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Stretchable ultrasonicarraysfor the
three-dimensional mapping of the modulus
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Serial assessment of the biomechanical properties of tissues canbe used to
aid the early detection and management of pathophysiological conditions, to
track the evolution of lesions and to evaluate the progress of rehabilitation.
However, current methods are invasive, can be used only for short-term
measurements, or have insufficient penetration depth or spatial resolution.
Here we describe a stretchable ultrasonic array for performing serial
non-invasive elastographic measurements of tissues up to 4 cm beneath the
skin at aspatial resolution of 0.5 mm. The array conforms to human skin and
acoustically couples withiit, allowing for accurate elastographicimaging,
which we validated via magnetic resonance elastography. We used the device
tomap three-dimensional distributions of the Young’s modulus of tissues ex
vivo, to detect microstructural damage in the muscles of volunteers before
the onset of soreness and to monitor the dynamic recovery process of muscle
injuries during physiotherapies. The technology may facilitate the diagnosis
and treatment of diseases affecting tissue biomechanics.

The mechanical properties of humantissues are vital for the structure  regulation'>. Mostimportantly, the mechanical properties of diseased
and function of human physiological systems'. Frequent mechani-  tissues can often reflect pathophysiological conditions. The monitoring
cal characterizations of various organs allow timely evaluation of  of such properties can provide key information about disease progres-
tissue growth, metabolic state, immunologic function and hormone  sion, and guide intervention in a timely manner*”°. For instance, the
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stiffnesses of tumours are known to be different from those of healthy
tissues®. Additionally, insome tumours, changes in stiffness can occur
asthey grow in certain developmental stages’, and these changes can
happen quickly (Supplementary Fig.1aand Supplementary Note 1)*%%,
Frequentinspections of the stiffness of these tumours are required for
growth-stage assessment and therapy guidance'. Mechanical charac-
terization is also critical in the diagnosis and rehabilitation of many
musculoskeletal diseases and injuries. The monitoring of muscular
moduli enables more proactive screening of the area at risk (Sup-
plementary Fig. 1b)'*"*%. Surveillance of tissue moduli has also been
demonstrated to help with early detection and tracking of cardiovas-
cular diseases®?**. An ideal technology should provide non-invasive
and three-dimensional (3D) mapping of deep tissues with accurate
location, morphology and mechanical information”. However, exist-
ing methods are unable to address this critical need (Supplementary
Figs.2-5and Supplementary Note 2).

In this article, to fill this technological gap, we report a stretch-
able ultrasonic array with advances in device engineering and imag-
ing algorithms (Supplementary Note 3). With new microfabrication
protocols, we can achieve excellent transducer electromechanical
coupling. The coherent compounding imaging strategy enables accu-
rate displacement calculations, and therefore enhances elastographic
signal-to-noise ratio (SNR,) and contrast-to-noise ratio (CNR,) in the
entire sonographic window?. By solving aninverse elasticity problem,
we can derive quantitative modulus distribution, which is a leap for-
ward compared with the qualitative strain distribution obtained with
conventional quasi-static elastography” (Supplementary Note 4). We
show the reliability of this technology by testing on various artificial
phantom models and ex vivo biological specimens, with quantita-
tive validation by magnetic resonance elastography (MRE). In vivo
studies on delayed-onset muscle soreness shows that this technology
can track the recovery progress of muscular injury in a non-invasive
serial manner, providing therapeutic guidance. These results suggest
a convenient and effective approach to monitor tissue mechanical
properties, facilitating the diagnosis and treatment of many diseases
and symptoms.

Results

Working principle, design and fabrication of the device
Measurements by traditional rigid ultrasound probes may suffer from
poor acoustic coupling, because their rigid surfaces cannot accommo-
datethe curvilinear shape of the humanbody (Supplementary Note 5).
To solve this problem, we designed a stretchable ultrasonic array for
modulus sensing. Figure 1a shows the schematic working mecha-
nism of a16-by-16 array (for the detailed process, see Supplementary
Figs. 6 and 7 and Supplementary Movie 1). The array can conform to
andacoustically couple with the humanskin viaa type of silicone-based
couplant for high-quality imaging (Supplementary Fig. 5 and Sup-
plementary Note 5). After the array is activated, ultrasound waves are
sent into the tissue underneath the device. Scattering sources (for
example, tissue interfaces) can reflect the ultrasound waves, which
carry location information of these scattering sources. The reflected
waves are then received by the transducer elements in the array as
radiofrequency data. The collected radiofrequency data by each ele-
ment are then enhanced by receive beamforming (Supplementary
Fig.8). After that,~0.5-1% strainis applied to the tissue by quasi-static
uniaxial compression. The low strain ensures that the tissues exhibit
linear stress—strain behaviour—that is, their Young’s modulus does
not vary with load™. After compression, the maximum change in the
array’s pitchisonly 0.02% (Supplementary Fig. 9). Therefore, the asso-
ciated phase aberration is negligible for both transmit and receive
beamforming, especially for deep-tissue inspections (Supplementary
Note 6 and Supplementary Figs. 10 and 11). As a result, we can use the
same time-delay profile for both post- and pre-compression receive
beamforming (Supplementary Note 6). Anormalized cross-correlation

algorithmis used to compare the radiofrequency databefore and after
compression, and calculate the displacements of the scattering sources
with high sonographic sensitivity and accuracy (Supplementary
Note 7 and Supplementary Fig.12a,b)***°, Aleast-squares strain estima-
torisused to transform displacements to strain while minimizing pos-
sible fluctuations (Supplementary Note 8 and Supplementary Fig.12)"".
Agraphicaluserinterface that consists of real-time display windows and
control panelsis designed for locating the device and quantifying the
compression tothe subject (Supplementary Note 9 and Supplementary
Fig.13). Aninverse elasticity problem s solved to quantify the modulus
distribution inside the tissue (Supplementary Note 10).

