fig 6. Acoustic impedance of each agar sample plotted against its concentration.

https://doi.org/10.1371/journal.pone.0320705.g006

Table 1. Acoustic impedance of the agar samples (mean ± SD) [MNs/m3]
5% 10% 15% 20%
1.547 ± 0.009 1.580 ± 0.007 1.642 ± 0.010 1.706 ± 0.007
1.543 ± 0.005 1.596 ± 0.007 1.677 ± 0.007 1.743 ± 0.002
1.543 ± 0.004 1.625 ± 0.007 1.660 ± 0.007 1.728 ± 0.006
1.569 ± 0.002 1.615 ± 0.001 1.648 ± 0.003 1.703 ± 0.000
1.554 ± 0.004 1.613 ± 0.003 1.651 ± 0.006 1.728 ± 0.003

https://doi.org/10.1371/journal.pone.0320705.t001

Table 2. Young’s modulus of the agar samples (mean ± SD) [MPa]
5% 10% 15% 20%
0.760 ± 0.125 1.341 ± 0.459 1.552 ± 0.268 4.261 ± 0.180
1.102 ± 0.216 2.418 ± 0.231 4.709 ± 0.492 7.194 ± 1.251
0.898 ± 0.262 2.430 ± 0.599 4.290 ± 0.338 5.658 ± 0.653
0.569 ± 0.117 2.364 ± 0.274 3.060 ± 0.353 6.037 ± 0.654
0.570 ± 0.261 2.653 ± 0.208 4.782 ± 0.448 6.547 ± 0.749

https://doi.org/10.1371/journal.pone.0320705.t002

a good fit. Fig 8 shows Young’s modulus obtained by fitting (Eq 5) to the force-indentation
depth data for each sample, which is seen to increase monotonically with agar concentration.
Table 2 presents mean ± SD of the Young’s modulus of the samples in numerical form.

Fig 9 shows Young’s modulus plotted against the acoustic impedance, with both quanti-
ties averaged for each sample. A least-squares regression analysis demonstrated that (Eq 8)
(blue line) did not account well for the experimental data (R2 = 0.22). In contrast, (Eq 9) (red
line), with an added bias term, accurately represented the measurement data (R2 = 0.90). The
obtained equation was

E = 9.2835 × 10–6Z2 – 21.6347 × 106, (10)

where the units of E and Z are Pa and Ns/m3, respectively.

Discussion
In this study, we measured the acoustic impedance and Young’s modulus for agar at concen-
trations ranging from 5% to 20% and examined the relationship between them. The fitting
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Fig 7. Representative plots of force against indentation depth for agar concentrations. (A) 5%, (B) 10%, (C) 15%
and (D) 20%. Lines were obtained by fitting (Eq 5) to the data.

https://doi.org/10.1371/journal.pone.0320705.g007

results using (Eq 8) showed that it did not accurately describe the measured data. (Eq 9), how-
ever, yielded a good fit. The use of (Eq 9) would enable Young’s modulus to be calculated from
the acoustic impedance measured by SAM.

Although there is a theoretical basis for (Eq 8), which describes a quadratic relationship
between the acoustic impedance and Young’s modulus, the introduction of a bias term in
(Eq 9) was necessary to obtain a good empirical model for our data. In the present study, the

Fig 8. Young’s modulus for each agar sample plotted against its concentration.

https://doi.org/10.1371/journal.pone.0320705.g008
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Fig 9. Young’s modulus plotted against acoustic impedance, both averaged over each sample. Blue line: obtained
by fitting (Eq 8), E = 1.2336 × 10–6Z2. Red line: obtained by fitting (Eq 9), E = 9.2835 × 10–6Z2 – 21.6347 × 106.

https://doi.org/10.1371/journal.pone.0320705.g009

estimated bias term 𝛽 was –21.6347 MPa; such a negative intercept is unrealistic if we take
into account that Young’s modulus for a material with zero acoustic impedance would equal
𝛽. At present, it remains unclear why adding this term to the theoretically described equa-
tion was necessary to obtain a good fit. Although (Eq 9) aligns with the theory in a sense that
the Young’s modulus increases quadratically with acoustic impedance, it is important to bear
in mind that (Eq 9) is an empirical equation that has only been demonstrated for an acoustic
impedance range of 1.54-1.74 MNs/m3.

