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E N G I N E E R I N G

Wearable bioadhesive ultrasound shear 
wave elastography
Hsiao- Chuan Liu1,2*†, Yushun Zeng3†, Chen Gong3†, Xiaoyu Chen2, Piotr Kijanka4,  
Junhang Zhang3, Yuri Genyk5, Hisham Tchelepi6, Chonghe Wang2, Qifa Zhou1,3*, Xuanhe Zhao2,7*

Acute liver failure (ALF) is a critical medical condition defined as the rapid development of hepatic dysfunction. 
Conventional ultrasound elastography cannot continuously monitor liver stiffness over the course of rapidly 
changing diseases for early detection due to the requirement of a handheld probe. In this study, we introduce 
wearable bioadhesive ultrasound elastography (BAUS- E), which can generate acoustic radiation force impulse 
(ARFI) to induce shear waves for the continuous monitoring of modulus changes. BAUS- E contains 128 channels 
with a compact design with only 24 mm in the azimuth direction for comfortable wearability. We further used 
BAUS- E to continuously monitor the stiffness of in vivo rat livers with ALF induced by d- galactosamine over 48 
hours, and the stiffness change was observed within the first 6 hours. BAUS- E holds promise for clinical applica-
tions, particularly in patients after organ transplantation or postoperative care in the intensive care unit (ICU).

INTRODUCTION
Fulminant hepatic failure, also known as acute liver failure (ALF), is 
defined as a severe liver injury resulting in the onset of hepatic en-
cephalopathy within 8 weeks of the initial symptoms in patients 
without underlying liver disease (1). ALF has a high mortality rate of 
approximately 80% due to massive short- term cell death (2, 3). This 
condition can occur as a result of various etiologies such as viral hep-
atitis (hepatitis A and E and hepatitis B), neoplastic infiltration, heart 
failure, mycotoxicosis, drug toxicity (4, 5), or complications of liver 
transplantation (1, 6). The survival rate of patients with ALF after 1 
month is merely 23% if appropriate procedures such as liver trans-
plantation or intensive care medicine are not immediately taken (7, 
8). Even after liver transplantation, postoperative complications may 
still lead to acute liver graft dysfunction (6, 9) and high premature 
mortality (10). Therefore, prompt prognostic evaluation plays an im-
portant role in performing timely intensive care treatment of ALF, 
allowing graft salvage, and managing postoperative complications in 
the intensive care unit (ICU) (3).

The gold standard for prognosis models of ALF is mainly based 
on the histological examination of liver tissue biopsies, laparoscopy 
for liver surface evaluation, and laboratory markers (11). However, 
these methods are time- consuming, exist a certain level of risks due 
to invasive procedures, and could be impractical for critically ill pa-
tients (12). Several studies have been reported that liver stiffness is a 
promising prognosis marker for early detection of ALF (4, 8, 12–15). 
Critically ill patients with ALF in the ICU have shown a substantial 
increased liver stiffness (Young’s modulus of approximately 27 kPa) 

compared to healthy controls (Young’s modulus of approximately 3.8 
to 6 kPa) (4, 8, 15). Ultrasound shear wave elastography (SWE) is a 
fast and noninvasive technique used to evaluate the stiffness of inter-
nal organs (13–15). However, an intrinsic limitation of conventional 
ultrasound elastography is that it requires clinicians to handhold ul-
trasound probes on patients during examinations, making it unable 
to continuously monitor changes in liver stiffness over the course of 
rapidly changing diseases.

The concept of wearable ultrasound can be traced back as early as 
2005 when a pair of ultrasound transducers was implanted into the 
fracture region of mature sheep to monitor and accelerate the heal-
ing process of fractured long bones (16). Over the past decade, with 
the rapid growth of soft materials, wearable ultrasound devices have 
been extensively developed for imaging internal organs and evaluat-
ing various physiological features in biomedical applications such as 
measuring central blood pressure (17), assessing deep- tissue hemo-
dynamics (18), monitoring cardiac functions (19), and continuously 
imaging diverse organs (20). However, these methods are primarily 
focused on imaging structures of biological tissues, not available for 
elastography measurements (table S1).

A recent report introduced a wearable device based on a stretch-
able ultrasound probe for measuring muscle stiffness using a 
compression- based excitation method (21). However, this method 
has limitations when it comes to the continuous measurement of 
stiffness of internal organs such as liver (table S1). The compression- 
based approach requires an additional tool, such as a finger or an 
actuator, to induce mechanical excitation; it is impractical to repeat-
edly compress one location of the skin over the course of the diseases. 
Additionally, compressing the skin may be unable to mechanically 
excite internal organs such as the liver and thus unsuitable for mea-
suring their moduli. Furthermore, mechanical compression can dis-
tort the acoustic beam and stretchable ultrasound probe, which 
dramatically compromises the performances of ultrasound elastog-
raphy (table S1). To the best of our knowledge, there is no ultrasound 
elastography technology that can provide continuous measurements 
of internal organ stiffness over a few hours. Therefore, the develop-
ment of a wearable ultrasound elastography technology that can con-
tinuously monitor the evolution of liver stiffness at the early stage of 
ALF is essential to the prognosis evaluation of ALF.
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In this study, we report the wearable bioadhesive ultrasound elas-
tography (BAUS- E) capable of continuously measuring liver stiffness 
over a 48- hour period. This enables the evaluation of the rapid 
changes in liver stiffness associated with ALF for prognostic purposes. 
BAUS- E incorporates a thin transducer array with 128 channels and 
merely 24 mm in azimuth direction. The thin transducer array can 
generate acoustic radiation force impulse (ARFI) as an excitation 
source to produce shear waves for elastography measurements. The 
thin array is further adhered to the skin via a bioadhesive tough hy-
drogel couplant for continuous and wearable ultrasound elastogra-
phy over 48 hours (20). This bioadhesive hydrogel- elastomer hybrid 
couplant can maintain high water content (>90 wt %), high interfa-
cial toughness (>500 J m−2), and low acoustic attenuation (i.e., simi-
lar to commercial ultrasound gels) for continuous and wearable 
ultrasound elastography. The small aperture size of the BAUS- E de-
vice with the soft bioadhesive couplant provides a comfortable wear-
ability. We systematically characterized the performances of BAUS- E 
by conducting transducer measurements, phantom studies, and nu-
merical simulations. We further validated the performances of 
BAUS- E in comparison with a commercial ultrasound transducer. 
Additionally, we demonstrated that BAUS- E could continuously 
measure liver stiffness changes in rats with ALF induced by d- 
galactosamine (d- Gal) over 48 hours. We showed a significant cor-
relation between the increase in liver stiffness measured by BAUS- E 
and ALF indicated by histopathological staining. BAUS- E could find 
extensive applications in clinics and ICU for noninvasive and con-
tinuous monitoring of the moduli of internal organs over the course 
of rapidly changing diseases for their early detection such as ALF.

RESULTS
Performance of wearable BAUS- E
The proposed BAUS- E not only features a smaller active area for the 
comfortable wearability but also exhibits the capability to produce 
sufficient energy for ARFI push, allowing it to generate shear waves 
(Fig. 1A) and provide the satisfied image quality for tracking parti-
cle displacements (Fig.  1B). For the comfortable wearability, the 
proposed BAUS- E can provide a field of view (FOV) of only 24 mm 
in the azimuth direction for wearing purposes with the same amount 
of 128 channels for both the commercial device (L7- 4) and BAUS- E 
(Fig. 1C). This is due to the sophisticated fabrication technique with 
a 1λ pitch size. The bioadhesive couplant was placed on four loca-
tions, including the arm, neck, chest, and waist of 15 subjects for 48 
hours for the wearing comfort test (20). Most subjects reported no 
positive reactions (i.e., itchiness, irritation, dryness, or redness) at 
any location. Only one subject reported minor itchiness after 48 
hours of continuous wearing. We further compared the wearing 
comfort of the bioadhesive couplant with six other couplants on the 
arms of the 15 subjects for 48 hours (20). The commercial 3M VHB 
acrylic tape was used as a reference group. Feelings were then evalu-
ated using the visual analog scale (VAS), ranging from 0 (most com-
fortable) to 10 (most uncomfortable). We reported that the BAUS 
couplant is the most comfortable, while the liquid and solid hydro-
gel couplants are the least comfortable. The details can be found in 
our previous research (20). For sufficient energy for ARFI push, we 
have evaluated the particle displacement of the CIRS phantom gen-
erated by both the L7- 4 commercial device (Fig. 2A) and BAUS- E 
(Fig. 2C) as the shear wave was traveling at 2 ms. The particle veloc-
ity induced by the commercial device shows 3.50 ± 0.67 mm/s and 

3.02 ± 0.29 mm/s created by BAUS- E (velocity is the derivative of 
displacement with respect to time), which shows that BAUS- E can 
provide sufficient particle displacements to that created by the com-
mercial device, demonstrating its ability to generate sufficient ener-
gy for shear wave propagation.

