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ABSTRACT

We describe surface wave propagation in soft elastic media at speeds exceeding the bulk shear wave speed. By linking these waves to the
elastodynamic Green’s function, we derive a simple relationship to quantify the elasticity of a soft medium from the speed of this supershear
evanescent wave (SEW). We experimentally probe SEW propagation in tissue-mimicking phantoms, human cornea ex vivo, and skin in vivo using
a high-speed optical coherence elastography system. Measurements confirm the predicted relationship between SEW and bulk shear wave speeds,
agreeing well with both theoretical and numerical models. These results suggest that SEWmeasurements may be a robust method to quantify elas-
ticity in soft media, particularly in complex, bounded materials where dispersive Rayleigh-Lamb modes complicate measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111952

Optical coherence elastography (OCE) is a rapidly growing field
to evaluate tissue biomechanical properties at high spatial resolution.
Leveraging previous work in ultrasound-1–4 and magnetic resonance-
based5–7 elastography, systems have been developed using optical
coherence tomography (OCT) for three-dimensional imaging of prop-
agating mechanical waves in subsurface regions of soft tissues, such as
the eye and skin. As for all pulsed imaging methods, OCE spatial reso-
lution is defined by the bandwidth of generated mechanical waves.
Consequently, methods to excite broadband mechanical waves, espe-
cially noncontact approaches, are critical for OCE. Recently, we
reported a noncontact, acoustic microtapping (AlT) method to
launch compact (submillimeter) mechanical pulses propagating along
the air-tissue interface that could be tracked in real-time with phase
sensitive (PhS) OCT.8,9 This technology may enable practical, high-
resolution OCE for many important biomedical applications, espe-
cially for those in the eye and skin.

Although initial OCE studies on eyes and skin are promising, true
elasticity quantification has been severely limited by the bounded and
layered nature of these tissues. In bounded media, mechanical waves
traveling along the surface are no longer a simple Rayleigh mode but
contain multiple highly dispersive Rayleigh-Lamb modes. Extracting the
Young’s modulus from complex modes is not simple, especially when
the field of view is limited, as in the cornea. Furthermore, biological tis-
sues such as the skin and cornea have complex geometries with variable

material thickness over the propagation path. This complicates disper-
sion analysis and makes it difficult to obtain quantitative estimates of
the true elastic properties with finite mechanical wave bandwidths.

In this paper, we demonstrate that supershear evanescent waves
(SEWs), traveling along the surface of an elastic solid faster than the
bulk shear wave speed (i.e., break the “surface wave speed limit”), can
be experimentally measured in soft tissues. In addition, they can be
efficiently generated with AlT and yield simple, direct, and very accu-
rate estimates of the Young’s modulus even in bounded media. In our
study, we analyze the Green’s function for a pulsed excitation to define
SEW propagation speed and produce complementary numerical simu-
lations and experiments in tissue-mimicking phantoms closely match-
ing theoretical predictions. We also provide evidence of SEW
propagation in ex vivo human cornea and in vivo human skin.

It has been shown theoretically that the SEW corresponds to a
complex root of the Rayleigh equation (in addition to the real
Rayleigh-wave root; see the supplementary S1) and represents a physi-
cal solution to certain elastodynamic problems, such as line source
excitation.10,11 However, this root was almost forgotten and barely
explored in the literature. Though the literature is sparse, the SEW has
at various times been called a pseudo-P wave,10 leaky Rayleigh wave,12

nongeometric PS wave,13 leaky surface wave,11,14 and supershear
Rayleigh wave.15 We use the term supershear evanescent wave (SEW)
to emphasize its leaky behavior and supershear propagation speed,
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while still differentiating it from similar terms used to describe
waves at a liquid-solid interface.16,17 The SEW is distinct from the
“head wave,” also called a “lateral” wave. Head waves are plane waves
originating from P-wave interactions with the free surface, rather
than from the complex roots of the Rayleigh equation.11,18,19 A few
studies14,15 concluded that SEW speed is roughly twice that of the bulk
shear wave, but the analysis is complicated by conventional Rayleigh
(or SAW) waves. SEWs may not separate until propagating some dis-
tance from their source, at which point their evanescent nature may
make measurement difficult. A possible solution is to derive a disper-
sion relation for a mixed model of SAWs and SEWs.14 This approach
can be difficult to interpret, as it combines the nondispersive SAW, the
dispersive SEW, and near-field effects from the bulk shear wave.