According to (Eq 8), Poisson’s ratio for agar can be estimated from the coefficient 𝛼 under
the assumption that the density 𝜌 of agar is 1000 kg/m3. As seen in Supporting Information
(S1 Fig, S1 Table), the density of agar samples was approximately 1000 kg/m3 and did not vary
significantly across the 5% to 20% concentration range (one-way ANOVA, p = 0.79). Extend-
ing this relationship to Eq (9) yields a Poisson’s ratio of 0.498, which agrees with the assumed
value in the indentation test. This indicates that the empirical formula obtained is valid in
terms of the value of Poisson’s ratio.

The acoustic impedance measured in this study ranged from 1.54 to 1.74 MNs/m3, and
Young’s modulus from 0.57 to 7.19 MPa. The acoustic impedance of aneurysmal aortic
regions has been reported to range from 1.48 to 1.65 MNs/m3 [31]. Young’s modulus for
elastin and smooth muscle cells, the major components of blood vessels, is generally in the
range of 0.1-2.0 MPa [32]. The measured ranges of the acoustic impedance and Young’s mod-
ulus in this study approximately encompass those for vascular tissues, suggesting the potential
to calculate the Young’s modulus distribution of vascular tissues using the derived equation.

In this study, the acoustic impedance and Young’s modulus of agar were measured at dif-
ferent locations. As the acoustic wave emanated from the bottom of the dish, the measured
acoustic impedance was for the bottom of the sample. In contrast, Young’s modulus was mea-
sured with the indentation tester at the top surface of the sample. For confirmation, we mea-
sured Young’s modulus for one agar sample at both the top and bottom surfaces and found no
significant difference between the two. Therefore, it is considered acceptable to correlate the
acoustic impedance at the bottom surface of the agar with Young’s modulus measured at the
top surface.
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In looking at Fig 6 and Fig 8, we found that the Young’s modulus of agar exhibited greater
variation compared to the acoustic impedance, which can be attributed to two primary rea-
sons. Firstly, the error associated with contact determination in the indentation test plays a
significant role. The Young’s modulus was calculated using Hertz’s contact theory applied to
the force-indentation curve, starting from a manually determined contact point. This man-
ual selection introduces variation in the calculated Young’s modulus, whereas the acoustic
impedance measurement using SAM does not involve such manual steps, resulting in more
consistent acoustic impedance values. Secondly, the effect of surface drying of the agar dur-
ing the indentation test contributes to the variation. The upper surface of agar exposed to air
is prone to drying, making it brittle and potentially leading to variations in the Young’s mod-
ulus or causing the indenter tip to penetrate the brittle surface. In contrast, the SAM-based
acoustic impedance measurement is performed on the bottom surface of the agar in the dish,
which is not exposed to air, thereby minimizing the drying effect. These factors collectively
explain why the Young’s modulus of agar shows greater variation compared to the acoustic
impedance.

We used a transducer with a center frequency of 80 MHz. The spatial resolution of SAM
is dependent on the center frequency, and an 80 MHz transducer provides a spatial resolu-
tion of approximately 20 µm [33]. Higher-frequency transducers provide a finer spatial res-
olution. Reportedly, a 320 MHz transducer would allow the measurement of the acoustic
impedance of intracellular components [34]. However, to evaluate the mechanical properties
at the vascular tissue scale, the transducer used in this study would be sufficient.

Studies using finite element analysis to determine the stress field within the blood ves-
sel walls often define uniform material properties for the vascular model [35,36]. However,
real blood vessels are composed of multiple materials such as smooth muscle cells, elastin,
and collagen, each with a different Young’s modulus, and thereby show spatially heteroge-
neous mechanical characteristics [37]. Some studies proposed a hypothesis that abnormal
stresses within vascular tissues trigger the onset and progression of vascular diseases [38,39].
Functionally graded materials (FGMs), which exhibit spatially varying properties, offer a
more realistic approach by mimicking the natural heterogeneity of vascular tissues. Research
on FGMs, such as stress analysis in functionally graded thick-walled cylinders [40–42],
demonstrates their potential to improve stress distribution modeling in vascular walls. Inte-
grating FGMmodels with advanced techniques like scanning acoustic microscopy (SAM)
can provide detailed maps of local mechanical properties, enabling more precise stress anal-
ysis and insights into vascular disease mechanisms. This approach holds promise for advanc-
ing the diagnosis and treatment of vascular pathologies by better capturing the mechanical
complexity of blood vessels.