The physical BAUS- E was represented (Fig.  1C). BAUS- E was 
composed of an acoustic backing layer, a flexible printed circuit 
board (f- PCB), a 128- channel lead zirconate titanate (PZT) compos-
ite, a matching layer, and a bio- adhesive hydrogel layer (Fig. 1C and 
table S2). The electrode separation of each element was finely diced 
with the 20- μm diamond blade by a dicing saw to achieve 128 indi-
vidual channels (Fig. 1D). The center frequency of BAUS- E was de-
signed to be 7.5 MHz to strike a balance between the expected 
spatial resolution and the required energy for ARFI pushes. The 1 
λwater pitch size (approximately 200 μm) and 20- μm kerf size were 
selected based on the optimized thickness- vibration mode theory, 
which provided the active area of BAUS- E to have approximately 4 mm 
in elevational direction and merely 24 mm in azimuth direction 
(Fig. 1C). This size provided a suitable size to achieve both a sufficient 
FOV for shear wave propagations and comfortable wearability.

To characterize the performance of the BAUS- E device, the pulse- 
echo response, peak- peak sensitivity, −6- dB fractional bandwidth, 
electrical impedance, lateral resolution, and axial resolution were 
measured. For the pulse- echo response, the 50th channel was ran-
domly selected, and its center frequency was measured at 7.2 MHz 
(fig.  S1A). Comparing with the PiezoCAD simulation result of the 
center frequency of 7.5 MHz, there is a good agreement between 
the measured and simulated center frequencies of BAUS- E (fig. S1B). 
The mean center frequency of BAUS- E across all 128 channels was 
determined to be 7.5 ± 0.26 MHz (fig. S1C). The electrical impedance 
and phase spectrum were also evaluated and compared with the sim-
ulation results. The impedance of the 50th channel was measured to 
be approximately 165 ohms (fig.  S2A), which aligns well with the 
simulation result of 164 ohms (fig.  S2B). The mean impedance of 
BAUS- E across all 128 channels was found to be 164.72 ± 2.76 ohms 
(fig. S2C), demonstrating close agreement with the simulation results.

To further assess the performance of BAUS- E, we evaluated the 
peak- peak sensitivity, −6- dB fractional bandwidth, lateral resolu-
tion, and axial resolution. The mean peak- peak sensitivity was deter-
mined to be −4.14 ± −2.36 dB for BAUS- E and −3.17 ± −1.51 dB for 
the commercial transducer (fig. S3A). The peak- peak sensitivity re-
flects the ability of an ultrasonic device to detect reflectors at a spe-
cific depth in a test material. A value closer to 0 dB indicates higher 
sensitivity of the ultrasonic device. Regarding the −6- dB fractional 
bandwidth, the mean fractional bandwidth was 37.44 ± 4.85% for 
BAUS- E and 44.34 ± 3.05% for the commercial transducer (fig. S3B). 
BAUS- E exhibited a comparable performance to the commercial 
transducer in terms of peak- peak sensitivity and −6- dB fractional 
bandwidth. For the resolution of BAUS- E in B- mode imaging 
(fig. S4A), the lateral resolution and the axial resolution (target at 
13 mm), determined by the −6- dB full- width half- maximum 
(FWHM) beam profile, were approximately 0.13 mm (fig. S4B) and 
0.36 mm (fig. S4C) using tungsten wire phantom, respectively. Theo-
retical calculations predicted lateral (Eq. 8) and axial resolutions of 
0.14 and 0.39 mm, respectively, based on BAUS- E’s center frequency 
of 7.5 MHz and aperture size of 24 mm. Our results demonstrate that 
the BAUS- E device exhibits performance close to the simulation re-
sults of the transducer design and is comparable to the commercial 
ultrasound transducer.
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Systematic phantom evaluations of the elasticity and 
numerical simulations of BAUS- E
To evaluate the performance of BAUS- E in measuring mechanical 
properties using SWE, a systematic phantom study was conducted 
(Fig. 2). A commercial ultrasound phantom was used in this study 
to provide a ground truth value of shear wave velocity (Cg, group 
velocity), which was determined to be of 2.80 m/s provided by CIRS 
Inc. On the basis of Eq. 6, the Young’s modulus was calculated as 
23.52 kPa, assuming a density of 1000 kg/m3 (provided by CIRS 
Inc.). This systematic experiment was divided into four different ex-
perimental conditions: SWE measured by the commercial ultra-
sound transducer with the conventional ultrasound coupling gel 
(control) (movie S1), SWE measured by the commercial ultrasound 
transducer interfaced with the bioadhesive couplant (movie S2), 
SWE measured by the wearable device with the conventional 

ultrasound coupling gel (movie S3), and SWE measured by BAUS- E 
(move S4). To ensure consistency, the focus of the ARFI for both 
devices was placed at 10 mm below the phantom surface. The Cg 
measured by the commercial ultrasound transducer with the con-
ventional ultrasound coupling gel and with bioadhesive couplant 
was 2.80 m/s (represented by the yellow dashed line, Fig. 2A) and 
2.82 m/s (Fig. 2B), respectively. The Cg was 2.81 m/s (Fig. 2C) mea-
sured by the wearable ultrasound device with the ultrasound cou-
pling gel and 2.78 m/s by BAUS- E (Fig. 2D). The mean Cg (n = 10) 
measured by the commercial transducer with the conventional ul-
trasound coupling gel, the commercial transducer with the bioadhe-
sive couplant, the wearable device with the conventional ultrasound 
coupling gel, and BAUS- E was 2.81 ± 0.01 m/s (control), 2.82 ± 0.01 m/s, 
2.79 ± 0.01 m/s, and 2.78 ± 0.04 m/s, respectively (Fig. 2M). On 
the basis of Eq. 6, the Young’s modulus ranged between 23.18 kPa 

Fig. 1. Design and mechanism of wearable BAUS- E. (A) Schematic illustration of BAUS- e, showing its ability to provide an ARFi push to generate shear waves in bio-
logical tissues. (B) Schematic illustration of BAUS- e to demonstrate its capability to detect particle displacements induced by an ARFi push in biological tissues. (C) Sche-
matic illustrations of the BAUS- e components, including the backing layer, flexible printed circuit board (f- PcB), piezoelectric composite, matching layer, and bioadhesive 
couplant. the bioadhesive couplant consists of a 95 wt % water- based tough hydrogel encapsulated by an elastomer membrane. A thin bioadhesive layer was further 
coated for maintaining a robust adhesion over 48 hours. (D) An electrode separation by a dicing saw was imaged using optical microscopy to show a 128- channel BAUS-
 e within only 24- mm aperture size. Scale bar, 10 mm. (E) the BAUS- e device adhered to the skin, demonstrating its ability to withstand a high pulling force from 1 to 5 n 
and maintain robust adhesion. Scale bar, 10 mm. (F) Schematic illustrations of BAUS- e used for elasticity measurements in acute liver failure (ALF) to monitor rapid 
changes in stiffness. created using Biorender.com.

http://Biorender.com
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and 23.85 kPa, demonstrating good agreement with the ground truth 
value of 23.52 kPa. The systematic phantom experiments demonstrated 
that BAUS- E exhibited good performance for SWE. Furthermore, the 
phantom studies showed that the bioadhesive couplant did not inter-
fere with the results of SWE due to its good acoustic impedance 
matching (20).

Numerical simulations were further used to validate the group 
velocity of shear waves in the four experimental cases as the second-
ary validation (fig. S5, A to D). The simulated ARFI focus was placed 
at a depth of 10 mm under the surface of the numerical phantom, 
mimicking the experimental setup. The ground truth value of the 
elastic property in the numerical phantom was set to 23.52 kPa, 
which matched the Young’s modulus of the CIRS commercial phan-
tom. The elastic property of bioadhesive couplant was set to 100 kPa 
based on our previous research (20). The simulated Cg was 2.802 m/s 
for the commercial ultrasound transducer with the conventional 
ultrasound coupling gel (control) (indicated by the yellow dashed 
line, Fig. 2E and fig. S5E) and 2.803 m/s for the transducer with the 
bioadhesive couplant (Fig. 2F and fig. S5F). The simulated Cg was 

2.798 m/s measured by the wearable device with the ultrasound 
coupling gel (Fig.  2C and fig.  S5G) and 2.803 m/s for BAUS- E 
(Fig.  2D and fig.  S5H). According to Eq.  6, the Young’s modulus 
ranged between 23.35 and 23.52 kPa, showing high consistency with 
the ground truth value of 23.52 kPa set in the numerical phantom. 
The results of the numerical simulations exhibited strong agreement 
with the experimental results across the four different experimental 
conditions for shear wave velocity measurements.

