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Abstract

Human skin is generally assumed to be acoustically rigid. It has been shown that it almost totally reflects sound
waves, without significant dissipation of energy. Yet, it appears that the propagation of sound around the human
body is influenced by the acoustic properties of skin tissue (this is for example observed in the simulation of
head-related transfer functions or in ear-canal reflectance measurements). In general, estimating the impedance
of highly reflective materials is experimentally challenging. In this work, the feasibility of the impedance
estimation of nearly acoustically rigid bodies via the equivalent source method is assessed. A semi-analytical
solution to the problem of scattering of sound by an elastic body with a rigid core is derived. The solution of
this problem is used as a validation benchmark for the proposed impedance estimation method. Experimental
tests with real data are also presented and compared against the model result.

Keywords: human skin, impedance estimation, ESM, scattering.

1 Introduction

Scattering of sound by the human head and torso leads to time and amplitude sound pressure differences
between the left ear and the right ear. These inter-aural differences are fundamental in the human sound
localization process [[1]. Thus, a broad range of applications, including the testing of hearing assistive devices
[2] and the development of virtual audio methods [3]], demands a precise knowledge of the sound field close
to the human head. When simulating numerically the sound field scattered around an object, via e.g. the
boundary element method, knowledge of the surface impedance of the object is needed in order to model
boundary conditions [4]]. In acoustic simulations of the sound field around a head, including the estimation of
Head Related Transfer Functions (HRTF), human skin is generally assumed to be rigid. Yet, it has been shown
that using diffent materials for crafting the pinnae of an acoustic measurement dummy head leads to changes
in the measured HRTF [5]]. These changes are particularly significant at mid to high frequencies, at which
the complex details of the head, and particularly of the pinna, induce a substantial amount of reflexions. The
knowledge of the impedance of human skin could thus help improving HRTF simulations, allowing to relax the
rigid scattering hypothesis.

In this work, the feasibility of estimating the normal impedance of human skin with near-field acoustic
holography (NAH) is assessed. A source emits sound towards a human arm, and a double-layer array of
microphones is placed close to the surface of the arm. NAH has already been used to measure acoustic
impedances and reflection coefficients of porous materials, and was shown to give accurate estimates [0, [7, |8].

The equivalent source method (ESM) is used to recover the incident and scattered fields on the surface of
a scattering object as a superposition of fields coming from equivalent sources placed respectively inside and
outside of the object [9} [10} [L1]]. Despite the number of parameters (number of equivalent sources to use [[12],
retreat distance between the inner sources and the scattering object’s surface [[13]) that have to be chosen, this
method is fairly simple to implement and has been shown to give accurate results [[12} [14]. It also presents the
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advantage to be adaptable to different surface geometries. Moreover, the equivalent source method is one of
the NAH methods that has already been shown to be an efficient tool to estimate the impedance of absorptive
surfaces [0} [8].

The impedance estimation framework is tested numerically on a model of sound scattering by an human
arm. The model is based on the analytical solution to the problem of scattering of sound by an elastic cylinder
with a rigid core, derived in this work. A first attempt to estimating the impedance of human skin is also
presented.

2 Scattering of sound by an elastic cylinder

The vibro-acoustic problem of scattering of a plane wave by an elastic cylinder is solved in this section. The
cylinder has a rigid core in order to model the configuration of a human arm. It is supposed to be infinite in the
axial direction, which allows to work in a polar coordinate system (r, #). The solution to this problem will be
used later to test the impedance estimation method.

All the acoustic and elastic fields in this section and in the rest of this paper will be assumed to follow a
time-harmonic dependency e/“, that will be omitted.

2.1. Acoustic fields

The total acoustic field p around the cylinder can be decomposed as p = p; + ps, where p; is the incident field
that would exist without the cylinder, and p; is the so-called scattered field.

Both p and p; satisfy the Helmoltz equation Ap + k*p = 0, where k = 2 is the acoustic wavenumber.
The incident plane wave p; = e /** of unitary amplitude can be expanded in a cylindrical wave basis [15]

(J,, 1s a Bessel function of first kind and order n > 0)

+00
pi(r,0) = Z(—j)”énln(kr) cos(nd), ey
n=0
withe, =1 forn=0and ¢, =2 forn > 0.
As a linear combination of p and p;, p; also satisfies the Helmoltz equation. Under the assumption that it
satifies Sommerfeld’s radiation condition, it can be expressed as a sum of waves outgoing from the cylinder
[[16] (in this work, H,(f) denotes the Hankel function of the i-th kind and order n, i € {1,2} and n > 0)

ps(r,0) = Z @, HP (kr) cos(n). 2)
n=0

Note that the symmetry of the problem about § = 0 allows to restrict the 6 dependency to a cosine expansion.
This symmetry argument will be used again when deriving the elastic fields.