Previous studies investigating Young’s modulus for agar [25,43,44] have reported values up
to concentrations of approximately 5%. Li et al. [25] measured Young’s modulus for agar at
concentrations from 0.5% to 5% using a laser-generated surface acoustic wave phase velocity
dispersion technique and reported that it increases quadratically with concentration. Young’s
modulus for 5% agar obtained in the present study (0.57-1.1 MPa) was similar to the value of
1.3 MPa reported by Li et al. [25]. Extrapolation of their results, however, implies that Young’s
modulus for 20% agar is approximately 27 MPa, equivalent to that for electrospun tubular
scaffolds [45]. The measurements in the present study demonstrated that Young’s modulus
for an agar concentration of 20% was approximately 7 MPa, about a quarter of what would be
estimated by extrapolating the results of Li et al. [25]. Such a discrepancy suggests that while
Young’s modulus for agar increases quadratically with concentrations up to 5%, this trend
does not continue when the concentration is extended to 20%.
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Agar with a concentration above 5% is considered brittle [46]. It is difficult to measure
Young’s modulus for brittle materials using mechanical loading tests such as tensile and com-
pression tests because the samples are easy to break. The SAM-based method proposed in
this study can measure Young’s modulus without applying any external force, providing a way
to characterize the mechanical properties of relatively brittle materials such as mineralized
tissues.

The stress-strain relationship in soft tissues is typically characterized by nonlinear
behavior. However, it remains poorly understood how such material-specific nonlinear
mechanical properties influence acoustic impedance. As an initial step toward elucidating
how the mechanical properties of biological soft tissues are reflected in acoustic impedance,
this study employed a simplified linear elastic model to investigate the relationship between
acoustic impedance and Young’s modulus at zero strain. While the assumption of linear elas-
ticity may not fully capture the mechanical complexity of soft tissues, it remains a widely uti-
lized approach in finite element analyses of biological materials [35,36]. Although the stress
and strain values derived under this assumption may lack quantitative accuracy, they provide
a sufficient basis for qualitative interpretation of the underlying phenomena. The applicabil-
ity of the empirical formula derived in this study under conditions of applied strain remains
uncertain. Future work will focus on examining the relationship between acoustic impedance
and Young’s modulus in agar under varying strain conditions to further assess the potential
utility of ultrasonic microscopy in characterizing soft tissue mechanics.

Conclusion
In this study, an empirical formula was successfully derived to estimate Young’s modulus
from the acoustic impedance measured by SAM, demonstrating a high correlation (R2 = 0.90)
and encompassing ranges typical of vascular tissues. This represents a significant step for-
ward in non-invasive mechanical characterization, offering a practical and efficient alterna-
tive to conventional methods like AFM.The formula enables the analysis of brittle materi-
als such as high-concentration agar, which are challenging to test with traditional mechan-
ical approaches, and aligns with reported values for biological tissue mimics. However, the
model’s reliance on an empirical bias term raises questions about its theoretical underpin-
nings, and its applicability is currently limited to homogeneous agar samples and a specific
acoustic impedance range (1.54-1.74 MNs/m3). Additionally, while the resolution provided
by the 80 MHz transducer is sufficient for vascular tissue analysis, it may not be suitable for
finer biological features. Future studies should focus on addressing these theoretical and
material-specific limitations, extending the model’s applicability to heterogeneous tissues, and
validating it across diverse biological contexts.

Supporting information
S1 Fig. Density for each agar sample plotted against its concentration. Statistical
analysis was conducted with one-way analysis of variance (ANOVA). No significant difference
was found in the density of samples across the 5% to 20% concentration range (p = 0.79).
(TIF)

S1 Table. Density of agar samples, 𝜌 [kg/m3]
(TIF)
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