We further evaluated the dispersion curves of shear waves in the 
phantom study to analyze the frequency components of the mea-
sured shear waves in the time domain. The shear waves in the spatio-
temporal map (indicated by the blue dashed rectangle, Fig. 2, A to H) 
were transformed into the frequency domain to calculate the k- space, 
which is a function of frequency (Hz) and wave number (1/m), al-
lowing us to evaluate the shear wave velocity (Cp, phase velocity). The 
k- spaces from the experimental results (Fig. 2, I to L) and the nu-
merical simulation results (fig. S5, I to L) were obtained using two- 
dimensional Fourier transform (2D- FT). On the basis of the k- space 
information, the mean wave dispersion curves were calculated for 

Fig. 2. Systematic phantom studies to evaluate the accuracy of shear waves. (A to D) Shear wave measurements in the time domain using different experimental 
conditions: (A) commercial ultrasound transducer coupled with clinical ultrasound gel, (B) commercial ultrasound transducer coupled with bioadhesive couplant, (c) 
proposed wearable device with clinical ultrasound gel, and (d) proposed wearable device with bioadhesive couplant, BAUS- e. (E to H) numerical simulation results of 
shear waves corresponding to the four different experimental conditions, demonstrating good agreement with the experimental results. (I to L) 2d- Ft analysis of the 
shear wave measurements for (A) to (d). (M) Mean shear wave velocities (n = 10) for the four different measurements presented with their Sds. (N) dispersion curves for 
(A) and (B) in the frequency range of 400 to 1500 hz compared with the numerical simulation results. (O) dispersion curves for (c) and (d) in the frequency range of 400 
to 1500 hz compared with the numerical simulation results. comm., commercial device; Bc, bioadhesive couplant.
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the experimental and numerical simulation results (Fig. 2, N and O, 
and fig. S5, M to P). The mean Cp with the frequency range of 400 to 
1500 Hz was determined to be 2.84 ± 0.01 m/s (corresponding to 
24.19 kPa) (blue line, Fig. 2N) for the commercial ultrasound transducer 
with the conventional ultrasound coupling gel and 2.82 ± 0.01 m/s (cor-
responding to 23.85 kPa) (red line, Fig. 2N) for the transducer with 
the bioadhesive couplant. In the numerical simulation with the com-
mercial ultrasound transducer, the mean Cp with the conventional 
ultrasound coupling gel was 2.81 ± 0.01 m/s (indicated by the green 
dot, Fig. 2N and fig. S5M), and with the bioadhesive couplant, it was 
2.82 ± 0.01 m/s (corresponding to 23.68 kPa) (fig. S5N). On the oth-
er hand, for the wearable device with the conventional ultrasound 
coupling gel, the mean Cp was 2.76 ±  0.02 m/s (corresponding to 
22.85 kPa) (blue line, Fig. 2O), and for BAUS- E, it was 2.74 ± 0.02 
m/s (corresponding to 22.52 kPa) (red line, Fig.  2O). Comparing 
with the numerical simulations for the case with the wearable device, 
the mean Cp with the conventional ultrasound coupling gel was 
2.80 ± 0.01 m/s (corresponding to 23.52 kPa) (green dot, Fig. 2O and 
fig. S5O) and 2.81 ± 0.01 m/s (corresponding to 23.68 kPa) for BAUS-
 E (fig. S5P). According to these three validation methods, BAUS- E 
demonstrated satisfactory performance in ARFI- based wearable 
ultrasound SWE.

Liver stiffness using BAUS- E reflects the severity of 
ALF in rats
The animal model with pharmacological induction of ALF using 
d- Gal was used. BAUS- E was used to continuously monitor the stiff-
ness changes of rat livers with ALF over 48- hour period with mea-
surements taken at 6- hour intervals (Fig. 3A). Thus, the liver stiffness 
changes in rats with ALF were measured at nine different time points. 
The experiments were repeated five times (n = 5), and each measure-
ment at every time point consisted of three shear wave measure-
ments, resulting in a total of 15 measurements at each time point. 
The Cg of rat livers at four different time points representing liver 
injuries (0, 12, 30, and 48 hours) and measured using BAUS- E were 
1.23, 1.53, 1.80, and 2.42 m/s, respectively (Fig. 3B). The mean Cg of 
normal livers in rats (control) was 1.17 ± 0.08 m/s. At 6 hours after 
the injection of d- Gal, the mean Cg increased to 1.38 ±  0.05 m/s. 
Between the 12th and 30th hours, the mean Cg in rat livers with ALF 
gradually increased from 1.56  ±  0.05 m/s, 1.61  ±  0.07 m/s, 
1.71 ± 0.09 m/s, to 1.82 ± 0.09 m/s, respectively. A significant increase 
in liver stiffness was observed between the 30th and 36th hours, with 
the mean Cg in rat livers with ALF increasing to 2.48 ±  0.12 m/s. 
After the 36th hour, the mean Cg reached a plateau around 2.5 m/s 
(Fig. 3C). There was a statistically significant difference in liver stiff-
ness between normal livers and livers with ALF at each time point 
measurement (P ≤ 0.001) (Fig. 3, C and D). The mean Young’s mod-
ulus of normal livers in rats was 4.16 ± 0.55 kPa, which aligns well 
with the shear modulus measurements of 1.50 ± 0.10 kPa reported in 
well- established literature (22, 23). It is worth noting that the Young’s 
modulus can generally be assumed as three times the shear modulus 
according to Eq. 5. The mean Young’s modulus of livers after the injec-
tion of d- Gal gradually increased from 5.70 ± 0.44 kPa, 7.35 ± 0.48 kPa, 
7.82 ± 0.74 kPa, 8.77 ± 0.92 kPa, to 10.00 ± 0.97 kPa in the SWE 
measurements between the 6th and 30th hours. The Young’s modu-
lus rapidly increased to 18.47 ± 1.88 kPa at the 36th hour, and liver 
stiffness remained stable until the 48th hour (18.08 ± 2.62 kPa at 
42 hours and 18.17 ± 2.44 kPa at 48 hours) (Fig. 3D). These results 
demonstrated that using BAUS- E can effectively measure the liver 

elasticity in rats with ALF as a valuable biomarker and can reflect the 
progression of ALF through rapid changes observed in continuous 
moduli measurements.

Histological stains reflect the tendency of the liver stiffness 
measured using BAUS- E
Three histological stains, hematoxylin and eosin (H&E) stain, Sirius 
red stain, and immunofluorescence (IF) stain, were conducted to ex-
amine the liver tissues in this study. The H&E stain revealed distinct 
levels of aggressiveness in ALF from 0 to 48 hours, highlighting mor-
phological and structural changes (Fig. 4A). Compared to the control 
group, liver cell nuclei exhibited a degeneration trend with a radiation 
pattern after 12 hours of injection (indicated by black arrow, Fig. 4A). 
At the 30th hours, a noticeable fading in staining color with partial 
disappearance of liver cells was observed. By the 36th hour, several 
nuclei from the stained area along the appearance of cracks were ob-
served (black arrow, Fig.  4A). At the 48th hour, nuclei within the 
stained region exhibited a nonuniform distribution, and boundaries 
of liver cells became blurred with extensive cracks. To quantify the 
aggressiveness of the liver in ALF, Sirius red and IF staining were per-
formed to assess liver fibrosis. Sirius red staining, which binds to col-
lagen fibers, is commonly used to detect and quantify collagen 
accumulation in liver tissues. Excessive collagen accumulation results 
in liver fibrosis, which impairs liver functionality. In the control group, 
a minor but evenly distributed presence of collagen fibers was ob-
served around vascular walls (Fig. 4B). At the 12th hour after d- Gal 
injection, an increased distribution of collagen fibers around vascular 
walls was noticed. By the 36th hour, cracks accompanied by several 
collagen depositions were displayed (indicated by black arrow, 
Fig. 4B). At the 48th hour, the histological result exhibited numerous 
collagen fibers, indicating the progression of rat livers with ALF (indi-
cated by black arrow, Fig. 4B). For IF staining, the level of α- smooth 
muscle actin (α- SMA) expression serves as a crucial indicator for 
quantitatively assessing the degree of liver fibrosis. In the control 
group, α- SMA expression was nearly undetectable (Fig. 4C). At the 
12th hour, there were a few expressions of α- SMA observed around 
vascular walls (indicated by white arrow, Fig. 4C), followed by a sub-
stantial increase in expression at the 36th hour. Extensive distribution 
of liver fibrosis was exhibited at the 48th hour. The three histological 
examinations demonstrated high consistency, with large areas of cell 
necrosis, loss of hepatic structures, and perivascular inflammatory 
cell infiltration after d- Gal induction. The content of relative fibrosis 
(Fig. 4D) and relative collagen (Fig. 4F) from 0 to 48 hours was evalu-
ated and showed a positive association with the level of progression of 
ALF. The regression analysis with Spearman correlation revealed that 
the Young’s modulus of rat livers with stages of ALF measured using 
BAUS- E highly correlated with Sirius red staining results (R = 0.94, 
P < 0.001) (Fig. 4E) and α- SMA staining results (R = 0.91, P < 0.001) 
(Fig. 4G). These findings indicated that BAUS- E exhibited the reliable 
performance of the continuous SWE measurements and accurately 
reflected the changes in liver stiffness associated with ALF, which 
aligns with the histological results.

