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A B S T R A C T

Couplants play significant roles in ultrasonography. To ensure imaging quality, it is critical to maintain con-
formal contact of the couplant with both the skin surface and the ultrasound probe in clinical applications. In
addition, either the probe or the couplant should not deform the skin surface significantly, which will result in an
overestimated modulus of the tissue for elastography imaging. However, existing liquid gel couplants cannot
bear external compressive force, while existing solid gel couplants cannot maintain a conformal contact with
skin surface. Especially, the nonconformal contacts and deformation become more severe on body parts of
locally high curvatures such as skin tumors, fingers, and elbows. Here we report a bilayer design of couplant for
ultrasonography, composing of a stiff layer and a compliant layer of hydrogels. The bilayer hydrogel pad enables
it to bear external compression, allowing the probe to move smoothly, conforming high curvature parts and
releasing stress concentration. Our clinical experiments further show high quality imaging of thyroid nodules,
skin tumors in elbows and fingers using the bilayer hydrogel pad, which represents a promising alternative for a
range of applications in ultrasonic diagnosis.

1. Introduction

Ultrasonography is one of the major medical imaging modalities,
which uses ultrasound to visualize internal structures of body for as-
sisting diagnosis. B-mode scan, which is the most common type of ul-
trasonography, displays a real-time two-dimensional image of tissues
and has been widely used in soft tissues, organs, antenatal examination
[1–4]. Based on the B-mode imaging, elastography is further developed.
The ultrasound elastography is a technology for measuring elasticity of
soft tissues by quantitative analysis [5,6]. Ultrasound elastography can
generate an elasticity distribution diagram of the measured tissue and
has been applied to breast, thyroid, liver, and prostate examinations
[7–10]. In clinical medicine, many diseases (e.g., breast cancer, cir-
rhosis) are accompanied by hardening of the corresponding organs or
nidi [11,12]. However, conventional palpation method involves sub-
jective qualitative analyses, which depends on the doctor's clinical ex-
perience [13,14]. Therefore, ultrasound elastography is regarded as a
reliable and objective tool for accurate diagnosis.

In order to obtain high diagnostic performance of ultrasound ima-
ging results, it is necessary to use couplants. In clinical applications,

liquid couplants can fill the gap between the probe and the skin, fa-
cilitating the transmission of ultrasonic energy from the probe into the
skin [15]. However, due to geometric restrictions at locally high cur-
vature parts (e.g., skin tumors, fingers, and elbows), the probe cannot
conform to the skin surface well with liquid couplants, causing air
trapped between the probe and the skin and leading to unsatisfactory
ultrasound imaging (Fig. 1a, b). Moreover, according to the Saint-Ve-
nant principle, soft tissue near a load experiences higher stress con-
centration than that far from the load, resulting in an overestimated
modulus of elastography imaging [7,16–18]. The deeper the probe
presses, the higher the Young's modulus will be obtained. To conclude,
ultrasonography on high curvature parts with high accuracy is still a
challenge in clinical diagnosis. There is an urgent need for an acoustic
impedance matching material, which can bear compressive forces to
ensure accuracy of elastography, maintain superior compliance to
conform to skin surfaces with locally high curvatures, and relieve tissue
stress concentration (Fig. 1d).