We choose acentre frequency of 3 MHz to balance the requirement
of high spatial resolution® and frequency-dependent linear attenua-
tion of ultrasound waves in tissues®. The characterized mean resonant
and anti-resonant frequencies show small standard deviations, indicat-
ing the consistency across the entire array (Fig. 1b). Given the corre-
sponding ultrasound wavelength of ~-500 umin soft tissues, we choose
apitch of 800 pm that is suitable for generating wave convergence™,
producing high-quality images and minimizing crosstalk®. The pitch
is altered upon conformation to a curvature. However, in this study,
we continue using the initial planar pitch of 800 pmin the beamform-
ing of acurved surface, due to the negligible changes of no more than
0.003% in the pitch within the adoptable curvature range of the array
(Supplementary Note 11and Supplementary Fig. 14). Ascalable method
isused toalign the backing material and the transducer elements, which
enhances the fabrication throughput and performance consistency,
and avoids potential phase aberrations (Supplementary Fig. 15 and
Methods)**¢. To individually address the 256 elements, six layers of
activation electrodes and one layer of commongroundinaserpentine
shape are transfer-printed and routed to the same plane by vertical
interconnect accesses (Supplementary Figs.16-18). Alow-temperature
bonding technique is used to preserve the high electromechanical
coupling coefficient of the 256 elements (average 0.64, Fig. 1b inset),
with performance comparable to elements in commercial ultrasound
probes (0.58-0.69) (ref. 37). The 0.022 of average dielectric loss of the
array indicates the energy consumption caused by transducer heating
isminimal (Supplementary Fig. 19). The time- and frequency-domain
characterizations of pulse-echo response show ~50% bandwidth (Sup-
plementary Fig.19 and Methods).

Because of the well-designed pitch, the suppression of shear vibra-
tions by the 1-3 composite, and the damping effect of silicone elasto-
mer between the elements, crosstalk between the elements is below
the standard -30 dB (Fig. 1c). Amatching circuit effectively reduces the
insertion loss to 16.98 dB at the resonant frequency (Supplementary
Fig. 20), comparable to a commercial probe (17 dB) (ref. 38). The low
insertion loss leads to excellent sonographic sensitivity (Fig.1d), which
is pivotal for modulus imaging®. The high-performance 1-3 composite
material, together with the new fabrication protocol and effective
matching circuit, results in an average sonographic signal-to-noise
ratio of 39 dB, comparable toacommercial probe (41 dB) (ref.39). The
standard deviation of the sonographic signal-to-noise ratio measured
underwater for 2 weeks is small (0.87 dB), because of the excellent
waterproof property of the encapsulating silicone elastomer (Sup-
plementary Fig.21). The device can be reversibly deformed in various
modes (Fig. le-g). The maximum biaxial stretchability of the device
without affecting its electromechanical properties is~40%, indicating
itsreliability for skin integration (Supplementary Figs. 22 and 23)*°.

Strategies for elastography

To determine the transmission mode for elastography, we simulated
two-dimensional (2D) strain distributionsin a bilayer phantom under
three different transmission modes: single plane wave, mono-focus
and coherent plane-wave compounding (Supplementary Fig. 24),
and then analysed the SNR, and CNR,, the two most critical metrics
for modulus mapping (Supplementary Notes 12 and 13)*.. Among the
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Fig. 1| Working principle, design and fabrication of the stretchable
ultrasonicarray. a, Schematics of the stretchable ultrasonic array laminated
onasoft tissue. The device consists of a16-by-16 array of transducer elements
connected in-parallel by a seven-layer electrode and encapsulated with
waterproofand biocompatible silicone elastomer. The exploded view of each
elementisin Supplementary Fig. 6, showing the structure and components of
the element. This layout allows activation of each element individually with a
particular time-delay profile and capture of the reflected echoes from scattering
sources, pre- (left) and post-compression (right). The beamformed pre-and
post-compression signals are cross-correlated to derive the displacement,

Twist and stretch

2mm

strain and modulus fields. ACF, anisotropic conductive film. b, Resonant
frequency, anti-resonant frequency and calculated effective electromechanical
coupling coefficient (K) distribution (inset) of the 256 elements. ¢, Evaluation
of the crosstalk between two adjacent elements and two alternate elements.

d, Insertion loss of the transducers with and without the matching circuit. The
insertion loss has aminimum value at the resonant frequency because of the
maximum electrical power generated by the echoes. e-g, Optical images of the
device whenbent (e) or wrapped (f) on complex-shaped surfaces, and twisted
and stretched (g), showingits mechanical compliance and robustness.

three modes, the single plane wave mode produces the lowest SNR,
and CNR,, because of the low transmission energy from non-focal
scanning (Fig. 2a). The mono-focal mode provides better SNR, and
CNR,, but onlyinregions near the focal point. The coherent plane-wave
compounding mode consists of a series of single plane waves at dif-
ferent transmission angles, and these steered frames are coherently
integrated to reconstruct a multi-angle compounding image, with
multiplexed signal intensities across the entire region (Supplementary
Note13). Theresulting SNR. and CNR, levels are substantially enhanced

inallregions®. The performance of the compounding strategy highly
depends onthestep size and the number of the steering angles. In this
work, we used 19 steering angles and astep size of 1°, which were found
in experiments to give the best elastographic image quality (Fig. 2b,c
and Supplementary Figs. 25 and 26).

Ahigh SNR.is critical for high-quality elastographicimaging. The
SNR. isinfluenced by the magnitude of applied strain and the normal-
ized cross-correlation coefficient (NCC), which reflects the similarity of
the radiofrequency signals before and after compression. The smallest
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Fig.2|Strategies for elastography. a, Simulations showing the SNR.and CNR,
ofthe coherent plane wave compounding, mono-focus and single plane wave
transmission modes in a bilayer phantom. These data are extracted at seven
different depths along the central line of strainimages in Supplementary Fig. 24.
b, The SNR, as a function of the step size of the steering angle. Inset is a schematic
diagram showing the process of compounding: a set of plane waves are
transmitted with different steering angles and a final compounded image is built
by coherently adding allbeamformed images. ¢, The SNR. and reconstruction

Lateral distance (mm)

Modulus contrast (dB)

time with different numbers of steering angles. d, The SNR. and NCC as a function
of applied strain. In NCC, data were normalized by the product of the standard
deviations of pre- and post-compression signals. The shaded area with>0.8 NCC
by a-3 dBstrain filter shows the dynamic range. e, Lateral and axial resolutions of
the stretchable ultrasonic array based on the FWHMs of PSFs. f, Quantification of
the contrast resolution based on the relationship between the CNR. and modulus
contrast of phantoms.

detectable strain with an SNR, of 6 dB is 0.0125%, which indicates the
high elastographic sensitivity of the stretchable array (Fig. 2d). At low
strainlevels, the displacement signals are small, so the relatively large
intrinsic electrical noise in the radiofrequency signals leads to large
deviations in the elastographic images and thus a low SNR.. As the
appliedstrainincreases, the displacement signals increase proportion-
ally, while the intrinsic electrical noise remains relatively constant,
leadingto anincreaseinthe SNR.. The SNR.becomes the highest at 1%
strain. Beyond 1% strain, the radiofrequency signals distort in shape
and amplitude®, resulting in asharp fall in the NCC and therefore SNR,
(Fig. 2d). The dynamic range (that is, the strain range with high SNR,)
is determined by a -3 dB cut-off from the maximum SNR,, which is
~0.36-2.34% in this work, corresponding toaNCC >0.8.