The normal incident and scattered velocities u; and u, can be derived from and 2] making use of
Euler’s equation of motion.

2.2. Mechanical fields

In what follows, the density of the elastic medium will be denoted py,. Its Lamé coefficients will be denoted A
and p and can be retrieved from the Young’s modulus and Poisson’s ratio of the elastic material of interest.
The fundamental equations involving the 2x2 stress matrix o and the 2x1 displacement vector ¢ in the elastic
model are the mechanical equilibrium equation and Hooke’s law.
The elastic displacement can be decomposed as [[16]:

§ = —grad(y) + rot(¢), 3)
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where the scalar ¢ and the vector ¢ are respectively the compression and shear potentials. Note that in a 2D
cylindrical problem, the shear potential is reduced to its axial component, that will be denoted ¢. The potentials
can be solved for independently as superpositions of cylindrical waves, making use of the symmetries of the
problem:

Y(r,6) = > cosni)(AH, (kyr) + BHD (k,r), )
n=0

$(r,0) = > sin(nO)(C, Hy (kyr) + DHP (kyr), (5)
n=0

w w . . .
where k, = — and k; = — are respectively the compression and shear wavenumbers. The compression and
c c
V4 s

A+2 [
shear wave speeds are respectively given by ¢, = K and cs = Ly
PM P

The elastic displacement can be retrieved making use of Equation [3] The components of the stress matrix
which are needed to solve the coupled acoustic-mechanical problem are the radial and tangential components
of the direct stress, respectively o, and o,¢. They can be derived from the radial and tangential displacements
&, and &y via Hooke’s law.

2.3. Boundary conditions

Five boundary conditions are needed in order to close the coupled acoustic-elastic problem.

All around the cylinder, the radial component of the direct elastic stress and the acoustic pressure satisfy
an equilibrium. The tangential component of the direct elastic stress is null (there is no acoustic shear force at
the surface of the cylinder). Eventually, the radial velocity at the surface of the cylinder must follow the radial
acoustic particle velocity. These boundary conditions are expressed in respectively Equations [6] [7]and [8]

rr(r2,0) + ps(r2, 0) = =pi(r2, 0). (6)
ory(r2,0) = 0. @)
ngl’(rz’e) - MS(VZ,O) = ”i(”z,e)- (8)

At the boundary between the core of the cylinder and the elastic medium, the radial and tangential
components of the elastic displacement vanish:

&r(r2,0) = 0. )
&o(r2,6) = 0. (10)

Using the orthogonality of the cosine functions in the cylindrical expansion, Equations[6|to[TI0|can be written
for each term n of the expansion as a linear system of equations in terms of the coefficients «,, A,, B, C,, and
D,.

3 Impedance estimation method

In this work, a human arm is illuminated with a sound source. The equivalent source method (ESM) is used to
infer the acoustic fields at the surface of the arm from near-field measurements.

The ESM lies on the assumption that the sound field of interest can be reconstructed as a sum of contributions
coming from a distribution of point sources [9)]. The incoming incident field is assumed to come from point
sources located on a surface outside the scattering object, while the point sources used to construct the outgoing
scattered field are located inside the object [[11]]. An example of ESM setup is shown
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The acoustic pressure p can then be written as a sum of contribution from N points sources i located at the
position r; with volume velocity Q;:

N

p(r) = > OG(r,r), 11

i=1
where G is the Green’s function in free-field. In this work, the problems are two-dimensional and G(r,rg) =
J
ZH(() )(Kr = rol).
The particle velocity in the direction n can be derived from Equation [I ] via Euler’s equation of motion :

N oG
u(r) = jo ) Qi (r.), (12)
i=1
oG .. . ) .
where n denotes the derivative of G in the direction n.

3.1. Analysis

Assuming that the pressure field is captured at M measurement points on a surface h close to the scattering
surface, the known vector of measurements P, (size M) can be linked to the vector of source strengths Q = [Q;]
via a matrix of Green’s function values Ggs_; = [G(rpy, )] linking the N point source locations rj to the M
measurement points I'y:

P, = Ggs_,Q. (13)

The source strengths can be recovered via a standard L2-regularized inversion ([11]). The optimal
regularization parameter is found by means of generalized cross-validation ([[17]).