Hydrogel has attracted great interests due to its noncytotoxic and
good biocompatibility, which makes it a promising material for drug
delivery vehicles [19–22]. They use water as a dispersion medium and
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share similar physical and physiological properties as living tissues
[23–26]. Hydrogel has the similar acoustic impedance as water, which
makes it a good medium for sound transmission [27,28]. In addition,
hydrogel shows elasticity with tunable modulus. Tough hydrogels can
bear the loads from external compression while soft hydrogels can
conform to high curvature surfaces with no trapped air bubbles and
release stress concentration. Due to these properties of hydrogel com-
pared to liquid couplant, we demonstrate a bilayer hydrogel pad as
ultrasound transmission medium for enhanced ultrasound imaging
(Fig. 1c). Through combined phantom experiment, skin experiment,
and finite element simulation, we show that the hydrogel pad can ef-
fectively bear the load from the probe, alleviate the stress concentration
at the skin surface, and well conform to high curvature skin surfaces.
We further perform clinical measurements using the bilayer hydrogel
pad for ultrasonography of thyroid gland and ultrasound imaging of a
few skin tumors in joints. Both clinical tests validate the effectiveness of
hydrogel pad in rectifying tissue modulus from elastography and im-
proving the quality of ultrasound imaging. The development of bilayer
hydrogel pad may open an avenue to achieve cost-effective, high-re-
solution, and accurate ultrasonic testing for clinical diagnosis.

2. Experimental

2.1. Fabrication of hydrogel pads

Two different hydrogel compositions were used in this study.
Acrylamide (AAm; Sigma-Aldrich A8887) was used as a monomer for
the covalently-crosslinked stretchy network. N,N-methylenebisacryla-
mide (Bis; Sigma-Aldrich 146,072) was used as a crosslinker and am-
monium persulfate (APS; Sigma A3678) was used as a photo initiator.
N,N,N′,N′-tetramethylethylenediamine (TEMED; Sigma T7024-50 M)
was used as the crosslinking accelerator for crosslinking of AAm. The
pre-gel solution for soft hydrogel was prepared by mixing and degassing
an aqueous solution with a composition of 10 wt% AAm, 0.01 wt% Bis,
and 0.002 M APS. Stiff hydrogel was prepared using the same proce-
dure with a composition of 20 wt% AAm, 0.02 wt% Bis, and 0.002 M
APS. A mold was designed and fabricated using a laser cutter (Epilog
Mini/Helix; Epilog Laser) based on computer-aided design drawings.
Crosslinked hydrogel pads were fabricated by pouring the pre-gel so-
lution into the mold and covering it with glass plates.

To characterize the mechanical properties of the hydrogel, both
tensile and compression experiments were carried out to obtain stress-
stretch and load-compression depth curves. The specimens for tensile
tests have the dimensions of gauge length of 10 mm, width of 10 mm,
and fillet radius of 5 mm. Crosslinked hydrogel samples were fabricated

Fig. 1. Schematic of comparison between liquid couplants and hydrogel pad. (a) High curvature parts of human body. (b) Using liquid couplants and bilayer hydrogel
pad for ultrasound imaging. (c) Compositions of bilayer hydrogel pad. (d) Liquid couplants cannot conform to skin surface under compressive force, causing the
inability of ultrasound transmitting and excessive deformation of skin. Hydrogel pad can cover the skin under compressive loads, ensuring the transmission of
ultrasound with no deformation of the skin.
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by pouring the pre-gel solution into the dogbone-shaped mold for
tensile tests. The hydrogel pads for compression tests have the dimen-
sion of width of 8 cm, length of 8 cm, and thickness of 20 mm.

To fabricate a bilayer hydrogel pad, we first fabricated a monolayer
hydrogel pad following the abovementioned protocol with a composi-
tion of 10 wt% AAm, 0.01 wt% Bis, and 0.002 M APS. Thereafter, a pre-
gel solution of 12 wt% AAM, 2 wt% Alginate (Sigma, A2033), 0.01 wt%
Bis, 0.002 M APS, and 0.001 wt% TEMED was casted on top of the
monolayer hydrogel pad, covered by a glass plate. The entire sample
was thermally cured in an oven for 60 min. We further immersed the
cured bilayer sample in a solution of 0.002 M calcium chloride for
overnight, forming ionic crosslinking with alginate in top layer of the
hydrogel pad.