Both spatial resolution and contrast resolution are critical for
elastographic imaging®. To characterize the spatial resolution, we
imaged the modulus distribution and extracted the lateral and axial
transition edges of aninclusion phantom (Supplementary Fig.27 and
Methods). The first derivatives of the modulus distribution yield the
point spread functions (PSFs) (Supplementary Fig. 28), whose full
widths at half maximum (FWHMs) are used to estimate the elasto-
graphic spatial resolutions®, which are determined to be 0.56 mm in
thelateraland 0.50 mminthe axial directions (Fig. 2e). Because of the
synthetic focusing effect of the coherent plane-wave compounding
mode, the spatial resolution remains high and consistent at different
locations across the entire imaged region®.

Similar to the spatial resolution, the contrast resolutionis defined
asthe modulus contrast with a corresponding CNR, of 6 dB. To quantify
the contrast resolution, we perform tests on bilayer phantoms, com-
posed of two homogeneous gelatin phantoms with different elastic
moduli. Themodulus of each layeris within~10-100 kPa, covering the
modulus range of all typical healthy and diseased tissues (Supplemen-
tary Fig. 29)**, which creates an interfacial modulus contrast ranging
from1.79 dBt015.94 dB. The CNR,, determined by the ratio of the strain

contrast to the standard deviation of strain distribution, decreases
as the modulus contrast becomes lower (Fig. 2f and Supplementary
Note 12). Logarithmic curve fitting, with a coefficient of determina-
tion >0.98, demonstrates the reliability of the experimental results
(Supplementary Note 12)*’. The contrast resolution of the device is
determined tobe~1.79 dB (that is, amodulus ratio 0of 1.22).

Characterizations on phantom models

Following the clinical practice for tumour screening and diagnosis, we
used four types of phantom to simulate different pathological tissue
environments (Supplementary Fig. 27)*>*: aone-dimensional phantom
consisting of two layers with different Young’s moduli, which mimics
muscles with an area of disease or injury™"; a 2D phantom consisting
of a cylindrical cavity filled with fluid, which simulates cysts that fre-
quently appearin central organs*®; a2D phantom with a solid cylindri-
calinclusion; and a commercial 3D breast phantom with a spherical
mass. The last two phantoms mimic tumours and nodes with various
morphologies in the breast". Young’s moduli of all components have
been characterized by either standard apparatus (for customized
phantoms, Supplementary Fig. 29) or a clinical ultrasound machine
(for the commercial phantom, see Supplementary Fig. 30). Many
masses (except for the cyst phantom) have materials and constitu-
ents, and thus acousticimpedances, similar to the surrounding tissues.
Thus, they exhibit ahomogeneous echogenicity and a minimal sono-
graphic contrast that can be hardly distinguished by B-mode imaging
(Fig. 3a—d, first column)*5*°,

The tests on phantom models focus on the axial displacement
fields (Fig.3a-d, second column). Compared with the lateraland eleva-
tional displacements, the axial displacements canreflect the movement
of each scattering source more accurately, because it is parallel to the
direction of ultrasonic wave transmission’. The strain is higher when
the modulus of the component is lower (the third columnin Fig. 3a-d
and Supplementary Note 8). Acommon practice for computing strain
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by acommercial ultrasound probe are shown in the first column. Displacement
fields estimating the motion of each scattering source in the phantoms during
compression are shown in the second column. The ultrasonic array’s position

is defined as the origin. Corresponding strain distributions are shown in the

third column. Solving the inverse elasticity problem with the displacement
distributions yields quantitative modulus contrasts, shownin the fourth column.

isto take the spatial derivative of the displacement field”, which ampli-
fies small unphysical fluctuations in the displacement field (Supple-
mentary Fig. 12). To remedy this problem, we applied a least-squares
strain estimator with a piecewise linear curve fitting method, which
allows us to calculate the 2D strain distributions while smoothing
unphysical fluctuations (Supplementary Fig.12)*%. The resulting strain
distributions clearly reveal the inclusion. An exception is the cyst
phantom, whose strain distribution map has ablue (B)-green (G)-red
(R) region (Supplementary Figs. 31and 32), asignature of cysts that has
been used clinically to distinguish between cystic and solid lesions***>,
We reconstructed 3D strain images of the phantoms by integrating

16 cross-sectionalimages obtained by the array. The 3D imaging results
match those of a commercial ultrasound probe with a similar centre
frequency (2.8 MHz) (Supplementary Figs.33-36 and Supplementary
Note 14). The measurements are highly reproducible, reflecting the
reliability of the stretchable array (Supplementary Fig. 37).
Straindepends on applied loads, and thus strain mapping can be
subjective and operator dependent. Additionally, strain maps can-
not faithfully reveal quantitative modulus information if the load is
non-uniform®*. To avoid these issues, we quantify the spatial distri-
bution of the shear modulus by solving an inverse elasticity prob-
lem®. Specifically, we formulate the inverse elasticity problem as a
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constrained optimization problem. The objective is to seek a shear
modulus distribution that produces a predicted displacement field
that both satisfies the equilibrium equation of the 2D linear elasticity
model*® and matches the measured displacement field. We solve the
optimization problem by a gradient-based minimization approach
and compute the gradient efficiently using the adjoint method
(Supplementary Fig. 38)*. The Young’s modulus is three times the
shear modulus®”*%, For a measured displacement field, the derived
modulus distribution can be accurately determined. Note that the
non-uniform external compressions do notinfluence the reconstructed
modulus distribution because the inverse approach does not assume
auniformstress field to agiven cross-section (Supplementary Note 10
and Extended Data Fig. 1).