3.2. Synthesis

The vectors of pressure Ps and normal velocities Ug on K points k at positions ri of the scattering surface S
can be reconstructed from the source strengths making use of Equation[IT|and Equation [I2}

Ps = Ggs_5Q, (14)

Us = Hgs_5Q, (15)

0G
where Ggg_g = [G(rk, rj)] and Hgg_g = [aT(rk, r;)], ng being the normal to the scattering surface at ry.
k

Eventually, an impedance map can be reconstructed on the surface of the object as the ratio of the
reconstructed pressure to the reconstructed velocity. The impedance of the object can be estimated locally as a
spatial average.

4 Numerical results

4.1. Sound scattering model

The model of sound scattering by an elastic cylinder is numerically built-up on the frequency range [1,20] kHz.
This geometry emulates the shape of a human arm. The cylindrical expansions of the field are truncated to a
sufficient amount of terms Njync such as Nyyype = max(kyra, kgra, krye), where rqc is the radius of the acoustic
domain of consideration. This truncation condition should allow consistent reconstruction of both the elastic
waves in the cylinder and the acoustic waves in the fluid.
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The coefficients of the acoustic and elastic fields’ cylindrical expansions are retrieved by numerical inversion
of the system of boundary equations introduced The mechanical properties used to describe the
elastic cylinders are typical of silicone (density p = 1500 kg.m™3, Young’s modulus E = 30 MPa, Poisson ratio
v = 0.47, loss factor n = 0.2, taken from and [19]). The internal (resp. external) radius of the elastic
domain in the cylinder are r; = 2.5 cm (resp. r, = 3 cm).

The obtained pressure field is shown[Figure T|at two frequencies, around 1 and 15 kHz. At both frequencies,
the solutions are close to the ones obtained with an acoustically rigid cylinder. Around 1 kHz (left figure), the
main scattering effect is a rise in pressure in front of the cylinder. Around 15 kHz, where the radius of the
cylinder is twice higher than the acoustic wavelength, a scattering effect similar to the one of a rigid cylinder
is observed. An interference pattern occurs in front of the cylinder, with a rise in pressure amplitude of about
twice the incident pressure amplitude at the surface of the cylinder. The pressure amplitude towards the back
of the cylinder is lower than 0.5 the incident pressure amplitude, due to the shadow of the cylinder.

The impedance of the elastic cylinder at normal incidence is shown The reactive part of the
impedance is one order of magnitude higher than its resistive part, and the reactance is positive. Its amplitude
decreases inversely proportionnal to the frequency below 2 kHz. These properties are characteristic of a
compliant behaviour. At these frequencies, only compression waves exist in the coating. The front of the
cylinder compresses and expands in response to the incident wave. At higher frequencies, the reactance
amplitude decrease with frequency is steeper, which could be due to shear waves appearing in the coating.
Around 17 kHz, a notch appears on the reactance amplitude. At this frequency, the product k,h (h being the
coating’s thickness) is about T and a mechanical resonance appears. Indeed, a compression wave propagating
in the x direction and reflecting on the cylinder’s core would arrive back at the surface of the coating with a
phase delay of 7. Note that the resistive part of the impedance is non-zero, which is due to structural losses
included in the vibro-acoustic model via a complex Young’s modulus. Note that the absolute value of the
cylinder’s impedance presents very high values compared to the characteristic impedance of air (up to about

10* poco).
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Figure 1: Pressure amplitude of a plane wave scattered by an elastic cylinder. The total pressure p is
normalized by the incident pressure p;. Left: Low frequency where kgr, < 1. Right : High frequency where
k()rz > 10.

4.2. ESM setup

The proposed impedance estimation method is tested on the benchmark case of scattering by an elastic cylinder
of silicone with a rigid core developped|section 2] The pressure measurements are numerically computed using
the same parameters as in subsection 4.1. As explained in[section 3| two layers of microphones and equivalent
sources are needed in order to reconstruct the incident and scattered fields. The ESM setup is shown [Figure 3]
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Figure 2: Real and imaginary parts of the impedance of the elastic cylinder at normal incidence.

A gaussian additive noise is added to the pressure measurement in order to perform the reconstruction in
two configurations. In the first configuration, the signal to noise ratio (SNR) is virtually infinite and the ESM
reconstruction is based on measurements on a single realization. This configuration is regarded as "noiseless".
In the second configuration, the signal to noise ratio is fixed to 30 dB, and the measurements are averaged
on 50 realizations. This configuration will be later referred to as "noisy". After the ESM reconstruction, the
normal impedance of the coating is estimated as an impedance average on a cone of 10 degrees around normal
incidence.