We developed a finite element model of elastic wave propagation
using OnScale (Onscale, Redwood City, CA, formerly PZFlex) to study
SAW and SEW propagation in soft media and examine the effects of dif-
ferent excitation parameters (see the supplementary S2 for details).
Briefly, we solve the two-dimensional (plane strain) elastic wave
equations in a rectangular domain with a free surface on one side and
absorbing boundaries on the other sides. The material is a nearly incom-
pressible, linear elastic solid with shear wave speed cs and longitudinal
wave speed cL. A pressure load is applied to the free surface with a
Gaussian spatial distribution (full-width-at-half-maximum, d¼ 500lm)
and super-Gaussian temporal distribution (varying full-width-at-half-
maximum, T) chosen to approximate OCE experimental AlT parame-
ters.8,9 In a separate set of simulations, we investigated SEW behavior in
a bounded geometry by setting a small domain thickness h and replacing
the bottom absorbing boundary with a fluid layer.

Figure 1(a) shows wave fields obtained from the finite element
model at various times (cs¼ 5m/s). Both SEW and SAW are visible
and clearly separate after 0.4ms. The SAW propagates at a constant
speed (as seen in Fig. 1), but the SEW signal local maximum also prop-
agates with a constant speed, roughly twice as fast as the shear wave,
and attenuates quickly due to leakage into the bulk. One-dimensional
surface waveforms [Fig. 1(b)] better display this behavior. A full video
of SEW and SAW propagation can be found in supplementary video 1.
By tracking the SEW local maximum for different bulk shear wave
speeds and excitation parameters, we confirmed that it propagates at a
constant speed, approximately 1.954 cs.

To obtain the exact value of SEW propagation speed, the Green’s
function for a line force (infinite in the y-direction) impulsively
applied normal to the surface of an isotropic, elastic half space (z� 0)
is derived using the Cagniard-de Hoop method.20,21 For lateral loca-
tion x, the SEW resides in the time interval between the arrival of the
longitudinal wave tL ¼ x=cL and that of the shear wave ts ¼ x=cs. For
cs � cL, the vertical velocity component of the Green’s function in
this interval simplifies to (see supplementary S3)

v x; tð Þ ¼ �
P

plcsx2
64s10 � 96s8 þ 80s6 � 20s4 � 4s2 þ 1

16s6 � 24s4 þ 8s2 � 1ð Þ2
; (1)

where P is the amplitude of the pressure load applied to the surface, l
is the material shear modulus, and s ¼ cst=x.

Although the SEW is a dispersive nonstationary wave leaking
energy inside the material, it has a constant propagation speed for
both its minimum and maximum given by Eqs. (2) and (3), respec-
tively (see the full derivation in supplementary S3)

cmin ¼ 2:9049 cs (2)

cmax ¼ 1:9554 cs: (3)

This property, namely, the propagation speed of SEW local extrema,
has not been addressed in the literature and has important practical
implications. Indeed, we propose a simple method to quantify elastic-
ity even in bounded media using this effect.

Thus, for an impulsive line source excitation on the surface of an
elastic half space, a local maximum of the vertical velocity arrives at a
given surface location before the arrival of the SAW. It propagates
with a supershear velocity of approximately 1.9554 cs, extremely close
to that obtained in the simulations.

We also observed SEWs in simulations of bounded materials
with thickness h, provided the thickness was larger than the push
width d. In this case, the SEW appears as a near-field effect, and its
speed can be estimated to give an estimate of the shear wave speed.
For a push width of d¼ 0.5mm, we simulated guided wave propaga-
tion in bounded media with thicknesses h¼ 0.5, 0.8, and 1.0mm and
estimated the SEW speed to be (1.956 0.01)cs, (1.986 0.01)cs, and
(1.976 0.01)cs, respectively (Fig. 2). The bounded geometry seems to
introduce a small amount of variability to the SEW speed but remains
close to the theoretical value for semi-infinite media, 1.9554 cs.