The modulus distribution maps visualize the morphology of the
internal structures, which accurately match the design (the fourth
column of Fig. 3a-d). Shadowing artefacts, usually caused by inclusions
(Supplementary Fig. 39), do not appear in the mapping results here,
because of the high transmission energy of the coherent compounding
method and the excellent sonographic sensitivity of the stretchable
ultrasonic array. The mean modulus contrasts between the stiff and
soft components of the bilayer, inclusion and breast phantoms are 1.94,
1.50and 2.21, with a difference of 4.59%, 6.81% and 12.78%, respectively,
from those obtained by a standard apparatus. Note that, for the cyst
phantom, the acquired values indicate only that the stiffness of the
cyst is much lower than that of the surrounding matrix, and do not
represent the exact modulus ratios (Supplementary Note 15)*. There
is a slight underestimation of modulus contrast in all cases because
the total variation regularization used to solve the inverse elasticity
problem tends to sacrifice the contrast to generate less noisy images
(Supplementary Fig.40). The overall >87% accuracy of the results here
iswell above the average accuracy of 80% in the literature”, because of
the outstanding transducer performance and the advanced coherent
compounding approach.

Validation and serial monitoring on biological tissues

We validated the 3D imaging performance of the stretchable array
against MRE on 4-cm-thick, multi-layered porcine abdominal tis-
sues®. Each1x 16 linear array in the ultrasonic patch can map a 2D
cross-sectional displacement field and the corresponding modulus
distribution (Supplementary Fig. 41). A 3D elastographic image is
reconstructed by integrating 16 slices of modulus maps with a 0.8 mm
pitch (Fig. 4a), with an average discrepancy between the measured
and predicted displacement fields of 3% (Fig. 4b and Methods). The
3D image illustrates the heterogeneous nature of the soft tissue. The
same porcine abdominal tissue is then measured by MRE (Fig. 4c and
Methods). The volumetric mapping result from the stretchable array is
highly comparable to that from MRE inboth morphology and modulus
distribution. The average measured modulus contrasts of transversus
abdominis muscle, obliquus internus abdominis muscle, fascia and
intermuscular fat are approximately 1.92:1.67:1.30:1 by the stretch-
able array, and 2.26:1.83:1.46:1 by MRE; both are comparable to those
in the literature®>®,

A method for serial surveillance needs to be stable for long-term
reproducibility, with a high sensitivity for picking up dynamic changes
in the target tissue. A longitudinal study is carried out by testing a
commercial phantom with the stretchable ultrasonicarray and acom-
mercial probe over 8 weeks. We compared the strain contrast between
the mass and matrix measured by the two methods and conducted
Bland-Altman analysis. All data points are within 95% confidence inter-
val, showing excellent agreement between the stretchable array and
the commercial probe. Additionally, a small bias error of 0.02 shows
the high accuracy of the stretchable array and a small precision error
of 0.09indicates the stability of the device for repeated measurements
over the long term (Fig. 4d and Supplementary Fig. 42). To test the
elastographic sensitivity of the stretchable array, we measure a piece

of bovine gluteobiceps muscle®* under controlled unilateral heating as
itsmodulus gradually increases (Supplementary Fig.43). The measure-
ment lasts for 165 min. The results clearly show that, before heating, the
tissue hasalow modulus across the entire depth (Fig. 4e). When heated
fromthe bottom, theregion of the tissue close to the heat source starts
to stiffen, because the actin in the myofibrils becomes firmand short,
expellingliquid and making the structure dense®. As the heating con-
tinues, the high-modulus region gradually grows, while the boundary
between the high- and low-modulus regions remains clearly defined.
These recordings demonstrate the capability of the stretchable array
for serial monitoring of deep tissue mechanics.

Multi-site mapping of the human body

In vivo measurements can further illustrate the clinical value of the
stretchable ultrasonic array. Multiple sites on the human body where
muscleinjuries usually happen are selected in this study (Supplemen-
tary Note 16 and Supplementary Fig. 44). Figure 5a-d shows the results
of strain mapping within4 cm depth fromthe lateral side of the shoul-
der joint (Fig. 5a), the anterior forearm (Fig. 5b), the anterior thigh
(Fig. 5c) and the posterior calf (Fig. 5d) with the anatomies labelled,
juxtaposed with the corresponding B-mode images acquired by a
commercial probe. The stretchable array can effectively resolve the
mechanical properties of various tissue components (Supplementary
Figs.45and 46).

Testing on ten more volunteers confirmed the feasibility and
reliability of the stretchable ultrasonic patch (Supplementary
Note 16 and Supplementary Fig. 47). To verify the reliability of this
device, we performed intra-session and inter-day testing on six par-
ticipants® (Extended Data Fig. 2). To quantitatively evaluate those
results, we calculated the mean values of the biceps brachii region in
the strain images and used a two-way mixed-effect model®’ to derive
theintraclass correlation coefficient®” and standard error of measure-
ment® (Supplementary Table1), which indicate excellent relative and
absolutereliabilities®®, respectively, of using the stretchable ultrasonic
device for mapping deep-tissue modulus.

Serial surveillance of delayed-onset muscle soreness
Over-exercise introduces injuries to the musculoskeletal system, associ-
ated with damages in the sarcolemma and others®. These disruptions
lead toinflammation, stiffnessincrease and functionimpairment of the
tissues®. Very often, the sensation of soreness does not occur until a
few days later’®. The delayed onset of body responses precludes timely
treatments, and the injury often gets neglected and worsens. There are
several studies that have reported modulus variation of the muscle after
the eccentric exercise'”"”>. However, the initial test was performed1h
after the participants had exercised, while by that time, muscle dam-
age might have already occurred, making it impossible to pinpoint
the exacttime of theinitial muscle damage. Additionally, the modulus
changes were only sporadically tested over a period”, which was easy
to miss the turning point in the change of the muscular modulus and
failed to offer accurate trends of muscle recovery. Additionally, serial
evaluation of the tissue can guide the rehabilitation strategy”"2. MRE
is often used to evaluate the tissue stiffness to diagnose any injuries””2,
However, MRE is not viable for long-term testing, due toits large size,
limited availability and high cost.