DISCUSSION
Previous studies have reported that liver stiffness, measured using 
conventional ultrasound SWE, is a reliable biomarker that signifi-
cantly increases in critically ill patients with ALF compared to healthy 
controls (4, 13, 14, 24). Our continuous BAUS- E measurements 
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exhibited a similar trend between the increase in liver stiffness and 
the progression of ALF after in vivo rat models received an intraperi-
toneal injection of d- Gal (Figs. 3D and 4). The increase in liver stiff-
ness is closely correlated with hepatic fibrogenesis observed in H&E, 
Sirius red, and α- SMA staining (Fig. 4). We further observed signifi-
cantly increased apoptosis and necrosis in the histological results as-
sociated with the progression of ALF (Fig. 4A), which is consistent 
with published literature (21). Existing prognostic models for ALF 
such as the model for end- stage liver disease (MELD) score have 
limitations in predicting outcomes in patients with ALF, mainly due 

to high variation between laboratories and the challenge of standard-
ization and replication worldwide (12). We demonstrated that the 
wearable BAUS- E can provide continuous measurements of live 
moduli over time and effectively differentiate stiffness changes in dif-
ferent stages of ALF progression compared to normal livers 
(P < 0.001) (Fig. 3, C and D). This has the potential for early progno-
sis prediction of ALF and could assist in evaluation of the graft con-
dition after liver transplantation in ICU.

An interesting phenomenon was observed in the leap in stiffness 
between 30 and 36 hours (Fig. 3, C and D). A liver starts to lose its 

Fig. 3. Forty- eight–hour continuous monitoring of elasticity changes in rats with ALF using BAUS- E. (A) Schematic illustrations depicting the procedure for evaluat-
ing elasticity changes in rats with ALF. d- Gal was injected into nine rats via intraperitoneal injection to induce ALF. the elasticity of the rat liver was continuously monitored 
for 48 hours with 6- hour intervals using BAUS- e to obtain SWes. At each 6- hour interval, one rat was randomly selected to sacrifice to obtain liver specimens for patho-
logical staining, which corresponded to the timeline of the elasticity measurements. Regression analysis was performed to explore the relationship between pathological 
results and the shear modulus of rats with ALF. created using Biorender.com. (B) Spatiotemporal maps illustrating shear wave velocities measured at 0, 12, 30, and 
48 hours as examples. (C) Shear wave velocities were observed from 0 to 48 hours using BAUS- e. (D) trend of Young’s modulus changes in relation to the severity of rats 
with ALF over 48 hours. iF, immunofluorescence. *P < 0.05, **P ≤ 0.01, and ***P ≤ 0.001.

http://Biorender.com
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function once a high dose of d- Gal is injected into a rat. The accu-
mulated drug metabolizes into toxic substances in the body, leading 
to oxidative stress, inflammation, and apoptosis, thereby causing 
hepatocellular necrosis and ultimately liver damage (25). The me-
tabolism of d- Gal in the liver depletes uridine triphosphate (UTP), 
uridine diphosphate (UDP), uridine monophosphate (UMP), and 
uridine sugar derivatives, leading to cellular energy depletion (25). 
Energy depletion results in cellular dysfunction, which causes cell 
damage and death. After post- injection of d- Gal, liver function–
related indicators such as alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) begin to dynamically increase, blood 

glucose starts to decrease, and coagulation function deteriorates. 
ALT and AST show a sudden increase within a certain time frame 
(e.g., 24 to 48 hours) (26–29). Furthermore, ALF is accompanied by 
a strong inflammatory response and progression to extrahepatic or-
gan damage and dysfunction (30, 31). Several literatures report that 
levels of inflammatory cytokines and anti- inflammatory cytokines 
gradually increase from the beginning of the ALF, with significant 
growth observed between 48 and 72 hours (27–29), which indicates 
that the inflammatory response peaks in the later stages of liver cir-
rhosis, exacerbating tissue damage. Therefore, a leap in liver stiffness 
in ALF could be expected to occur, which may reflect such a rapid 

Fig. 4. Histological results of livers with ALF and regression analysis. (A) h&e staining, (B) Sirius red staining, and (C) α- SMA staining in rat liver tissues with fibrosis 
induced by d- Gal. (D) Quantification of hepatic fibrosis using Sirius red staining from 0 to 48 hours with 6- hour interval measurements. the control group was normalized 
to 100%. (E) Linear regression with Spearman analysis to evaluate the correlation between the Young’s modulus measured using BAUS- e and the histological results using 
Sirius red staining, which was represented as the percentage of relative liver fibrogenesis at different time points (0 to 48 hours) with varying severity of ALF. (F) Quantifi-
cation of liver fibrogenesis using α- SMA staining from 0 to 48 hours. (G) Linear regression analysis to evaluate the correlation between the Young’s modulus measured 
using BAUS- e and the histological results of α- SMA staining. Scale bar, 100 μm.
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change in real ALF patients. In this study, the histopathological 
changes between 30 and 36 hours could explain the leap in stiffness. 
A significant increase in liver fibrosis can be observed between 30 
and 36 hours in Sirius red staining (Fig. 4B), and a complete collapse 
of the hepatic lobule structure was represented as the evidence of 
liver damage at 36 hours in H&E staining (Fig. 4A). However, pre-
dicting an exact moment of a leap could be challenging. Biomarkers 
with a sudden increase typically occur within a specific timeframe 
such as during the 24 to 48 hours (26–29), which indicates that it 
could happen at any time in the coming 1 to 2 days. However, using 
a slower increase in stiffness before a leap as an alert could serve as 
an early prognostic indicator before the situation worsens.

ARFI pushes that generate shear waves for SWE typically require 
longer pulse durations and higher pressures compared to conven-
tional B- mode ultrasound imaging. Therefore, it is important to 
consider the biosafety aspects of SWE (32). In general, the biosafety 
of SWE should meet the same criteria as conventional B- mode ul-
trasound imaging. However, the biosafety of SWE is closely related 
to parameters such as the push peak voltage, push duration, and 
f- number (f#) used during experiments. According to the regula-
tions set by American Institute of Ultrasound in Medicine (AIUM) 
1998 (33) and US Food and Drug Administration (FDA) (34), two 
parameters, mechanical index (MI) and ISPTA,0.3, were considered 
for evaluating the biological effects of SWE using BAUS- E. In this 
study, we selected a push peak voltage of ±30 V, a push duration of 
250 μs, and an f# of 1.5 for hydrophone measurements of BAUS- E to 
verify its acoustic safety. These parameters are consistent with those 
used in the animal studies. Hydrophone measurements revealed 
that the MI value of BAUS- E at the focal point of the ARFI push was 
1.47 (fig. S6A) and ISPTA,0.3 was 440.86 mW/cm2 (fig. S6B), both of 
which were below the safety thresholds of 1.9 for MI and 720 mW/cm2 
for ISPTA,0.3 specified by regulations. It should be noticed that the MI 
and ISPTA,0.3 values may change if deeper regions of biological tissues 
are targeted for elasticity measurements using higher push peak 
voltages, longer push durations, or smaller f#. This is a common 
consideration for commercial ultrasound machines as well (35).

The ARFI pushes in commercial ultrasound systems are typically 
performed at a distance of 4 to 4.5 cm from the linear array to 
achieve optimal liver stiffness measurements in clinical settings 
(36). However, for most wearable ultrasound devices, assessing the 
elastic properties of deep biological tissues remains challenging. 
This is because achieving a smaller f#, which is necessary for a small-
er aperture size to ensure comfortable wearability, can result in a 
weaker push force at deeper tissue regions (37). While mechanical 
compression- based methods have been reported to evaluate tissue 
stiffness up to 4 cm beneath the skin (21), larger loading forces may 
be required to avoid wave distortions when using stretchable ultra-
sound arrays (20). Consequently, assessing the elasticity of internal 
organs such as the liver could be difficult. Furthermore, mechanical 
compression methods often require additional excitation tools such 
as fingers or actuators, which makes continuous measurements 
challenging especially for the diseases that rapidly change (38). The 
proposed BAUS- E can provide the SWE for continuous monitoring 
of deep organ stiffness changes, which provides potential advantag-
es over other methods.