-0.06
-0.06 -0.04 -0.02 0 0.02 0.04

x (m)

Figure 3: Setup used for the numerical tests of the ESM reconstruction. Blue circle: reconstruction surface,
red dots: inner equivalent sources, magenta dots: outer equivalent sources, black dots: measurement points.
The measurement surfaces are respectively located 2 and 7 mm from the reconstruction surface, and sampled
with respectively 84 and 98 points. There are 80 inner equivalent sources located 8.5mm from the surface, and
114 outer equivalent sources located 20 mm from the surface.

4.3. Results of the ESM reconstruction

The pressure reconstruction at 3 kHz is shown on the top part of in the "noiseless" and "noisy" cases.
In both cases, the pressure reconstruction is accurate all over the cylinder.

The figure at the bottom of shows the velocity reconstructed on the surface of the cylinder in a
case where the pressure measurements are not contaminated by noise, and in a case where they are. The red
dashed curve (noiseless case) follows the true velocity (continuous blue curve), which shows that the velocity
reconstruction works well in absence of noise. However, in presence of noise (yellow dashed curve), high
spatial frequency components appear in the velocity reconstruction. In terms of amplitude, these components
are comparable to the true solution. These high spatial frequency components are due to measurement noise
that is amplified in the pressure to velocity reconstruction. The noise amplification issue is emphasized by the
normal velocity amplitude at the surface of the cylinder, due to the high impedance of the coating.
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Figure 4: Pressure (left) and velocity (right) reconstructions at 3 kHz in the "noisy" (yellow dashed curve) and
"noiseless" (red dashed curve) configurations, together with the reference fields (blue continuous curve)
obtained with the sound scattering model from [section 2]

4.4. Impedance estimation results

Figure 5| shows the impedance estimation error relatively to the impedance model shown In the
"noiseless" configuration, the error does not exceed 4% on the whole frequency range and decreases with
frequency.

In the "noisy" case, the error is about 100 % from 1 to 7 kHz. Remind that below 7 kHz, the impedance
of the cylinder’s coating was higher than 1000 pgcy in absolute value. These high impedance values make
the velocity reconstruction challenging, as explained earlier. Above 7 kHz, the impedance estimation error
becomes lower than 50% and decreases with frequency, which shows that the impedance estimate is consistent.

S Preliminary experiment

An estimate of the impedance of the skin of a human arm is experimentally obtained with the impedance
estimation method proposed in this work. The results of this experiment are introduced in this section.

200
100

10

1

Error (%)

0.1

1 2 4 8 16 20
Frequency (kHz)
Figure 5: Impedance estimation error relatively to the impedance model shown on [Figure 2| Results shown for
the "noiseless" (blue curve) and "noisy" (red curve) configuration.

The measurements for this experiment are performed in the small anechoic chamber of the Acoustic
Department of the Technical University of Denmark. Sound pressure measurements are performed on a line
close to a human forearm, as depicted The test subject was a male of age 25, measuring around
180 cm and of body weight 65 kg. He was asked to firmly place his arm on a support and to present his
inner forearm to a microphone as shown Figure [6b] A Universal Robots URS robotic arm is used to scan the
measurement points with high precision. An 1/8 inch microphone is attached to a rigid rod connected to the
robotic arm in order to avoid scattering from the arm. The setup used for the ESM reconstruction is shown
A two dimensional measurement geometry is chosen.

Pressure averaging on 16 realizations and sixth octave frequency bands are performed as the impedance
estimation method is expected to be very sensitive to noise as seen in the numerical tests in The
reconstruction is made on the forearm surface, which is roughly plane and is shown as a blue line
The normal impedance of skin is then estimated as the mean on the whole reconstruction surface.

The estimated impedance of the skin of the subject’s forearm is shown on the frequency range
[10.3,13] kHz. A preliminary study of the experimental conditions showed that the frequency response of the
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Figure 6: Left : Setup used for the experimental test of the ESM reconstruction. Blue line: reconstruction
surface, red dots: inner equivalent sources, magenta dots: outer equivalent sources, black dots: measurement
points. 6 measurement points are located 5 mm away from the arm’s surface, and 6 other are located 13.5mm
away from it. There are 5 inner equivalent sources retracted 34.3 mm away from the surface of the arm, and 5

outer equivalent sources 40 mm away from the surface. Right : Photograph of the experimental setup.

speaker used in the experiment presented a broad notch centered on 17 kHz. This was due to scattering from
the edges of the speaker, and led to a poor signal to noise ratio from 14 to 20 kHz.