Thesstretchable ultrasonic array addresses these needs. A healthy
volunteer was selected to perform eccentric elbow joint exercise to
develop delayed-onset muscle soreness’” (Fig. Se, Supplementary
Fig. 48 and Supplementary Note 17). Before exercise, well-defined
anatomic components of the upper armcanbe visualized in3D (Supple-
mentary Figs. 49 and 50). After exercise, the muscles are either allowed
to recover naturally, or treated with massotherapy or hyperthermia.
In all experiments, the normalized modulus contrast of the biceps
brachiiis surveyed every day for 5 days to track the dynamic recovery
process. Meanwhile, the intensity of the soreness is evaluated on the
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Fig.4 | Validation and serial monitoring on biological specimens.

a, A3D quantitative elastographic image of a porcine abdominal tissue by the
stretchable ultrasonic array. In the tissue, two muscle layers intersect with the
intermuscular fat, and the fascias are embedded in the transversus abdominis
muscle. The 3D elastogram embodies homogeneous, lower modulus fat layers
made of glycerol and fatty acids molecules, and relatively heterogeneous
muscle groups with higher modulus made from criss-crossing and confluence
fibres. b, The average 3% discrepancy of the 16 pairs of measured and predicted
displacement fields, with a high degree of correspondence between the
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reconstructed mechanical model by solving the inverse elasticity problem and
the experimental conditions, suggesting a robust foundation for yielding the
accurate modulus distributions. ¢, A3D MRE image of the porcine abdominal
tissue. d, Bland-Altman analysis of the strain contrast of acommercial breast
phantom for 8 weeks. Each data point represents the difference in the measured
strain contrasts between the stretchable ultrasonic array and the commercial
probe. e, Time-dependent stiffness variation of a piece of bovine gluteobiceps
muscle under controlled unilateral heating.

basis of the pain visual analogue scale' (Supplementary Fig. 48). Wear-
ing the devicelhperdayfor5 days does notinduce any skinirritation
(Supplementary Fig. 51).

Figure 5fshows the monitoring results, where normalized modulus
contrast (top) and soreness intensity score (bottom) of each measure-
ment are collected. The modulus of biceps brachii increases within
20 min after the exercise due to the muscle contractureinduced by sar-
colemmal disruption (Supplementary Note 17)"""2. However, the sensa-
tion of soreness does not arise until 1 day after exercise (Supplementary

Note 17)”*. As more time goes by, sarcolemmal disruption continues,
and the muscle modulus keeps increasing. Meanwhile, the circula-
tion system delivers supplies to repair the sarcolemma, and eventu-
ally tissue modulus drops (Supplementary Note 17)”°. During natural
recovery, the muscle modulus continues toincrease for 2 days before
dropping. When physiotherapies are applied, the increase sustains
for only 1 day, with lower maximum moduli. The intensity of soreness
has alatency but evolvesinatrend similar to the modulus. The experi-
ments have been performed on more participants, and the results are
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Fig. 5| Multi-site mapping and serial surveillance of delayed-onset muscle
soreness in human. a-d, Optical images, B-mode images and corresponding
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anterior thigh (c) and a posterior calf (d). Key anatomical structures are labelled
inthe strainimages. e, Schematics showing the exercise and physiotherapy
protocols. f, Serial monitoring results of normalized modulus contrast and
soreness intensity of the biceps brachii muscle before and after the eccentric
exercise. We map the modulus distribution of the muscle and then calculate the
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60

similar (Extended Data Fig. 3). Blood cannot circulate well through
the injured myofibrils, leading to involuntary tremors of the muscle
during testing’, which induces variations in the measured modulus

results. The coefficient of variation, defined as the ratio of the standard
deviation to the mean, is smaller for physiotherapies than that of the
natural recovery (Fig. 5g). These findings show the quicker healing
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pace of physiotherapies compared with natural recovery (Supple-
mentary Note 18). The stretchable ultrasonic array demonstrates the
feasibility of effectively monitoring the tissue stiffness under different
muscle conditions.

We expand the sample size and use maximal voluntary contrac-
tion, astandard clinical approachto evaluate muscle activity”’,as acom-
parator to quantify the degree of the muscle damage after eccentric
exercise (Supplementary Note 16). Thereis anotable drop in maximal
voluntary contraction torque after doing the exercise followed by a
gradual increase, which indicates the process of muscle damage fol-
lowed by recovery (Extended Data Fig. 4)®. This trend corresponds
to that of the modulus contrast variation, showing the reliability of
the stretchable ultrasonic array to detect muscle activity (Extended
Data Fig. 4). Pvalue is the probability of one result equalling another
under the assumption that the null hypothesis is correct. P values of
both methods are all much less than 0.001, which further confirm
this conclusion.

Discussion

The stretchable ultrasonic array can perform serial, non-invasive 3D
mapping of the mechanical properties of deep tissues, which has not
been realized by any existing devices. The array has high SNR,, CNR,,
spatial resolution and contrast resolution, which can be attributed to
the strategic array design, new microfabrication techniques and the
effective ultrasound transmitting mode. Solving the inverse elastic-
ity problem provides accurate and reliable quantitative information
of modulus distribution in a 3D tissue. The stretchable ultrasonic
array can detect muscle injuries before the subject’s own feeling, and
therefore enable timely intervention to prevent cumulative trauma
disorders. Moving beyond muscle injuries, this technology has the
potential to monitor the size and modulus of tumour in real time and
inform therapeutic decisions, providing a new profiling method for
both fundamental oncology research and clinical practice. Collectively,
these findings demonstrate that the stretchable ultrasonic array is
complementary to existing clinical monitoring modalities and can be
used as a unique enabling technology for quantitatively sensing and
treating many deep-tissue conditions.

Future developments may leverage advanced lithography, dicing
and pick-and-place techniques to further optimize the array design
and fabrication, which canreduce the pitch and extend the aperture to
achieve a higher spatial resolution and abroader sonographic window.
Additionally, the stretchable ultrasonic array is currently wired for
data and power transmission. Those back-end tasks, undertaken by a
desktop-based interfacing system, such as electronic control, pulser
andreceiver, and data processing, canbe achieved by a flexible printed
circuit board. With the advent of lower-power integrated circuits and
flexible lithium-polymer battery technologies, we envision the entire
hardware tobe fully portable while maintaining its high performance.