2.2. Mechanical characterization of hydrogel pads

Both tensile and compression tests were performed using a me-
chanical test machine (Zwick). We fitted the tensile stress-stretch curve
using Neo-Hookean solid to obtain the measured modulus [29]. The
tensile rate was 50 mm/min and the compression rate was 10 mm/min.
The Young's moduli of soft and stiff hydrogel pads were measured to be
0.4 kPa and 12.3 kPa, respectively (Fig. S1a). Since hydrogel pad was
compressed during the operation of ultrasound imaging, compression
test was performed on both soft and stiff hydrogel pads. As shown in
Fig. S1b, to obtain a 2 mm compressive displacement, the stiff hydrogel
pad requires over eight times the compressive stress of the soft hydrogel
pad.

2.3. Sliding experiments for validating surface properties of hydrogel pads

The sliding experiments were conducted on a customized friction
test setup. Fig. S2a illustrates the experimental set up. A constant force
of 1 N was applied on the ultrasound probe. Hydrogel pads were ap-
plied on a pig skin. A linear motor was used to apply translational
motion of supporting acrylic substrate beneath the pig skin. A camera
was used to record the two interfaces (i.e., probe-hydrogel interface and
hydrogel-skin interface) during relative motion between the probe and
hydrogel pad.

2.4. Ultrasound imaging

Ultrasound imaging was conducted on the Aixplorer US system
(SuperSonic Imagine), which is equipped with a SL15–4 multifrequency
linear probe operating at 4 to 15 MHz. For ultrasound imaging, the
surface of the area to be tested was covered by liquid couplant or hy-
drogel pad. Then, the ultrasound probe was put on the liquid couplant
or hydrogel pad. After the elastic image was stable for three seconds, we
froze the image and measured the Young's modulus of the selected area.
A phantom (Elasticity QA Phantom Model 049; Computerized Imaging
Reference Systems, Inc.) was selected to evaluate the performance of
the ultrasound imaging.

2.5. Simulations of mechanical deformations and acoustic wave
propagations

Numerical simulations were performed to analyze the stress dis-
tribution and wave propagation with FEM using COMSOL Multiphysics.
A soft tissue model with dimensions of 80 mm× 80 mm and a hydrogel
pad model with dimensions of 20 mm × 60 mm were created in the
simulation. All models used free triangle meshing. The bottom of the
model was fixed, with the same displacement load applied to the upper
boundary to perform steady-state analysis. During wave propagation
simulation, preload was applied to the soft tissue and hydrogel pad and
transverse and longitudinal waves (Gaussian modulation) were gener-
ated from the upper boundary of soft tissue and hydrogel pad. All soft
tissue models were surrounded with 10 mm of perfectly matched layers.

Since wave velocity was assumed to be independent of frequency, the
longitudinal and transverse wave frequencies were set to 150 kHz and
400 Hz, respectively. In commercial elastography software, the Young's
modulus of the tested object is generally calculated by measuring object
shear wave velocity [30]: E = 2 (1 + ν) G ≈ 3G = 3ρcs2. where E is
Young's modulus, ν is Poisson's ratio, ρ is soft tissue density, and G is
shear modulus. Here we assume that the soft tissue is nearly in-
compressible and ν is very close to 0.5. Therefore, for most in-
compressible isotropic organizations, E≈ 3G. The Neo-Hookean model
with bulk modulus of 2.2 GPa and shear modulus of 4 kPa was used to
describe the mechanical property of hydrogel pad [27]. Soft tissue is
used with the Rivlin model, where the Rivlin hyperelastic potential is

= + +W C I C I C I( 3) ( 3) ( 3)Rivlin 1 1 2 2 3 1
2 (1)

where, C1, C2, and C3 are three materials constants. C1 = 2.38 kPa,
C2 = 1.4125 kPa, and C3 = 4.4375 kPa according to previous refer-
ences [31]. I1 and I2 are the invariants of the right Cauchy-Green de-
formation tensor.