On the reactive part of the estimated impedance is higher than its resistive part in absolute value.
It is also negative and its amplitude is decreasing inversely proportional to frequency, which is characteristic
of a compliant behaviour. This behaviour is consistent with the one that resulted from the scattering model
developed in The order of magnitude of the estimated impedance is significantly lower than the
one obtained with the scattering model which involved a silicone layer on a rigid body, although it seems to
correspond to the orders of magnitude measured in [5]. Indeed, a thin silicone layer backed by a rigid baffie is
considerably harder than human skin.

The reflection coefficient corresponding to the estimated impedance is shown It is about 0.8 from
10.3 to 11.8 kHz, and it decreases to 0.6 between 11.8 and 13 kHz.
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Figure 7: Left : Estimated impedance of the skin of the subject’s forearm in the experimental attempt, together
with the standard deviation of the impedance on the reconstruction surface. Right: Amplitude (top) and phase
(bottom) of the reflection coeflicient of skin inferred from the impedance estimate shown on the left figure.

6 Discussion

The theoretical model derived in and numerically constructed in leads to consistent results
but still needs to be validated, e.g. with a numerical model based on the finite element method. Using the
mechanical properties of silicone, the cylinder’s normal impedance has been shown to be significantly higher
in absolute value than the one experimentally obtained in [5] for human skin. Later on, choosing a material
softer than silicone could improve the proposed model of sound scattering by a human arm.

The numerical tests of the proposed method on the scattering model in show that the impedance
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estimation method behaves well in absence of noise. However, the sensitivity to noise of the method is
highlighted by the tests, which shows the need to improve the method. Using velocity measurements would for
example allow to get rid of the noise amplification in the velocity reconstruction.

In the estimate of the impedance of the skin of a subject’s forearm presents the compliant
behaviour that was observed in the results of the scattering model. Moreover, the orders of magnitude of
the estimated impedance correspond to the ones measured by [S)]. The resulting reflection coefficient is lower
than the ones obtained for skin in [S]] and [20]], which calls for an experimental validation of the method with
an object of known impedance, a measurement campaign on a broader sample of subjects, and improvements
of the experimental setup.

The ESM reconstruction on the surface of the forearm leads to inconsistent results under 10 kHz. This could
be due to the use of a two dimensional ESM setup, which implies an infinite extent of the forearm. The forearm
of the test subject measuring about / = 20 cm, the frequency above which the forearm would measure 6 times

more than the acoustic wavelengths would be f,;;, = 6%0 ~ 10.3 kHz. This frequency coincides to the lower

bound of the frequency range where the estimated impedance was consistent.

An attempt of experimental validation of the method on a silicone cylinder such as the one studied in
was also performed. It is not included in this work as it resulted in inconsistent results. However, it
highlighted some practical challenges that will have to be overcome. Acoustic scattering from the objects used
in the measurement setup (support used for the object of interest, robotic arm) and vibrations of the support of
the object under study were identified as two significant sources of discrepancies.

7 Conclusion

This study has examined a methodology for estimating the impedance of non-porous elastic materials. In
a theoretical solution to the problem of scattering of sound by an elastic cylinder was derived.
The solution was built numerically in It led to consistent results in terms of acoustic pressure
when compared to the solution obtained for a rigid cylinder. The frequency behaviour of the silicone layer’s
impedance was close to the one inferred from measurements on skin in [5]. However, the high values of
impedance obtained with the model show the need for a material softer than silicone to emulate skin.

In the ESM was applied to the solution of the scattering problem. The pressure at the surface
of the scattering cylinder was reconstructed successfully, while the velocity reconstruction was shown to be
sensitive to noise due to the high impedance of the cylinder on the lower end of the frequency range of interest.
The impedance estimation based on the ESM reconstruction was biased by this source of error. However, at
higher frequencies, the cylinder’s impedance was lower which lead to a more consistent impedance estimate.
Further work will be necessary to improve the velocity reconstruction.

In a first attempt of estimation of the impedance of human skin was performed. This preliminary
experiment suffered from a few sources of significant errors. However, a compliant behaviour was observed
on a limited frequency range and the order of magnitude were consistent with the ones obtained in [5]. This
motivates further studies on the use of near field acoustic holography to estimate the impedance of skin or other
elastic materials.
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