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Abstract—Shear elastic modulus of skeletal muscles can be
obtained by shear wave elastography (SWE) and has been
linearly related to muscle force. However, SWE is currently
implemented using array probes. Price and volumes of these probes
and their driving equipment prevent SWE from being used in
wearable human-machine interfaces (HMI). Moreover, beamforming
processing for array probes reduces the real-time performance. To
achieve SWE by wearable HMIs, a customized three-element probe
is adopted in this work, with one element for acoustic radiation
force generation and the others for shear wave tracking. In-phase
quadrature demodulation and 2D autocorrelation are adopted to
estimate velocities of tissues on the sound beams of the latter two
elements. Shear wave speeds are calculated by phase shift between
the tissue velocities. Three agar phantoms with different elasticities
were made by changing the weights of agar. Values of the shear
elastic modulus of the phantoms were measured as 8.98, 23.06 and
36.74 kPa at a depth of 7.5 mm respectively. This work veriﬁes the
feasibility of measuring shear elastic modulus by wearable devices.
Keywords—Shear elastic modulus, skeletal muscle, ultrasound,
wearable human-machine interface.

I. I NTRODUCTION

A

core of the human-machine interface (HMI) technique
is to obtain information which can characterize human
motions or intentions. Then, the information can be applied to
build models of body or control various devices. Joint motions
are driven by skeletal muscles. Any sensing method that can
characterize skeletal muscles has the potential to be used for
HMIs. Ultrasound waves can penetrate muscles non-invasively
and the waves reﬂected from the interfaces in muscles carry
the information of muscles. Although ultrasound has been
widely used in medical imaging for several decades, research
of ultrasound-based HMI has only begun in recent years.
Morphological information of skeletal muscles can be
obtained by B-mode ultrasound images. Muscle thickness,
volume as well as fascicle length [1], pinnation angle [2] and
curvature [3], [4] have been related to joint angles or torque.
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However, B-mode images are generated using linear or convex
array probes. These probes and their driving equipment are
bulk and expensive. HMI based on B-mode ultrasound is far
from wearable applications, such as protheses and exoskeleton.
Therefore, HMI based on A-mode ultrasound has been studied.
Similar with the B-mode counterpart, muscle thickness was
found to be in high correlation with joint angles [5]. In our
previous work, four single-element transducers were used to
recognize hand gestures [6]. An online classiﬁcation accuracy
of more than 95% was achieved by processing envelopes of
ultrasound which mapped the morphological information. But
it is found that morphological information detected by A-mode
ultrasound performed better in classifying hand gestures but
worse in estimating force, in comparison to the surface
electromyogrphy [7]. In case of adding additional types of
sensors in HMI, it is necessary to ﬁnd other information that
can be obtained by ultrasound and can characterize skeletal
muscles.
Due to the development of ultra-fast ultrasound imaging,
shear wave elastography (SWE) came true. The principle of
SWE is to calculate the shear elastic modulus by tracking the
generated shear waves and measuring the shear wave speeds.
Shear elastic modulus obtained by SWE has been related to
joint torque or muscle force in both in vivo [8]–[10] and
in vitro experiments [11]. As the shear waves are generated
by acoustic radiation force, the propagating direction of the
shear waves is approximately vertical to the sound beam.
Namely, the high lateral resolution is necessary for tracking
the shear waves. Thus, SWE is mostly based on B-mode
images, where the high lateral resolution can be achieved
via beamforming processing. As mentioned above, probes
and equipment for ultrasound imaging are not suitable for
many wearable applications of HMI. Moreover, beamforming
processing is time-consuming and will reduce the real-time
performance of HMIs if embedded in HMIs. Moreover, the
high-frame-rate imaging using an array probe, whose elements
are usually 128 or more, generates masses of data. Currently,
most of wearable devices can not transfer and store large
amounts of data with enough efﬁciency.
To measure shear elastic modulus of skeletal muscles by
wearable devices, a customized three-element transducer
is adopted in this work to realize SWE. Moreover, the
beamforming processing is eliminated from the data
processing. Thus, the lateral resolution of three-element
transducer depends on the diffraction of ultrasound.
Manually-made phantoms with different elasticities are
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Fig. 1 Probe consists of one circular and two rectangular elements

used in the experiment. Results verify the feasibility of
detecting shear elastic modulus by wearable HMIs.