3. Result and discussion

We first evaluate the performance of monolayer hydrogel pads in
ultrasonography testing on flat tissue surfaces. In the ultrasonography
experiment, we create a constant stress by setting the compression
depth of the probe. The average Young's modulus of the targeted area is
measured at different compression depths using liquid couplants, soft
hydrogel pad, and stiff hydrogel pad, respectively. Fig. 2a and b show
typical B-scan ultrasonography and elastography images when using
the soft hydrogel pad. When using liquid couplants, the average Young's
modulus increases from 23 kPa to 23.6 kPa at the compression depth of
1 mm. We show that the influence of increasing Young's modulus
caused by compression depth can be greatly reduced by using hydrogel
pad. As shown in Fig. 2c, the measured average Young's modulus can
maintain the value of 23 kPa with a compression depth up to 4 mm for
the soft hydrogel pad and 2 mm for the stiff hydrogel pad, respectively.
When using the soft hydrogel pad, the average Young's modulus in-
creases as the applied compression depth increases, which means hy-
drogel pad with high softness shows a better effect in controlling the
modulus increase.

The phantom tests focus on the change in Young's modulus in the
region away from the compressed surface. However, at superficial skin,
stress concentration exists at the interface between skin and probe,
leading to overestimated Young's modulus at the interface. We further
perform skin experiment to study the effect of couplant on measuring
modulus of superficial skin. When the probe is in contact with skin
using a layer of liquid couplant (Fig. 2d), an area with large modulus is
apparent in the superficial part of the skin. The average Young's mod-
ulus reaches 134 kPa, which is almost 10 times larger than the normal
value. Once a slight compressive stress is applied to the skin, the
average Young's modulus even increases to over 260 kPa. In contrast,
with the use of the soft hydrogel pad (Fig. 2e), the average Young's
modulus of superficial skin is measured as 18.5 kPa under compression
depth of 8 mm. An area with a large modulus also completely dis-
appears. When using the stiff hydrogel pad under a compression depth
of 4 mm, the measured modulus increases to 23.7 kPa in the mea-
surement results (Fig. 2f). The uses of hydrogel pad can greatly expand
the range of probe compression, which is more effective in reducing
measurement errors compared to liquid couplant.

External compression loads not only change the stress distribution
in soft tissue, but also change the propagation of ultrasound.
Simulations of stress distribution and wave propagation are studied
using COMSOL Multiphysics. According to the FEM results, using the
hydrogel pad releases the stress concentration on soft tissue (Fig. 3a and
b). When the hydrogel pad is not used, the stress reaches a maximum of
7.4 kPa at the dotted line. The stress reduces to only 4.1 kPa at the same
position when the hydrogel pad is used. Simulations of the transverse
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and longitudinal wave propagation with and without the hydrogel pad
are performed in Fig. 3c and d. The wavelength increases as the com-
pression depth increases without the use of the hydrogel pad. When the
compression depth comes to 14 mm, the transverse wave wavelength is
increased by about 2 mm and the longitudinal wave wavelength is in-
creased by about 2.5 mm. For using the hydrogel pad, the transverse
and longitudinal wave wavelength only increase by about 0.8 mm and
1.8 mm. A large wavelength results in a large velocity of wave at the
same frequency. Fig. 3e and f show the laws of wave compression
depth-velocity. When the hydrogel pad is not used, transverse and
longitudinal wave velocity increase by 0.83 m/s and 375 m/s after the
compression reach to 14 mm, respectively. After using the hydrogel
pad, increment of transverse and longitudinal wave velocity drop back
to around 0.35 m/s and 282 m/s, respectively. As the compression
depth increases, both the transverse and longitudinal wave velocity in
the soft tissue increase. According the formula of E≈ 3ρcs2, the increase
of wave velocity will lead to the increase of Young's modulus, which is
consistent with the results acquired from the phantom and skin ex-
periments (Fig. 2). Thus, using the hydrogel pad as ultrasound couplant
can effectively reduce the increment of wave velocity and modulus.