We performed shear wave measurements at various depths using 
BAUS- E in the study (fig. S7). The phantom test involved ARFI pushes 
at depths of 20, 30, 40, and 50 mm beneath the surface of the phantom 
(fig. S7, A to D), and consistent results of Cg, approximately 2.8 m/s, 

were obtained (fig. S7, I to L). In this study, the frequency range 
(7.5 MHz) of the proposed BAUS- E is designed for the small animal 
uses. Generally, the penetration depth of ultrasound can be approxi-
mately estimated as 200 to 300 wavelengths (39), corresponding to 
40 to 60 mm. Despite having a smaller aperture size for comfortable 
wearability, BAUS- E demonstrated the capability to measure elastic-
ity up to 50 mm (fig.  S7L). BAUS- E would be sufficient for SWE 
evaluation in small animal research. On the other hand, for the 
potential ARFI energy deposition in deeper tissue (>6 cm) in trans-
lational applications for the clinical scenarios, the frequency of 
BAUS- E will need to decrease to approximately 2 to 5 MHz to make 
sure that the sufficient ARFI energy at the depth of 5 to 7 cm can be 
provided for translational applications such as for liver or kidney. 
A numerical simulation for BAUS- E with the center frequency of 
3 MHz was provided to show that the 3- MHz BAUS- E can deal with 
the focus at 70 mm for the translational uses (fig. S8). This highlights 
the superior performance of BAUS- E to reach similar conditions as 
ARFI pushes performed in clinical settings, thus demonstrating its 
potential for translational applications (36).

In the phantom studies, we specifically selected a frequency 
range of 400 to 1500 Hz for evaluating the mean shear wave velocity 
and dispersion curve, excluding the low- frequency range from 0 to 
400 Hz (Fig. 2, N and O). This selection was based on the consider-
ation of the relationship between the shear wave wavelength and the 
aperture size of BAUS- E (40–42). The aperture size (FOV) of BAUS-
 E and the commercial device is approximately 24 and 40 mm, re-
spectively. When the ARFI is placed in the middle of the device, the 
FOV is divided into two sections (fig.  S9). Therefore, the useable 
FOV for the commercial device and BAUS- E was 20 and 12 mm, 
respectively. In the excitation region, no shear wave will be gener-
ated, and the shear wave velocity cannot be evaluated within this 
region (which could occupy a few millimeters in FOV), known as 
near- field effects (43). Consequently, the usable region for detecting 
shear wave propagation becomes even smaller—approximately 10 mm 
for BAUS- E and 18 mm for the commercial device. In shear wave 
evaluation, the wave should contain at least one complete cycle (one 
to two cycles would be better) to assure that the shear wave velocity 
can be correctly determined. Because the commercial CIRS phan-
tom provides a homogeneous and elastic mechanical property, the 
shear wave phase velocity shows consistency at approximately 2.8 m/s 
throughout the frequency range. If we were to consider a frequency 
starting at 300 Hz, the shear wave wavelength would be approxi-
mately 9.3 mm, which is suitable for the commercial device due to 
its larger aperture size (40 mm) (Fig.  2, N and O). However, this 
wavelength would be very close to the usable region in BAUS- E 
(10 mm), potentially resulting in poor shear wave evaluation qual-
ity. To ensure accuracy, we considered the frequency starting at 
400 Hz (wavelength of 7 mm) to ensure that the usable region of 
BAUS- E covers slightly more than one wavelength (Fig.  2O and 
fig. S9). For the commercial transducer, the dispersion curve in the 
low- frequency region (<400 Hz) was considered more reliable. To 
maintain consistency in the research, we kept the same frequency 
range for the dispersion curves measured using both BAUS- E and 
the commercial device when evaluating the mean phase velocity in 
the phantom study.

A higher variation from the measurement using BAUS- E was ob-
served (Fig. 2O) compared to those using the commercial device. 
The reason for this higher variation is that the spatial distance cov-
ered by BAUS- E is smaller than that covered by the commercial 
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device. Specifically, for BAUS- E, only 10 mm of wave traveling data 
can be used to analyze the dispersion curve, compared with 18 mm 
for the commercial device (fig. S9). This difference in spatial cover-
age is the likely reason for the observed variations in the dispersion 
curve. An additional limitation in dispersion curve analysis is that 
frequencies lower than 400 Hz cannot be trusted due to the wave-
length being larger than the usable FOV of BAUS- E.

The bioadhesive couplant can maintain low acoustic attenuation 
based on transmission tests. We tested the acoustic attenuation of 
bioadhesive couplant and compared with the commercially avail-
able gel adhesive pads. As shown in the experimental result (fig. S10), 
the attenuation coefficients of the BAUS- E couplant were measured 
to be from 0.038 to 0.124 dB/mm at frequencies from 1 to 10 MHz 
(black square). In comparison to the couplant without the elastomer 
layer, a similar attenuation coefficient from 0.037 to 0.121 dB/mm at 
frequencies from 1 to 10 MHz was evaluated (brown rhombus), 
showing that the couplant without the elastomer layer has almost 
the same acoustic attenuation as it does with the elastomer. There-
fore, the reflection or absorption by the elastomer layer could be 
negligible. The tested result is reasonable to us because the thickness 
of the elastomer membrane is less than one- fourth of the ultrasound 
wavelength (approximately 40 μm only). We also compare the 
acoustic performance of the BAUS- E couplant with various com-
mercially available products (fig. S11). The attenuation coefficients 
of the BAUS- E couplant (black square) demonstrate superior per-
formance compared to the commercially available ultrasound cou-
plants including Aquaflex couplant (gray triangle), Ecoflex 
Smooth- On silicone couplant (black rhombus), 3M VHB acrylic 
tape (red circle), and Olympus Aqualene (green pentagon) at fre-
quencies from 1 to 10 MHz. BAUS- E exhibits the best performance 
with the lowest acoustic attenuation coefficient.

For the power assumption of the proposed BAUS- E device, the 
current BAUS- E device is driven by the Verasonics Vantage research 
ultrasound system; therefore, it would be difficult to exactly evaluate 
the power consumption of the BAUS- E device only because the 
Verasonics system almost dominates the total power consumption, 
which is 280 W (Verasonics Product Specification). However, a 
rough evaluation of the power consumption of BAUS- E could be 
evaluated. We assume that the phase of voltage and current [alter-
nating current (AC)] is in phase (∆θ = 0°), and the energy of the 
receiving cycle is far smaller than the ARFI push to be negligible. To 
consider an ARFI push voltage of ±30 V in this study, a push dura-
tion of 250 μs, and the measured impedance of 165 ohms (fig. S2B), 
the instantaneous power pi(t) can be presented as follows.

where vpeak and ipeak are the peak value of the push voltage and cur-
rent. According to the product- to- sum formulas, the instantaneous 
power pi(t) can be rewritten as:

where vrms and irms are the root mean square of the voltage and cur-
rent (which is defined as the peak value/

√

2 ), respectively; w is 2πf; f 
is the center frequency of BAUS- E (7.5 MHz); and t is time. Because 
the push voltage of BAUS- E is AC, the power is considered as time 
dependent. However, the ARFI push duration is very short (only 
250 μs); therefore, instantaneous power pi(t) can be approximately 
evaluated to be 2.3 W by substituting the parameters into Eq. 2.

In conclusion, we have presented the development of a wearable 
ultrasound device called BAUS- E, which can generate ARFI pushes 
to produce shear waves for continuous evaluation of the elastic 
modulus of organs and tissues. A limitation for the proposed device 
is that the current BAUS- E is connected to the Verasonics Vantage 
research ultrasound system. The I/Q data were transferred from 
Verasonics system to a personal computer, and MATLAB software 
was used for SWE processing. This is the first demonstration that a 
wearable ultrasound device can provide acoustic radiation force and 
SWE evaluation. In the near future, we plan to integrate the external 
power source and data processing into chips for portable style, cre-
ating an all- in- one BAUS- E for clinical use. BAUS- E holds great po-
tential for expanding substantial applications of ultrasound wearable 
devices such as in patients undergoing organ transplantation in 
ICU, cancer research, and acute decompensated heart failure in clin-
ical settings, in which the benefit of affixing an ultrasound device 
becomes especially evident.