We performed experimental studies of SEWs in semi-infinite
and thin-layered tissue-mimicking phantoms, ex vivo human cornea,
and in vivo human forearm skin. Phantoms were constructed using
polyvinyl alcohol (PVA) cryogels with controllable mechanical and
optical properties.22–24 Large phantoms (10 cm � 10 cm � 10 cm)
approximated a semi-infinite medium. Thin-layered (0.5mm thick-
ness) ones approximated a medium bounded on one side by water
and the other by air, such as the cornea. We varied PVA concentration

FIG. 1. (a) Simulated wave fields at various times show surface acoustic wave (SAW)
and supershear evanescent wave (SEW) propagation. Simulation parameters are
cs¼ 5m/s, T ¼ 10 ls, and d¼ 500lm. The dynamic range has been adjusted to
emphasize the SEW. (b) Surface waveforms at the same times show faster propaga-
tion and decaying amplitude of the SEW compared to those of the SAW.
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(4, 8, or 12wt. %) to control the stiffness and, therefore, the shear
wave speed. A more detailed description is in supplementary S.4.

Broadband elastic waves were generated using AlT.8,9 The sys-
tem utilizes a 1MHz cylindrically focused, air-coupled ultrasound
transducer to mechanically “push” the phantom surface without con-
tact. The transducer produces a pseudoline source with a lateral width
of approximately 0.5mm and an elevational height of 9mm (normal
to the propagation plane). The lateral profile was nearly Gaussian. The
AlT push lasted for T ¼ 100 or 200 ls. We tracked elastic waves
with high-speed phase-sensitive OCT (PhS-OCT) operating in M-B
mode.25–27 More system details are provided in supplementary S5.

The same trends were observed in both bulk and thin-layered
phantom experiments. For example, Fig. 3(a) shows surface velocity
data for a 0.5mm thick phantom (cs¼ 3.8m/s). Near the excitation, it
is difficult to distinguish different modes. At 5–6mm from this point,
modes begin to separate, and the SEW can be distinguished from
dispersive Rayleigh-Lamb modes. Past this point, the SEW clearly
arrives before Rayleigh-Lamb modes, with amplitude decaying with
the propagation distance. Extracting surface signals at discrete
locations [Fig. 3(b)], the local SEW maximum can be identified and
tracked across lateral positions to estimate its speed.

The repeating SEW-like reverberations following the arrival of the
SEW may correspond to a separate type of supershear surface wave. As
the SEW propagates along the surface, it leaks energy into plane shear
waves in the bulk. For bounded media, these plane shear waves will
reflect from the bottom boundary and propagate back toward the sur-
face, where they can re-couple into a surface wave (see supplementary
S6). This behavior was theoretically predicted by Schr€oder and Scott,11

though they did not propose a physical scenario in which it might occur.
For semi-infinite media, Rayleigh-Lamb modes do not develop,

and a SAW propagates along the surface at speed cR slightly slower than
the shear wave speed cs. For nearly incompressible materials, the ratio of
these two wave speeds is cR=cs� 0.9553.25,28 By measuring the Rayleigh-
wave group velocity in thick (approximately semi-infinite) phantoms,
we obtained shear wave speeds of 2.696 0.12m/s, 5.576 0.04m/s, and
8.246 0.19m/s for PVA concentrations of 4%, 8%, and 12%, respec-
tively [Figs. 3(c) and 3(d)].

As before, we identified and tracked the SEW local maximum,
applying a linear fit to determine the propagation speed [Fig. 3(c)].
The results are summarized in Table I. SAW speed does not depend
on the frequency in a linear elastic medium, but we note that the
SEW’s local maximum also propagates at a constant speed.
Furthermore, its speed is very close to that provided by Eq. (3) for very
different excitation conditions and material properties. Indeed, by
applying the theoretical conversion of cSEW ¼ 1.955 cs, we obtained
shear wave speeds accurate to within 10% of the true value (see
Table I). For higher accuracy, we quantified the effect of different exci-
tation durations (T ¼ 100 ls, 200 ls) on the SEW speed using our
numerical model. For a 100 ls duration, the SEW propagated at 2.016
cs, while for a 200 ls excitation, it propagated at 2.051 cs. Applying
these corrections, we obtained SEW speed estimates accurate to within
5% of the true bulk shear wave speed.

To explore SEW propagation in soft tissue, we performed OCE
experiments in human cornea ex vivo and in human skin in vivo. A
human cornea sample (26 year-old male) was secured via the Utah
Lion’s Eye Bank in Murray, UT, and kept in Optisol (Chiron
Ophthalmics, Irvine, California, USA) solution for 4 days post mortem
prior to imaging. It was mounted to an artificial anterior chamber
filled to physiological pressure with balanced saline solution (BSS,
Alcon, Johns Creek, GA). For human forearm skin measurements, a
healthy 30 year-old volunteer was recruited using the human subject
protocol provided in supplementary S7.