Despite the effectiveness of using monolayer hydrogel pad for ul-
trasound imaging on flat surfaces we have demonstrated, the use of
hydrogel pad still faces limitations in practical operations. Particularly
for ultrasound examinations on skin surfaces with high local curvatures.
The ultrasound probe need be operated smoothly in horizontal trans-
lational motions while maintaining the adhesion between the couplant
and skin surface. Therefore, the hydrogel pad requires higher elasticity
to bear compression loads, superior compliance to conform to curved
surfaces, and decoupled surface properties of the couplants. Here we
propose to design a bilayer hydrogel pad as ultrasound couplant to
solve these limitations. The top layer consists of interpenetrating hy-
drogel network (i.e., polyacrylamide and alginate), which is tough for

bearing mechanical loads; while the bottom layer consists of a single
network (i.e., polyacrylamide), which is compliant and highly adhesive
to skin surface (Fig. 4a). We first perform a creep test to validate that
the bilayer hydrogel pad can effectively maintain the height under a
constant compression force of 1 N. In contrast, the height of liquid
couplant continuously decreases to zero (Fig. 4b), leading to distorted
ultrasound images of deformed tissues. In addition, trapped air bubbles
are observed in ultrasound images using liquid couplant (Fig. 4c). The
monolayer hydrogel pad also cannot conform to curved skin surfaces
due to the poor flexibility of the hard hydrogel, leading to formation of
cavities and artifacts in ultrasound imaging (Fig. 4d). We further show
that the decoupled surface properties of bilayer hydrogel pad are highly
beneficial when operating ultrasound probe in horizontal translational
motions (Fig. S2a). As shown in Fig. S2b, the probe can be moved
smoothly on the bilayer hydrogel pad and the pad can well adhere on
skin surface (Movie S3). In comparison, for soft monolayer hydrogel
pad, the delamination occurs at the interface between the hydrogel and
skin surface since the hydrogel pad is sticky to the probe (Fig. S2c,
Movie S1). For stiff monolayer hydrogel pad, the cavity forms at the
interface between the hydrogel and skin surface, since the adhesion
between the hydrogel pad and skin is weak (Fig. S2d, Movie S2).

We further validate the effectiveness of the bilayer hydrogel pad in
clinical examinations on thyroid nodules, elbows and fingers. First,
elastography has been used to measure the hardness of thyroid nodules
in clinical applications. A thyroid nodule is a mass of one or more
structural abnormalities in the thyroid, with a chance of being malig-
nant nodules. When the thyroid nodule is located in the isthmus, it is
difficult to form a smooth contact surface with local skin by merely
increasing the amount of liquid couplants. Moreover, the thyroid
isthmus is located in the front of the trachea and the stress in that re-
gion is concentrated much more seriously. Therefore, obtaining a sa-
tisfactory elastography image at or near the thyroid isthmus is very

Fig. 2. Phantom and skin experiments. B-scan ultrasonography (a) and elastography imaging (b) on phantom using soft hydrogel under compression depth of 8 mm.
(c) Mean Young's modulus vs. probe compression depth. Red and blue lines represent experiments with soft and stiff hydrogel pads, respectively. Black line represents
experiments with liquid couplants. (d) Elastography imaging on skin using liquid couplant. (e) Elastography imaging using soft hydrogel pad under 8 mm com-
pression. (f) Mean Young's modulus-compression depth curves using different couplants. Error bar in (c) and (f): SD, n= 10. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

L. Chen, et al. Materials Science & Engineering C 119 (2021) 111609

4



Fi
g.