Fig. 2 The circular element and two rectangular elements are used to
generate and track shear waves respectively

II. M ATERIALS AND M ETHODS
A. Data Aacquisition
1) Probe. As shown in Fig. 1, the probe consists of three
elements and the center frequencies of three elements are all
5 MHz. The circular element with diameter of 7 mm is used
for generating acoustic radiation force and shear waves. The
other two rectangular elements with length of 6 mm and width
of 4 mm are used for tracking the shear waves. The distance
between the centers of the two rectangular elements is 5 mm.
2) Phantoms. Three tissue-mimicking phantoms were
manually made with different elasticities and used as targets of
measurements. The components of phantoms are agar, silica
and water. Their elasticities differ for the weights of agar in
them, which are 1 %, 1.5 % and 2 % respectively. The silica
serves as scatters and its weights in all the phantoms are 1 %.
The phantoms were made by the following steps:
◦
• stirring and heating the water to 90 C with agar added
slowly;
◦
• keeping stirring and cooling down the solution to 55 C
with silica added slowly;
• ﬁltering the solution with a sieve;
• leaving the solution at least 4 hours for degassing;
• storing the mixture in a fridge.
During degassing and storage, the surfaces of the phantoms
were covered with a little water to prevent water in the
phantoms from evaporation.
3) Equipment. The circular element is joined to a wave
generator (33250A, Agilent, CA) and a power ampliﬁer (240L,
Electronics & Innovation, NY) to get a mechanical index
(MI) of 1.2 at the focus. The length of pushing waves is
set to 200 us. Two rectangular elements are connected to a
Verasonics system (Vantage 128, Verasonics, WA) and the
pulse repetition frequency (PRF) is set to 10 kHz. The wave
generator and Verasonics system are timed by a trigger and the
wave generator is controlled by the triggerout” process of the
Verasonics system. All the elements are excited at their center
frequency and the sampling frequency of Verasonics systems
is set to 20 MHz. Each phantom is measured for ten times.
B. Data Processing
1) Estimating tissue velocity. A shear wave can be tracked
by the vibration of tissues on its propagating path. Tissues
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oscillate vertically to the propagating direction of the shear
wave. Namely, the direction of the tissue vibration is along
the depth direction when the shear wave transmit along the
lateral direction. Therefore, the tissue vibration can be detected
by Doppler methods. The transient tissue velocities υ can be
estimated by the 2D autocorrelation (1) [12], where Fs is the
pulse repetition frequency, fs the sampling frequency, c the
speed of the longitudinal wave.
Equation (1) is based on complex demodulated signals.
Considering that the two-channel analog signals are generated
by piezoelectric elements and digitalized by the Verasonics
system as real values, in-phase and quadrature demodulation
is applied on the two-channel signals to get I and Q values
for (1). Because the sampling frequency is quadruple of the
center frequency of elements, the normalized demodulation
frequency fdem in (1) is 0.25. The sampling lengths of the
2-D autocorrelation in the fast-time (M) and slow-time (N) are
set to 16 and 10, respectively, with a slide step of the range
gate along the depth direction set to 1. Then, transient tissue
velocities on the sound beam corresponding to each element
can be obtained.
2) Calculating shear modulus. Transient tissue velocities
are ﬁltered by a low-pass ﬁlter with a cutoff frequency of
1000 Hz, in order to remove high-frequency jitter from the
temporal velocity proﬁles. Next, the velocities are windowed
and averaged over 50 samples along the depth direction
(about 1.875 mm) to improve the signal to noise ratio (SNR).
The averaged data are denoted by the initial depths of
corresponding windows. Then, the shear wave speed ct is
calculated through dividing the distance between the centers of
two elements by the time delay between two particle velocity
curves. Finally, the shear modulus μ is calculated by [13]
μ = ρc2t