Methods

Fabrication of the stretchable ultrasonic array

Thefabrication of the stretchable ultrasonic array begins with prepar-
ing the multi-layered activation electrodes. To individually control
each element of the array, 256 activation electrodes and 1 common
ground are needed. It would be very challenging to place so many
electrodesinasinglelayer while keeping the device layout compact and
stretchable. We choose to integrate the electrodes in a multi-layered
manner’’. We use AutoCAD software to design the six layers of the acti-
vationelectrodestoindividually address eachelement (Supplementary
Fig. 16), which minimizes the footprint of the entire device to a size
much smaller than the stretchable ultrasonic device in our previous
work®®. The pitch of the array is shrunk from the previous 2 mmby 2 mm
tothe present 0.8 mmby 0.8 mm, and the kerfalso hasbeen decreased
fromthe previous 0.8 mmto the present 0.2 mm, which enhances the
active component density from the previous 39.06% to the present

58.05%. Toroute all elements to the same plane, vertical interconnect
accesses based on laser ablation are adopted”.

For each single element, we use 1-3 composite as the active
material given its superior electromechanical coupling properties,
appropriate acousticimpedance®, and suppressed crosstalk between
adjacentelements®. We choose silver-epoxy composites as the backing
material. To make the backing layer more condensed and reduce the
overall device thickness (-0.8 mm), uncured silver-epoxy mixture is
centrifuged for 10 minat 3,000 r.p.m, which separates the extraliquid
hardener, removes air bubbles in the silver-epoxy and improves the
acoustic damping effect and the axial resolution.

Thearray withsuchasmallfootprintand large scale requires opti-
mized fabrication techniques. We develop anew method of automatic
alignment of the transducer elements to the bonding electrodes. We
first bond a large piece of the backing layer to the 1-3 composite and
then dice the bonded bilayer to the designed array configuration. A
strong adhesion tape is used to fix the bilayer without delamination
during dicing by the dicing saw (DAD3220, DISCO). The 2D array with
designed element size and pitch is automatically formed. To prevent
the array from tilting or moving when the array is bonded to the elec-
trodes, asilicone elastomer (Ecoflex-0030, Smooth-On)isfilled in the
kerfand connectsindividual elements together.

Then conductive epoxy (Von Roll 3022 E-Solder) is used to bond
the copper-based stretchable interconnects with the 1-3 compos-
ite. The device is put at room temperature for 8 hand at 40 °C for2 h
for tight bonding. High-temperature bonding in previous studies®**
generates serious damages to piezoelectric materials. First, dipoles
inthe piezoelectric materials are lost under high temperatures, which
seriously damagesits ability to transmit and receive ultrasonic waves,
causing low signal-to-noise ratios of measurements. Although the
dipoles can be re-aligned after applying an external electric field,
the polarization is very time consuming. Additionally, an excessive
electrical field will break down the piezoelectric element®. Second,
high-temperature bonding will cause thermal damage to the epoxy in
1-3 composites. It softens and irreversibly deforms the epoxy so that
the alignment of piezoelectric pillarsin1-3 compositesis reduced. As
aresult, their electromechanical coupling performance decays. The
low-temperature bonding method in this study avoids thermal dam-
age of the epoxy and any possible depolarization of the piezoelectric
materials in the 1-3 composite, which maximizes the piezoelectric
performance of the elements. Before bonding the other electrode to
the transducer array, the interface between the transducer array and
the dicing tapeis exposedto UV light (254 nm wavelength, PSD series
Digital UV Ozone System, Novascan) for 10 min for surface de-adhesion.
Then the array can be delaminated from the tape and bond with the
other electrode using the same method.

Preparation and mechanical characterization of phantoms
The tissue-mimic phantoms are made by gelatin (Type A, Fisher Chemi-
cal) and silicon dioxide particles (325 mesh, Amazon) with different
concentrations. We control the Young’s moduli of the phantoms by
tuningthe concentration of gelatinin water. Concentrations of gelatin
including 5%, 7%, 8%, 9%, 10%, 12%, 13% and 14% are selected, and the
corresponding Young’s moduli are 10.24 kPa, 21.82 kPa, 30.41 kPa,
39.66 kPa, 49.12 kPa, 64.27 kPa, 81.25 kPa and 99.89 kPa, respectively.
As shown in Supplementary Fig. 27, gelatin is added into boiling
de-ionized water. 1-Propanol (Sigma-Aldrich) is dropped into the solu-
tion (9.2 g per 100 g de-ionized water) to facilitate the crosslinking of
gelatin. Silicon dioxide particles (3% mass fraction of allingredients) are
addedintothe solution after the solutionbecomes clear. The particles
serve as the markers for displacement tracking. After thorough mixing
for 10 min, the suspension is poured into specific molds for cooling.
When we make the bilayer phantoms for measurements of CNR, and
those in Fig. 3a, the bottom layer is cured into a cuboid geometry
first and then the suspension of the second layer is poured and cured
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on the cuboid. Before pouring, the solution needs to be cooled to
~40 °Cto prevent melting and osmosis of the bottom phantom by the
hotsolution®.

The process of making the cyst and inclusion phantoms is different
from making the bilayer phantom. To build a cylindrical cavity in the
matrix, atube witha 9.2 mmouter diameter isinserted into the uncured
matrix solution. The tube is then removed after the matrix is cured.
Solution or water is filled into the cavity to form the inclusion or cyst.

To calibrate the phantom modulus, eight pieces of homogeneous
phantoms, including all concentrations of gelatin, are made. Compres-
sive measurements are performed to characterize the Young’s modulus
of each component (Instron 5965). The testing rate is 0.05 min™, and
the total compressive strain is ~2%. In this region, the phantoms obey
thelinear stress—strain behaviour and the Young’s moduliare the slopes
of the stress—strain curves (Supplementary Fig. 29).