We observed SEWs in both ex vivo human cornea [Fig. 4(a)] and
in vivo human forearm skin [Fig. 4(b)]. Here, the SEW’s main energy is
contained in a local minimum instead of a local maximum. We believe
these changes are induced by anisotropy in these tissues. Because of the
complex mode structure in anisotropic media, the correct relationship
between SEW and bulk shear wave speeds is not entirely clear. We will
examine this further in future studies. Nevertheless, it appears that the
SEW exists in anisotropic, layered media as well and also travels many
times faster than the bulk shear wave.

Here, we observed supershear evanescent waves (SEWs) propa-
gating along the surface of nearly incompressible materials – specifi-
cally, PVA phantoms, human cornea, and human skin. The
relationship between the measured SEW and shear wave speeds in
both numerical simulations and OCE experiments closely matched
theoretical predictions in isotropic phantoms based on the Green’s
function. Consequently, the measured SEW speed can be used to

FIG. 2. Simulated guided wave XT plots for bounded media of various thicknesses
h¼ 0.5, 0.8, and 1.0 mm. The SEW (dashed line) is visible in the near-field, and its
behavior closely matches the SEW in semi-infinite media.

FIG. 3. (a) Surface vertical velocity XT plot showing SEW arrival preceding Rayleigh-
Lamb mode arrivals in a 0.5mm thick PVA phantom (cs ¼ 3.8m/s). The dynamic
range has been adjusted to better visualize the SEW. (b) Corresponding surface verti-
cal velocity waveforms at various lateral positions. (c) Linear fits of lateral position vs
SEW arrival time in different bulk (semi-infinite) phantoms give SEW speeds
for PVA concentrations of 4% (blue, circles, cs¼ 2.7 m/s, cSEW ¼ 5.4 m/s),
8% (gray, triangles, cs¼ 5.6 m/s, cSEW ¼ 11.7 m/s), and 12% (red, squares,
cs ¼ 8.2 m/s, cSEW ¼ 17.4 m/s). (D) Simulation, experimental, and theoretical
estimates of SEW speed in bulk media closely agree.
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accurately estimate the bulk shear wave speed and finally to calculate
Young’s modulus

E � 3q
cSEW
1:955

� �2

: (4)

We propose SEW tracking as a robust method to estimate the elasticity
of nearly incompressible materials such as biological tissue. In certain
applications, SEW speed measurements may provide more reliable
estimates of shear wave speed than commonly used methods such as
group velocity estimation.9,25,29–36 For example, in bounded media,
Rayleigh-Lamb modes yield group velocity estimates far from bulk
shear wave speeds.37,38 Dispersion analysis is required to estimate the
true shear wave speed. This carries its own limitations, as both the
elastic wave bandwidth and imaging field-of-view affect the accuracy
of shear wave speed estimates.39 Additionally, biological tissues such
as the skin and cornea have complex geometries with a variable mate-
rial thickness over the propagation path. This complicates dispersion
analysis and makes it difficult to obtain quantitative estimates of true
elastic properties with finite mechanical wave bandwidths. In contrast,
if the OCE system has sufficient bandwidth to detect the SEW, then
the elastic modulus can be quantitatively estimated independent of
geometric complications such as variable material thickness. This is a
significant advantage for quantitative elastography.

One potential concern of SEW-based estimates of tissue elas-
ticity is the exact relationship between the shear and SEW waves
for different biological tissues. In the experiments presented here
in human tissues, we observed very fast propagating SEWs in both
cornea and skin, which may be driven by the anisotropic elastic
properties of these tissues.40–42 Thus, we do not provide here quan-
titative estimates of Young’s modulus in the cornea and skin using
SEW speed estimates. We are currently investigating SEW behavior
in anisotropic media and will extend this study to such media in
near-future publications.

See the supplementary material for derivations for the supershear
evanescent wave (SEW) properties based on plane wave expansions
and the elastodynamic Green’s function, details on the finite element
models described in this letter, and details on the tissue-mimicking
phantoms, optical coherence elastography system, and human study
protocols used to experimentally investigate SEW propagation. Also
included are video files showing the simulated propagation of the
SAW and SEW in a semi-infinite medium and simulated propagation
of guided modes and re-coupling of SEWs to surface waves in a
bounded medium.
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