(2)

where ρ is the density of the phantoms. Means and
standard deviations of ten measurements of each phantom are
calculated. To evaluate the stability of measuring the shear
elastic modulus at different depths, the standard deviations
versus depths are normalized by their corresponding means
respectively.
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TABLE I
M EASURED S HEAR E LASTIC M ODULUS AT THE D EPTH OF 7.5

MM

TABLE II
M EASURED S HEAR E LASTIC M ODULUS AT THE D EPTH OF 15 MM

Fig. 3 Estimated tissue velocities

IV. D ISCUSSIONS
To explain the phenomenon in Fig. 4 and demonstrate
the effect of diffraction of ultrasound on the implementation
of SWE, (3) derived from Rayleigh-Sommerfeld integral is
adopted to calculate the ultrasound ﬁelds of the circular and
rectangular elements


1 −jr2πf /c
dx1 dy1
e
p (x, y, z) = jf pu
Ω r

2
2
r = (x − x1 ) + (y − y1 ) + z 2

Fig. 4 Normalized standard deviation of measurement versus depth

III. R ESULTS
Fig. 3 shows the transient tissue velocities corresponding
to two rectangular elements, respectively. The phase delay
between these two curves demonstrates the transmission of
the shear waves.
As shown in Fig. 4, normalized standard deviations of
measurements on three phantoms varied with the depth and
their sum reach two smallest values at depths of 7.5 mm and
15 mm.
As shown in Tables I and II, values of the shear elastic
modulus of three phantoms are signiﬁcantly different with each
other, which indicates the capability of SWE based on the
three-element probe for detecting changing elasticities of soft
tissues.
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(3a)
(3b)

where Ω represents the area of the rectangular and circular
elements, with their thickness ignored; (x, y, z) represents the
location of a point at which ultrasound pressure is calculated
and the origin of the coordinate is the center of each element;
f is the center frequency; ρ is the density of medium; μ is the
vibration velocity of particles in each element and j denotes
the unit imaginary number. The variation of pressures on the
axes of the two kinds of elements and the ultrasound ﬁeld on
the depth-lateral plane are calculated and shown in FigS. 5 and
6, respectively. It is intuitive that the pressure distribution in
the ultrasound ﬁeld is not uniform. The depths corresponding
to two smallest values in Fig. 4 are close to the locations of
two peaks between 5 mm and 15 mm in Fig. 5 respectively.
Namely, the quality of the measurement is greatly affected by
the diffraction of ultrasound, as a result of no beamforming
processing.
The feasibility of implementing SWE by the three-element
probe is veriﬁed by the experiment, which is not sufﬁcient
to evaluate the accuracy. In the future, SWE based on array
probes will be used to measure the shear elastic modulus
of phantoms. The ultrasound images will be generated by
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an array probe with and without beamforming processing
respectively, to estimate errors introduced by the diffraction
of ultrasound and provide a reference for designing wearable
probes. The stability of generating shear waves by acoustic
radiation force will be studied as well. If the variance in the
generation is acceptable, there will be only one element needed
for tracking and the probe can be designed with two elements,
which can further improve the wearability of both the probe
and equipment.

V. C ONCLUSION
Morphological information detected by ultrasound can not
meet the requirement of decoding human motions in some
scenarios. The shear elastic modulus of skeletal muscles that
was found in high correlation with human motions has the
potential to cover this shortage. To realize the measurement
of shear elastic modulus by wearable HMI, SWE based on the
three-element probe is studied and proved to possess the ability
for the measurement in this work. Future work will evaluate
the accuracy of SWE based on the three-element probe and
improve the design of probes.
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