3.
FE

M
si
m
ul
at
io
ns
.S

tr
es
s
fie

ld
w
ith

ou
t(
a)

an
d
w
ith

(b
)h

yd
ro
ge
lp

ad
.T

ra
ns
ve
rs
e
an

d
lo
ng

itu
di
na

lw
av
e
pr
op

ag
at
io
n
fie

ld
w
ith

ou
t(
c)

an
d
w
ith

(d
)h

yd
ro
ge
lp

ad
.C

om
pr
es
si
on

de
pt
h-
ve
lo
ci
ty

of
tr
an

sv
er
se

(e
)a

nd
lo
ng

itu
di
na

lw
av
e
(f
)
cu
rv
e.

L. Chen, et al. Materials Science & Engineering C 119 (2021) 111609

5



Fig. 4. Bilayer hydrogel pad on high curvature parts (a) Schematic of B-mode ultrasound examination of skin tumor. (b) Creep tests of bilayer hydrogel and liquid
couplants under the external force of 1 N. Experiments of B-mode ultrasound on models of skin tumors using liquid gel (c), monolayer hydrogel pad (d) and bilayer
hydrogel pad (e).

Fig. 5. Experiments on thyroid, elbows and fingers. B-scan ultrasonography and elastography imaging of thyroid using liquid couplant (a) and using a bilayer
hydrogel pad (b). B-mode ultrasonography result of skin tumors on elbows (c) and fingers (d). Ultrasonography results using liquid couplant are blurry and
incomplete while using bilayer gel have clear imaging and complete countour.
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difficult. When examining with a thin layer of couplants, B-scan ultra-
sonography is used to locate the thyroid nodules with white circle and
elastography shows that the Young's modulus of thyroid nodule in the
circle reaches 52.8 kPa (Fig. 5a). At the same position of the thyroid
nodule, ultrasound elastography results using the bilayer hydrogel pad
(Fig. 5b) reveal a much lower and reasonable Young's modulus of
14.7 kPa compared to results in Fig. 5a. Since the bilayer hydrogel pad
can deform easily, the external compressive force from the probe is
relieved. Thus, the problem of local stress concentration in the thyroid
isthmus due to its special anatomical structure is resolved. Therefore,
the quality of elastic imaging is improved and the hardness in the
thyroid isthmus could be measured accurately.

On the other hand, when skin tumors happen to grow on the high
curvature parts like elbows and fingers, liquid couplants cannot cover
the whole high curvature area under the compressive force while bi-
layer hydrogel pads can cover well. For skin tumor on the elbow, the B-
mode ultrasound imaging area is incomplete when using liquid cou-
plant, and the tumor is almost invisible. While the use of bilayer hy-
drogel for B-mode ultrasound imaging area is complete, the contour and
internal structure of tumor are clear (Fig. 5c). For the fingers, the uses
of liquid couplant and a bilayer hydrogel pad both have complete
imaging, but the result of using the bilayer hydrogel pad shows com-
plete contour of finger (Fig. 5d). The experiment on elbows and fingers
shows that the use of the bilayer hydrogel pad can cover the high
curved skin surfaces well, improving the ultrasound imaging and pro-
viding a clear and complete view of the contours and internal structure
of the knee and fingers.

4. Conclusion

In this work, we show that bilayer hydrogel pad can act as the ideal
ultrasound couplant for accurate ultrasonography and high-quality ul-
trasound imaging. With combined phantom experiment, skin experi-
ment, and finite element simulation, we show that hydrogel pad can
effectively alleviate stress concentration at the superficial skin surface,
avoiding overestimation of measured Young's modulus of tissues which
is common in conventional ultrasonography using liquid couplant. The
bilayer hydrogel pad also demonstrates remarkable surface properties
for practical easy operation of probes with no delamination and for-
mation of cavity at the hydrogel-skin interface. We further demonstrate
improved ultrasonography of thyroid nodule and ultrasound imaging of
tumors on elbows and fingers using the bilayer hydrogel pad in clinical
examination. The bilayer hydrogel pad represents as a promising al-
ternative as ultrasound couplants for a range of applications in ultra-
sonic diagnosis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.111609.
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