Characterization of the device

We measure the frequency-dependent electricalimpedance and phase
angle curves following the conventional methods to characterize the
electromechanical coupling performance of the ultrasound transduc-
ers (Fig. 1b). A network analyser (Hewlett-Packard 4195A) is used to
dothetestingwith afrequency range of 1 MHz to 5 MHz. The effective
electromechanical coupling coefficient K, evaluates the electrome-
chanical conversion efficiency of the transducer, which canbe derived
on the basis of the resonant (f;) and anti-resonant (f,) frequencies of
the transducers®:

2

Kep =125 1
eff P ()
Crosstalk is characterized by calculating the ratio between the
measured and reference voltages. A peak-to-peak voltage of 5 Vunder
asinusoid burst mode is applied by a function generator (Keithley
3390) to excite the element. The reference voltage signal received by
neighbouring elements is collected with a frequency increment step
of 0.2 MHz. The voltage ratio is transformed to the logarithmic scale.
Insertion loss is used to reflect the sonographic sensitivity of the
transducer, and these two variables are inversely proportional. The
measurement is done in water using a functional generator with an
outputimpedance of 50 Q and an oscilloscope (Rigol DS1104) inal1MQ
couplingmode. Atoneburst of asine wave from1.5 MHz to 4.5 MHz is
generated to excite the element, and the ultrasound echoes reflected
from a quartz crystal are captured by the same element. After com-
pensating the1.9 dB energy loss of transmitting into the quartz crystal
and 2.2 x10™*dB mm™ MHz?loss due to the attenuation in water®, the

insertion loss can be calculated by

Insertion loss = |20 log % +1.9+22x107* x 2d x f? ()
t

where V, and V, are the receiving and transmitting voltages, respec-
tively, dis the distance between the transducer and the quartz crystal,
and f, is the resonant frequency®. The matching circuit substantially
improves the received signal amplitude, yielding a high sonographic
sensitivity of the transducer (Fig. 1d and Supplementary Fig. 20).

To characterize its waterproof performance, the device is put
underwater for 2 weeks (Supplementary Fig. 21). Pulse-echo signals
are collected every day to analyse the variation in the sonographic
signal-to-noise ratio. During the measurements, the transmitting
distance and the ultrasound incident angle are kept consistent all the
time to ensure the accuracy of the testing results.

Thetime- and frequency-domain characterizations of pulse-echo
response and bandwidth are shown in Supplementary Fig. 19b,c. An
experimental setup, including amulti-channel control system (Verason-
ics256) and analuminiumblock, is used to obtain the raw data. We put

the aluminium block into water and ultrasonic waves are transmitted
and received by the same transducer element. After getting the radi-
ofrequency signal, a fast Fourier transform is applied to convert the
signals from the time domainto the frequency domain. The frequency
bandwidth of the signals at -6 dB is determined by

BW =’¥ x 100% (3)

C

where f, is the upper frequency, f; is the lower frequency and f. is the
central frequency®'. The signal-to-noise ratio of the transducer ele-
ment canbe calculated from Supplementary Fig.19b, whichis around
39 dB. Such a high signal-to-noise ratio is mainly attributed to the
superior electromechanical coupling properties of the 1-3 composite,
the low-temperature bonding technique and the electrical matching
circuit. The bandwidth of the element is around 50% (Supplementary
Fig.19¢), which still has room to improve. The relatively thin backing
layer cannot completely dampen the excessive vibrations of the piezo-
electric materials, leading to a long spatial pulse length. However, a
thick backing layer willcompromise the mechanical compliance of the
device. Therefore, futureimprovements will focus on the development
of new backing materials with high acoustic attenuation coefficients®*
while maintaining a small thickness of the backing layer.

The spatial resolution is characterized on the basis of the PSF of
the transitional edges of an inclusion phantom®. The modulus dis-
tribution curves along the lateral and axial transition edges (that is,
edges between the inclusion and matrix that are perpendicular and
parallel to the ultrasound propagation direction, respectively) are
extracted from the reconstructed 2D modulus mapping image (Sup-
plementaryFig.28). Then we apply the first derivative of the modulus
distribution curves to derive the PSF, whose FWHM is defined as the
spatial resolution.

Simulation of differentimaging modes

The MATLAB software allows simulation of the three different
ultrasound imaging modes: coherent plane-wave compounding,
mono-focus and single plane wave. Amodel of 2 cm by 5 cmis built up
for the simulations, where abilayer structure with random pointsfilling
theentireregionissetup. Here1.5% and 0.5% of strain are added to the
top and bottom layers with different moduli, respectively, and a new
model withacompressed configurationis generated. Then, ultrasound
waves are excited using the three transmission modes. Corresponding
radiofrequency signals from pre- and post-compression are collected.
Thetoolbox of MATLAB, Field I, isused to simulate the radiofrequency
signals. These radiofrequency signals are beamformed to enhance the
signal-to-noiseratio. Displacement fields are derived using the normal-
ized cross-correlation algorithm. Finally, the spatial strain is mapped
usingtheleast-squares strain estimator (Supplementary Figs. 7 and 24).

System setup and data collection

Our imaging system is mainly composed of two parts: the front end
and the back end. The stretchable ultrasonic array as the front-end
device transmits and receives ultrasound waves. The back-end device
is a commercial multi-channel controller (Verasonics Vantage 256
system) that can be programmed to generate an arbitrary waveform.
Cables are used to connect both ends for power supplying and data
transmission. The MATLAB software (MathWorks) is used to code to
control the back-end hardware and drive the front-end stretchable
patch, involving the processes of plane wave compounding excitation,
echosignals collection and storage, and data processing. Asshownin
Supplementary Fig. 7, two receive buffers are designed by MATLAB
to collect and store the radiofrequency signals. The first and second
receive buffers are used to store the radiofrequency signals before and
after compression, respectively. Then these stored radiofrequency
data are retrieved and processed to form the displacement fields.
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For the in vivo data collection, all human tests were approved under
University of California, San Diego Institutional Review Board protocol
801085, which was obtained retrospectively due to the delays caused
by coronavirus disease disruptions.

Phantom verifications by the commercial probe and ex vivo
testing protocols

The commercial probe for verifying and reconstructing the 3D phan-
tomimagesisa 64-element phased array transducer (P4-2v, Verasonics)
with 2.8 MHz resonant frequency thatis almoston a par with that of the
stretchable ultrasonicarray (f, =3 MHz). During the experiments, a3D
linear stage (Newport) is used to fix the commercial ultrasound probe,
apply pressure to get 2D strain images and move to the next position.
Each moving step is 0.8 mm, the same as the elevational pitch of the
stretchable patch. Sixteen slices of the 2D images are post-processed
to reconstruct the 3D images (Supplementary Figs. 34b and 36b). 3D
rendering is accomplished with the Amira software (Visualization
Sciences Group).