MATERIALS AND METHODS
Fabrication of wearable BAUS- E
In the study, the development of the wearable ultrasound elastogra-
phy device, BAUS- E, presented several design considerations to 
achieve optimal performance. To ensure good wearability, the de-
vice needed to have a small size. Additionally, it was essential to em-
bed a sufficient number of channels for imaging, which in this case 
was 128 channels. Furthermore, the device needed to withstand 
high voltage driving to generate ARFI pushes, which posed a chal-
lenge during fabrication. To meet these requirements, a 7.5- MHz 
wearable BAUS- E device with a 128- element linear array was de-
signed and fabricated. The 128 channels selected in this paper are 
based on the industrial standard of a linear array with a frequency 
range from 3 to 8 MHz. Most mainstream configurations for middle 
to high- level commercial medical ultrasound, such as GE and Phil-
ips, are equipped with 128 channels. For the core component of 
BAUS- E, a one-  to three- composite PZT piezoelectric material with 
both- side electrodes (Blatek Industries Inc., Boalsburg, PA) was se-
lected. The PZT material had a thickness of 140 μm, a pitch size of 
200 μm, and a kerf size of 20 μm, which provide the aperture size 
of approximately 24 mm in azimuth dimension (table S2). These 
design specifications ensured that the width- to- thickness ratio 
was less than 0.7 (44), which is a crucial transducer design crite-
rion. In the study, the width- to- thickness ratio was designed to be 
0.57 (80 μm/140 μm). This ratio was chosen to generate a higher 
electromechanical coupling coefficient and enable pure thickness- 
mode resonance, resulting in better performance for ARFI- based 
elastography applications (44). A higher width- to- thickness ratio 
(>0.7) could induce different resonance vibration modes that inter-
fere with the fundamental resonance mode, which could reduce the 
bandwidth and signal- to- noise ratio (SNR). Therefore, maintaining 
the appropriate width- to- thickness ratio was important for achiev-
ing optimal device performance.

The transducer performance of BAUS- E was simulated using a 
Krimboltz, Leedom, and Mattaei (KLM) equivalent circuit model in 
the PiezoCAD software (Sonic Concepts Inc., Bothell, USA) to ex-
plore the optimization of the electrical impedance, phase spectrum, 
and pulse- echo performance of BAUS- E before fabrication. On the 
basis of the simulation results, the two quarter- wavelength matching 
layers of BAUS- E were designed and added on the one side of the 

pi(t) = vpeaksin(wt) × ipeaksin(wt)
(1)

pi(t) = vrmsirms − vrmsirms
(2)
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PZT composite to compensate acoustic impedance mismatch be-
tween BAUS- E and biological tissues. For the designed array, a pitch 
size of 1 λwater (approximately 200 μm in water) was chosen for the 
designed array to achieve higher imaging quality (45–47). The kerf 
size of the array element was set to 20 μm, and the composite kerf 
size was approximately 20 μm in this study based on the criterion 
Vs/4fc < 40 μm (48), where Vs represents the shear velocity of the 
filled epoxy and fc is the center frequency of the array. Therefore, the 
top electrode was scratch- diced along the kerf direction of the PZT 
composite to form a 128- channel electrode separation in the array.

The scratch- diced process was achieved by using a dicing saw 
(Tcar 864- 1, Thermocarbon, Casselberry, FL). Afterward, the pre-
pared composite component was bonded onto a customized f- PCB 
substrate. The alumina epoxy (Aluminum Oxide Powder, Buehler, 
IL, USA) was used to create a backing layer, which was adhered to 
the other side of the f- PCB to assemble a wearable ultrasound linear 
array. A bioadhesive hydrogel was then implanted on the surface of 
the wearable ultrasound linear array to form a wearable array patch, 
BAUS- E. To further evaluate BAUS- E, the electrical impedance and 
phase spectrum of each channel in BAUS- E were measured using an 
Impedance Analyzer (Agilent 4294A, Santa Clara, CA). The reso-
nant frequency (fr) and anti- resonant frequency (fa) can be obtained 
to calculate the electromechanical coupling coefficient (kt) using the 
following equation (49).

The pulse- echo performance, transducer sensitivity, and bandwidth 
at −6 dB of BAUS- E were tested using the Verasonics system (Van-
tage 256, Verasonics Inc., Kirkland, WA). By conducting these sim-
ulations and optimizing the transducer design parameters, the 
performance of BAUS- E could be tailored to meet the specific re-
quirements of wearable ultrasound elastography.

SWE implementation
BAUS- E was compatible with the Verasonics system for implement-
ing SWEs in phantom and animal studies. The Verasonics system 
was driven by MATLAB scripts (MATLAB R2022a release, Math-
Works, Natick, MA, USA) that generated the necessary structures to 
achieve the desired action. In the phantom study, both BAUS- E and 
a commercial linear array (L7- 4, Philips, MA) were used to scan a 
commercial ultrasound phantom (model 054GS, CIRS Inc., Nor-
folk, VA) for evaluating SWEs. The phantom provided a ground 
truth value of shear wave velocity as 2.8 m/s (Young’s modulus 
E = 24 kPa provided by CIRS Inc.). The 32 elements in the middle of 
both transducers were used for the ARFI push, and all 128 elements 
were used for receiving particle displacements. The focal point of 
the ARFI for both devices was placed approximately 10 mm below 
the surface of the phantom, resulting in f# of approximately 1.5 for 
BAUS- E and 1.1 for the commercial array. In the phantom study us-
ing the commercial array, 1000 cycles of the ARFI push (push dura-
tion of 250 μs) were transmitted at 4.09 MHz, followed by plane 
wave compounding with three angles (−3°, 0°, +3°) performed im-
mediately at 5 MHz for motion detection. To achieve a similar push 
duration in the phantom study using BAUS- E, an ARFI push with 
1875 cycles (push duration of 250 μs) was used. The ARFI push was 
transmitted at 7.5 MHz, and the three angles of plane waves were 
immediately performed at the same frequency for motion detection. 

In the animal studies, the focus of the ARFI push of BAUS- E was 
selected approximately 6 mm under the skin of the rats (near the 
middle of the liver). The ARFI push used the 20 elements in the 
middle of BAUS- E with a push duration of 250 μs. Subsequently, all 
128 channels were activated for motion detection. The f# of BAUS- E 
in the animal study was approximately 1.5. In both the phantom and 
animal studies, the frame rate was set to 80 μs. Therefore, the effec-
tive frame rate after compounding was approximately 4.17 kHz (50).

For elasticity assessment, the in- phase/quadrature (I/Q) data 
were saved for offline analysis. The autocorrelation was used to cal-
culate the particle velocity from the I/Q data, and the shear wave 
propagation was constructed via the spatiotemporal map (51). Dur-
ing the construction, a region of interest (ROI) was chosen from the 
axial displacement matrix. The ROI included the push row, five rows 
above the push, and the five rows below the push to average along 
the depth dimension over 0.5 mm. The maximum values of particle 
velocity at each time point were determined, and the shear wave 
group velocity Cg was obtained using a linear regression curve fit-
ting method (52). To estimate the elastic properties of a biological 
tissue, simplifications of homogeneous, incompressible, and isotro-
pic properties are commonly assumed, although a real biological tis-
sue represents a complex heterogeneous, anisotropic, and nonlinear 
behavior. Therefore, the elasticity of the biological tissue can be 
treated as uniform distribution, and the tissue material response can 
be considered as non- orientation dependent (38, 42). Under these 
assumptions, Cg can be described as (37, 53).

where G is the shear modulus and ρ is the density of the medium, 
which was set as 1000 kg/m3 in the study. Because of the assumption 
of incompressible and isotropic properties, the relationship between 
shear modulus and Young’s modulus E can be expressed as

Substituting Eq. 5 into Eq. 4, the relationship between Cg and E can 
be represented in the following way.

To further validate how accuracy of measuring Cg using BAUS- E in 
the phantom studies, Cg was transformed from the time domain to 
the frequency domain using 2D- FT to calculate wave dispersions 
(54). 2D- FT was applied to the spatiotemporal map to obtain a fre-
quency–wave number (f-  k) domain distribution (k- space) of ultra-
sound shear waves. Shear wave phase velocity Cp was calculated by 
identifying the maximum peaks in the k- space using the equation 
Cp = 2πf/k, where f is the frequency and k is the wave number (40–
42). A mean Cp over the frequencies from 400 to 1500 Hz on the 
dispersion curve was then computed. The aforementioned proce-
dures were implemented using MATLAB R2022a software on a 
desktop computer with an Intel Core i7- 7700 CPU at 3.60 GHz pro-
cessor, 16 GB memory, and a 64- bit Windows 10 operating system.

Numerical simulations
To validate the proposed BAUS- E technique, numerical simulations 
were conducted using a staggered grid finite difference (SGFD) 
method. The SGFD scheme was implemented and used to generate 
particle velocity shear wave motion data. The SGFD scheme used 

kt =

√

π
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π
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the velocity- stress first- order hyperbolic system of equations. To 
minimize undesired reflections from model boundaries, a complex 
frequency–shifted perfectly matched layer based on recursive inte-
gration was implemented (55). The Field II software package was 
used to simulate the ARFI push beam (56). For the validation in the 
phantom studies, a two- dimensional model with the elastic material 
property of the numerical phantom was considered with 23 mm 
width × 4 mm thickness for BAUS- E and 40 mm width × 20 mm 
thickness for the L7- 4 transducer. The elastic domains were uni-
formly sampled at a spatial resolution of 0.1 mm. The thickness of 
the bioadhesive couplant was set to 1.2 mm based on measurements. 
On the basis of experimental results obtained using BAUS- E, the Cg 
in the numerical phantom was set to 2.8 m/s. The Young’s modulus 
E of the numerical phantom can be approximately evaluated by the 
formula 3ρC2

g
 (37, 53) and was set to 24 kPa as the same value in the 

CIRS phantom, where Cg is the shear wave velocity, and the density 
of the materials ρ was set to 1000 kg/m3 in the simulation. To con-
sider the boundary condition with the bioadhesive couplant, E was 
set to 100 kPa (corresponding to an approximate Cg of 5.77 m/s) as 
reported in a previous article (20). The simulation time step was set 
to 0.03 μs to ensure the stability of the numerical model. The ARFI 
excitation with a pulse duration of 250 μs was applied in the axial 
direction for both the commercial ultrasound transducer and 
BAUS- E in the phantom study (fig. S5). The focus of the ARFI push 
was set at 10 mm below the surface of the numerical phantom. The 
simulations were performed using parallel computation technology 
with modern graphics processing units (GPUs) and compute uni-
fied device architecture (CUDA). The calculations were conducted 
in MATLAB R2022a release on a desktop computer equipped with 
an Intel Core i7- 6700 CPU at 3.40 GHz processor, 48 GB memory, 
and 64- bit Windows 10 Pro operating system, along with an NVID-
IA GeForce RTX 2080 Ti graphics card. The computation time for 
the numerical simulations was approximately 25 min.

Fabrication of polyacrylamide hydrogel- elastomer hybrid 
bioadhesive couplant
The BAUS- E couplant contains a soft and tough hydrogel encapsu-
lated by a bioadhesive elastomer membrane to form a hydrogel- 
elastomer hybrid. The polyacrylamide (PAAm)- chitosan tough 
hydrogel was synthesized by ultraviolet photo- polymerization of 3% 
(w/w) high–molecular weight chitosan, 12% (w/w) acrylamide, 
0.1% (w/w) N,N′- methylenebisacrylamide, and 0.2% (w/w) α- 
ketoglutaric acid in a 1% (v/v) acetic acid solution. The obtained 
tough hydrogels were immersed in 1 M CaCl2 solution for 24 hours 
to reach an equilibrium state. The bioadhesive membrane was de-
signed as a sandwich structure with two layers of bioadhesive poly-
urethane and one layer of hydrophobic polyurethane. The bioadhesive 
polyurethane was synthesized by grafting polyacrylic acid chains and 
polyethylhexyl acrylate chains onto hydrophilic polyurethane. We 
used 30% (w/w) acrylic acid and 5% (w/w) 2- ethylhexyl acrylate to 
modify the hydrophilic polyurethanes. After the reaction, the mixture 
solution was dialyzed [cutoff Mn (number- average molecular weight) 
3000 Da] against ethanol for 3 days and against water for three more 
days to obtain the bioadhesive polyurethane. A thin layer of bioadhe-
sive polyurethane with 5% (w/w) 1- ethyl- 3- (3- dimethylaminopropyl)
carbodiimide (EDC) and 5% (w/w) N- hydroxysuccinimide (NHS) 
was spin- coated at 1500 rpm on a clean glass, and then hydrophobic 
polyurethane was spin- coated at 1500 rpm on the bioadhesive 

polyurethane. Before the hydrophobic polyurethane layer was fully 
dried, another thin layer of bioadhesive polyurethane with 5% (w/w) 
EDC and 3% (w/w) NHS was spin- coated at 1500 rpm on the hydro-
phobic polyurethane layer. The film was then placed in airflow for 4 
hours for drying to obtain the bioadhesive membrane. To fabricate 
the hydrogel- elastomer hybrid bioadhesive couplant, the hydrogel 
was tailored into the desired shape and size, and the adhesive mem-
brane was adhered onto the hydrogel with a gentle press to avoid any 
bubbles. The BAUS- E transducer was firmly adhered to the couplant 
using a layer of 50% (w/w) hydrophilic polyurethanes in a 70% (v/v) 
ethanol and 30% (v/v) water solution. The fabrication of the bioad-
hesive hydrogel- elastomer hybrid couplant for BAUS- E followed the 
same procedure as the BAUS couplant, and the details can be 
found in (20).

Pulse- echo, bandwidth, impedance, and 
sensitivity measurements
The quartz material was used as a target to generate a complete re-
flection of the acoustic beams emitted by BAUS- E for the pulse- echo 
test. A 1D- FT was performed on the echo signal to calculate the 
frequency components presented in the spectrum. This evaluation 
enabled the determination of the center frequency as well as the 
higher- frequency fH and low- frequency fL at −6 dB. On the basis of 
the spectrum obtained, the fractional bandwidth FB was calculated 
using the following formula:

Furthermore, the impedance of BAUS- E was measured using an im-
pedance analyzer (Agilent 4294A, Santa Clara, CA, USA). The sen-
sitivity refers to the ability of an ultrasonic system to detect reflectors 
at a given depth in a test material. A more sensitive transducer sys-
tem is characterized by a stronger received signal from these reflec-
tors. The sensitivity of BAUS- E was calculated using the 
equation 20logV − max(20logV), where V represents the intensity 
of the echo signals.

Lateral and axial resolution measurement
To evaluate the lateral resolution and axial resolution of BAUS- E, a 
tungsten wire phantom with a diameter of 25 μm (purity 99.95%, 
California Fine Wire Co., Grover Beach, CA) was used. The theo-
retical calculation suggests that the best axial resolution is approxi-
mately two periods of a short pulse or the reciprocal of the center 
frequency, which can be approximated as two wavelengths (2λ). The 
lateral resolution can be described by the following formula (57):

where d represents the focal length and a corresponds to the aper-
ture size, which was 24 mm in this study.

Hydrophone measurement for acoustic energy verification
For the acoustic energy verification, hydrophone measurements 
were conducted to evaluate the acoustic energy safety. BAUS- E was 
mounted on a five- axis motorized stage and driven by the Verason-
ics system. The center frequency of 7.5 MHz with a burst cycle of 50 
was used in the hydrophone measurement. The 20 elements in the 
middle of the device were selected for the ARFI push, and the focus 
was positioned at 6 mm under the surface of BAUS- E, which are the 

FB = 2
fH − fL
fH + fL

(7)

lateral resolution =
4λd

πa
≈ 1.2λf# (8)
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same parameters in the animal studies. A hydrophone (HGL- 0085, 
ONDA Inc., Sunnyvale, CA, USA) connected to a pre- amplifier 
(AH- 2010- DCBNS, ONDA Inc., Sunnyvale, CA, USA) was used to 
measure the acoustic pressure generated by BAUS- E. BAUS- E was 
submerged inside a water tank filled with degassed water, and the 
hydrophone tip was suspended 6 mm below the surface of BAUS- E 
to measure the acoustic pressure from the ultrasonic transmitter. 
Two safety parameters were obtained to evaluate the biological 
effects of SWE including the spatial peak time- average intensity 
(ISPTA,0.3) and MI. MI can be calculated using the formula:

where pr,0.3 is the peak rarefactional pressure at a rate of 0.3 dB cm−1 
MHz−1 in MPa, as defined by AIUM 1998 guidelines (33), and f0 
represents the ultrasound center frequency in MHz. MI has been set 
the limit at 1.90 by US FDA (34). The equation for ISPTA,0.3 in 
given by (34)

Here, PII0.3/PDH is defined as the spatial- peak pulse average inten-
sity ISPTA,0.3, PDH is the pulse duration used for the hydrophone 
measurements, PD is the pulse duration used in the actual experi-
ments, and PRF is the pulse repetition frequency. In this study, PDH 
was 6.66 μs (50 cycles), PD was 250 μs (1875 cycles), and PRF was 
set to 1.11 mHz (corresponding to an ARFI push every 15 min for 
1- hour continuous measurements). The parameter of PII0.3 repre-
sents the pulse intensity integral defined by Eq. 11 (33)

where ρ is the density of water (1000 kg/m3), v is the speed of 
sound in water (1480 m/s), p0.3(t) is the derated pressure, and the 
104 factor is used to convert from W/m2 to W/cm2. According to 
US FDA regulations, the limitation for ISPTA,0.3 should not exceed 
720 mW/cm2.