All ex vivo studies are approved by the Institutional Animal Care
and Use Committee at the University of California, San Diego. A fro-
zen food-grade porcine abdominal tissue is used for ex vivo testing
by the stretchable ultrasonic array and MRE. The porcine abdominal
tissue is selected because of the well-defined anatomy and modulus
distributions®’. When the device is in conformal contact with the tissue
surface, -0.5-1% strain is applied, which can be followed in real time
by a customized graphical user interface. If needed, the large strain
with high NCCs can potentially be achieved by combining successive
steps of smallstrain®. Then, 16 slices of 2D displacement fields are col-
lected sequentially under the compressive strain. The inverse elasticity
problem model yields the modulus mapping images when the pre-
dicted displacement fields match the measured ones (Supplementary
Fig. 41). More details of the inverse elasticity problem calculation are
inSupplementary Note 10.

The MRE test (General Electric Discovery MR750 3.0T) is per-
formed right after the ultrasound test. A hermetic bag is used to pre-
serve the porcine abdominal tissue during travelling and testing to
preventany dehydration-induced changes inthe modulus. Amechani-
calvibration paddleis tightly bonded to the sample tissue to generate
shearwavesin the tissue. Fifteen scanning sliceswith 0.9 mm x 0.9 mm
spatial resolutions of each are obtained. The total measuring time is
about 30 min. The shear modulus of each slice can be displayed in
Image] software. Specifically, Young’s modulus equals to three times of
shear modulusin soft tissues®®. The modulus ratios of all slices are then
calculated to compare with the results from the stretchable ultrasonic
arrays. The Amira software is applied to combine all slices (recon-
structed in y and z directions) of ultrasound elastographic images
and MRE results along the x direction to generate the 3D volumetric
image. Cubic spline interpolation is used to compensate and smooth
theimagein thexdirection.

The possible sacrifice of contrast due to the variation regulariza-
tion and the 2D finite element model may have resulted in the slightly
higher modulus contrast of MRE than ultrasound elastography.
Besides, the 2D elasticity model used in solving the inverse elasticity
problem may introduce unavoidable discrepancies when applied to
cross-sections of anisotropic 3D samples®. Additionally, different
imaging equipment manufacturers using proprietary data processing
algorithms may also bring systematic deviations®s.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
The maindatasupporting the results of this study are available within
the paper and its Supplementary Information. The data generated

in this study are available from figshare at https://doi.org/10.6084/
m9.figshare.22197139.v1. Source data are provided with this paper.
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Extended Data Fig. 1| Simulation results of uniform and nonuniform
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modulus 10 times higher than that of the surrounding matrix. The synthetic
“measured” displacement fields based on (b) uniform compression and

(c) non-uniform compression on the specimen. (d) and (e) show the strain
distributions from uniform and non-uniform compression, respectively.
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the strain-based elastography is qualitative only reflecting a relative stiffness
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non-uniform compression. (h) Quantitative analysis of modulus contrasts and
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Extended Data Fig. 3 | Serial surveillance of delayed-onset muscle soreness in
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took hyperthermia. For each test, we mapped the modulus distribution of the
muscle. Then, we calculated the mean and standard deviations of the biceps
brachiiarea. In each physiotherapy session, data are normalized by the modulus
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Extended DataFig. 4 | Validation by a clinical standard method on alarger
sample size. (a) Changes in the maximal voluntary contraction torque (black)
and normalized modulus contrast (blue) of the biceps brachii muscle measured
by the stretchable ultrasonic array before and after the eccentric exercise of

16 subjects. The points and error bars of the blue curves indicate the mean and
standard deviation of modulus contrast of the biceps brachii muscle of every
test. For each test, we mapped the modulus distribution of the muscle. Then,

we calculated the mean and standard deviations of the biceps brachii area. In
each physiotherapy session, data were normalized by the modulus contrast of
the biceps brachii muscle before exercise. As a clinical standard approach, the
maximal voluntary contraction can validate the muscle strength and muscle
damage. (b) P-values of the clinical standard method and the stretchable
ultrasonic array, which were calculated by single-sided paired t-test. Error bars
are standard deviations of the data of 16 subjects (n =16).
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Software and code

Policy information about availability of computer code

Data collection  The data were collected via the commecial software Matlab R2019a.

Data analysis The curves were analysed in the commercial software Matlab R2019a and Origin 2018. Magnetic resonance elastographic images were
analysed by Imagel 1.46r. 2D images were reconstructed on the basis of published algorithms for coherent plane-wave compounding, cross-
correlation, least-squares strain estimation, and nonlinear adjoint coefficient estimation. 3D images were reconstructed by Amira 2019.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results of this study are available within the paper and its Supplementary Information. Source data for Figs. 1 and 2 are provided with
this paper. The data generated in this study are available from figshare at https://doi.org/10.6084/m39.figshare.22197139.v1.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender We recruited 16 volunteers (14 males and 2 females). Gender was self-reported. Gender was not a factor considered in the
experimental design, as the experiments were mainly about tissue-modulus testing, and gender is not a variable that affects
the results of these experiments.

Population characteristics Healthy subjects, 20-30 years old.

Recruitment We posted recruitment flyers in the office building to recruit volunteers. Volunteers contacted us of their own accord. They
were not selected from our own research group or from any group that had a partnership with us. The consent process was
conducted by the research assistants of the project while the Pl was not present. The volunteers were informed that
participation was voluntary and could be withdrawn at any time without penalty. The PI affirmed that the volunteer’s
decision to participate or not did have no impact on their academic standing.

Participants determined to join the research and who had contacted us via the email or phone number on the flyer were
informed of the exercise protocol. We asked if they had experienced injury or soreness within 1 month and whether their
health status allowed them to perform the exercise in this study. Only those subjects whose health status allowed them to
complete the exercise were recruited. If they did not know their health status, they would inquire their personal doctors and
then recontact us. We did not request the medical records of the subjects.

Ethics oversight The institutional review boards at the University of California San Diego.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sixteen consenting participants were recruited for the experiments. The participants were healthy and didn't have any soreness or injuries.
Data exclusions  No data were excluded.

Replication Data acquisition was performed on participants multiple times to verify the functioning of the device.

Randomization  The participants were randomly recruited from outside the research group.

Blinding No blinding measures were taken, and all data were processed together by multiple authors.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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