Animal preparations
All experimental procedures were conducted in accordance with the 
approved guidelines and approved by the Institutional Animal Care 
and Use Committee (IACUC) at the University of Southern Califor-
nia (USC) under protocol numbers 21084 and 21493. Two- month- 
old male Long- Evan (LE) rats weighing 300 g were used for the 
study. The rats were housed in a controlled environment with 12- 
hour light/dark cycle at temperatures of 22° to 25°C with free access 
to food and water. During the SWE measurements, the rats were 
anesthetized with sevoflurane (3 to 4%) inhalation administered 
through a nose cone (58). A total of 50 rats were randomly divided 
into five groups, with each group containing 10 rats. The experimen-
tal period for each group spanned 2 days (48 hours), with elastogra-
phy measurements using BAUS- E conducted at 6- hour intervals. 
This resulted in eight time points for measurements: 6, 12, 18, 24, 30, 
36, 42, and 48 hours after the injection of d- Gal. Before the d- Gal 
injection, a control dataset was obtained by measuring liver stiffness 
using BAUS- E (0 hour). Therefore, a total of nine time points were 
measured for each group. The experiments were repeated five times 
(five groups, n = 5). In each group, three SWE measurements were 

performed at each time point, which results in a total of 15 shear 
wave measurements for each time point after all five groups had 
been completed. In each group, the injection of d- Gal was per-
formed simultaneously in the 10 rats. One rat from each group was 
used to monitor liver stiffness changes over the 48- hour period, 
while the remaining rats were sacrificed at specific time points cor-
responding to the SWE measurements (ranging from 0 to 48 hours) 
to obtain liver specimens for staining.

Pharmacological models
Hepatotoxins have been extensively used in the development of ani-
mal models with ALF (59). d- Gal is commonly used as the pharma-
cological agent for inducing ALF in preclinical models. The literatures 
reported that rats are known to be sensitive to d- Gal for inducing he-
patic failure (59, 60). Therefore, rats were considered as the animal 
model to develop ALF in this study. Before injection, the d- Gal solu-
tion was sterilized using a 0.22- μm filter to prevent infections. After a 
1- week acclimatization period, the rat liver injury model was induced 
by injecting d- Gal (G0500- 5G, ≥99%, Sigma- Aldrich, St. Louis, MO) 
dissolved in saline. The dose used for the injection was 3 g/kg of body 
weight, which is known to render rats comatose within 36 to 48 hours 
due to ALF and leads to more than 90% mortality within 72 hours to 
mimic the symptoms of ALF (60).

Heart perfusion
For heart perfusion, rats were initially anesthetized with an intra-
peritoneal injection of ketamine/xylazine at doses of 50 to 90 mg/kg 
and 5 to 10 mg/kg, respectively. The chest was opened to expose the 
heart, and a 1% solution of heparin sodium (0.2 ml) was injected 
into the left ventricle of the heart (61). A cannula was then inserted 
into the aorta via the left ventricle, and the right auricle was clipped 
after securing the cannula with a vascular clamp. The vasculature 
was first flushed rapidly with 150 ml of physiological saline solution, 
followed by perfusion fixation with 250 ml of 4% paraformaldehyde 
in 0.01 M phosphate- buffered saline (PBS) at a temperature of 4°C 
and pH 7.40. The entire process of the perfusion took approxi-
mately 40 min. During the perfusion process, the entry of parafor-
maldehyde into the rat’s body may cause convulsions in the limbs 
and tail of the animal. The perfusion was considered complete 
when the liver turned pale. After perfusion, the liver was isolated 
and placed in a 4% paraformaldehyde fixative solution (PFS) for 
fixation and stored in a refrigerator at 4°C for subsequent histo-
logical analysis.

H&E staining
The liver specimens were embedded in paraffin, mounted on the 
microscope slides, and stained with H&E. The deparaffinization 
process was initiated by immersing the tissue sections in xylene for 
two cycles, with each cycle lasting 10 min. This was followed by two 
rounds of hydration using absolute alcohol, allowing 5 min for each 
round. The sections were then briefly immersed in 95% and 70% 
alcohol solutions for 1 min each, followed by rinsing in distilled wa-
ter. Next, the sections were immersed in filtered Harris hematoxylin 
for 10 s. Afterward, the rack containing the sections was trans-
ferred to a beaker filled with tap water, and the tap water was ex-
changed until it became clear. The sections were then immersed in 
eosin stain for approximately 30 s. Repeatedly, the rack was trans-
ferred to a beaker with tap water, and the tap water was exchanged 
until it became clear. To dehydrate the sections, two cycles of 

MI =
pr,0.3
√

f0
(9)

ISPTA,0.3 = (PII0.3 ∕PDH) ⋅ PD ⋅ PRF (10)

PII0.3 =
1

104ρv ∫
t2

t1

p2
0.3
(t)dt (11)
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absolute alcohol immersion were performed, with each cycle last-
ing approximately 5 min. Following that, two cycles of xylene im-
mersion, each lasting 5 min, were carried out to clear the sections. 
Last, the sections were mounted using a resin- based mount-
ing medium.

Sirius red staining
The deparaffinization method was the same as that used for H&E 
staining. After that, Weigert’s hematoxylin solution was applied to 
the sections and left for 10 min, followed by rinsing the slides under 
running tap water for an additional 10 min. The slides were then 
subjected to picro- Sirius red solution staining for 1 hour. After a 
quick rinse with distilled water, the sections were immersed in ace-
tic acid solution for 1 min. The slides were vigorously shaken to 
remove most of the water. The dehydration method was the same 
as that used for H&E staining. Last, the sections were mounted us-
ing a resin- based mounting medium. All the necessary solutions 
were from the NovaUltra Sirius red stain kit (IW- 3012, IHC-
WORLD, USA).

IF staining of α- SMA
For immunostaining, all slides were deparaffinized, rehydrated, and 
antigen- retrieved using sodium citrate (pH 6.0). The sections were 
then incubated in blocking buffer consisting of 10% donkey serum 
and 0.2% Triton X- 100 (Sigma- Aldrich, St. Louis, MO, USA) in PBS 
for 1 hour at room temperature. Subsequently, the slides were incu-
bated with the primary antibody (Alpha SMA, Rabbit anti- Rat, 50- 
173- 6008, Proteintech Group Inc., USA) at a dilution of 1:100 from 
Cell Signaling Technology (Danvers, MA) overnight at 4°C. After sev-
eral washes with PBS, the slides were incubated with a fluorescent- 
labeled secondary antibody [Alexa Fluor 488 Goat anti- Rabbit IgG 
(H+L) Highly Cross- Adsorbed Secondary Antibody, PIA32731TR, 
Invitrogen, USA] for at least 1 hour at room temperature. Following 
staining, the slides were mounted with a fluorescent- enhanced mount-
ing medium containing 4′,6- diamidino- 2- phenylindole (DAPI) (Vec-
tor Laboratories, Burlingame, CA, USA). Images were captured using 
the Ultra viewer ERS dual- spinning disk confocal microscope (Perki-
nElmer, Waltham MA, USA) equipped with a C- Apochromat (Carl 
Zeiss, Thornwood, NY, USA) ×10 high dry lens, a C- Apochromat ×40 
water immersion lens with a numerical aperture (NA) of 1.2, and an 
electron multiplier charge- coupled device cooled digital camera 
(Hamamatsu 12- bit camera, PerkinElmer, Waltham, MA, USA).

Statistical analysis
All results are reported as the mean ± SD using GraphPad Prism 
version 5 (GraphPad Software Inc., San Diego, USA). The D’Agostino 
and Pearson omnibus normality test and Shapiro- Wilk normality 
test were performed to access whether the data can be assumed to 
describe a normal distribution. Since the normality tests yielded a 
positive result in this study, we assumed that our data represented a 
normally distributed population. To compare multiple independent 
samples, we conducted a one- way analysis of variance (ANOVA) 
test with a significance threshold of *P  <  0.05, **P  ≤  0.01, and 
***P ≤ 0.001 in the statistical analysis. Furthermore, Dunn’s adjust-
ment was implemented for adjusting the P values in more strict con-
dition to account for multiple comparisons. To examine the 
correlation between Young’s modulus of the liver in rats measured 
using BAUS- E and the histological results, the Spearman correlation 
test was used.
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