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ABSTRACT

Acoustic impedance regulation of a neck embedded Helmholtz resonator is realized by introducing surface roughness to the neck so as to
convert the initially non-perfect sound absorber to a perfect sound absorber. The proposed roughened-neck embedded Helmholtz resonator
(R-NEHR) achieves perfect sound absorption (a > 0:999) at 158Hz across a deep subwavelength thickness of k=42. Theoretical predictions
of the R-NEHR’s performance are validated against experimental measurements. Physically, surface roughness triggers the periodic concen-
tration effect of fluid vibration in the neck, thereby improving its acoustic mass and acoustic resistance and altering the resonant damping
state of the absorber. As a result, the absorption peak position of the R-NEHR shifts by 16.0% to lower frequency, together with a peak value
increase of 19.6%. This work provides an approach for perfect sound absorber design and impedance regulation of acoustic metamaterials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024804

Due to the long wavelength of low-frequency acoustic waves, it is
difficult for traditional acoustic materials to realize effective absorption
of low-frequency noise. Acoustic metamaterials can be resorted to
address the issue. An acoustic metamaterial can realize a variety of fan-
tastic properties by tailoring its microstructure, such as negative refrac-
tion,1–4 acoustic focusing,5–8 acoustic invisibility,9–12 phase and
amplitude modulation,13 and high-performance selective sound
silencing.14 Based upon the classical Helmholtz resonators, it can also
achieve low-frequency perfect sound absorption via coiled-up
space,15–18 multilayer series connection,19–21 and neck embedded22–24

design. However, as the realization of perfect sound absorption needs
to strictly satisfy the condition of acoustic impedance matching,
acoustic impedance regulation of the acoustic metamaterial becomes
a crucial problem.

In this work, we realize acoustic impedance regulation of an
imperfect neck embedded Helmholtz resonator (NEHR) in Fig. 1(a)

by theoretical calculation and experimental measurement. Upon
introducing surface roughness to the embedded neck, the proposed
R-NEHR in Fig. 1(a) exhibits significantly enhanced acoustic
impedance, resulting in tunable perfect sound absorption perfor-
mance at low frequencies. The R-NEHR may thus be classified as a
kind of acoustic metamaterial. We further analyze physical mecha-
nisms underlying such performance improvement via impedance
analysis, mesoscopic FEM simulation, and complex frequency plane
analysis.

With reference to Fig. 1(a), the proposed acoustic metamaterial is
formed by a cylindrical air cavity and an embedded neck. The NEHR
has a neck in the form of a smooth hollow cylindrical tube, as shown
in Fig. 1(b). As for the R-NEHR, periodic axial roughness of the neck
is introduced to regulate its acoustic impedance. According to
Fig. 1(c), the rough neck has an idealized cosinoidal inner surface
characterized by a varying radius,25,26 as
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C xð Þ ¼ dn 0:5þ e cos bxð Þ½ �; (1)

where e ¼ d=dn and b ¼ 2pdn=b are defined as the relative roughness
and the wavenumber of surface roughness and x is the position coor-
dinate along the length of the neck, as shown in Fig. 1(c).

The acoustic wave excitation is considered as a plane wave
incident vertically from the upper side of the acoustic metamate-
rial in Fig. 1(a). Acoustically, the bottom side of the metamaterial
and the walls of both the cavity and embedded neck are taken as
rigid. The sound absorption coefficient of the metamaterial can
thus be calculated by27

a ¼ 1� jRj2 ¼ 1�
����Zs � 1
Zs þ 1

����
2

; (2)

where R is the acoustic pressure reflection coefficient and Zs is the sur-
face acoustic impedance ratio of the metamaterial. Through appropri-
ate regulation of Zs, improved sound absorption of the metamaterial
can be achieved.

For an air cavity with rigid backing, the acoustic impedance is
given by27

Zc ¼ �jZ0cot d1k0lcð Þ; (3)

where j is the imaginary unit. Z0 ¼ q0c0 is the characteristic imped-
ance of air, where q0 ¼ 1:29kg=m3, c0 ¼ 343m=s, and k0 ¼ 2pf =c0
are the density, acoustic wave velocity, and wavenumber of air, and f
is the acoustic wave frequency. d1 ¼ ½Sclc � Snðln � tÞ�=ðSclcÞ is the
depth correction factor considering the cavity volume occupied by the
neck, and Sc ¼ pd2c =4 and Sn ¼ pd2n=4 are the cavity cross-sectional
area and neck cross-sectional area, respectively. According to our pre-
vious work,25,26,28 the tortuosity of the rough neck with cosinoidal
axial roughness can be calculated by

a1 ¼ 1þ
e2b2 J20 b=2ð Þ

� �
� J21 b=2ð Þ
� �h i

2J21 b=2ð Þ ; (4)

where Jn is the first kind modified Bessel function of the nth order.
When the relative roughness e ¼ 0, Eq. (4) reduces to the tortuosity of
a smooth neck, with a1 ¼ 1. Correspondingly, the static flow
resistivity of the rough neck is given by25,26,28

rr ¼ rs
1

1� 2eð Þ4
þ 6e2 þ 1ð Þ

1� 4e2ð Þ3:5
� 1

1� 2eð Þ4

 !
2e�

1
5pb

1þ e�
1
5pb

" #
; (5)

where rs ¼ 32l0=dn
2 is the static flow resistivity of the smooth neck

and l0 ¼ 1:81� 10�5Pa � s is the dynamic viscosity of air. When
e ¼ 0, Eq. (5) also reduces to the smooth case.

The acoustic impedance of the facesheet with a rough neck can
be calculated using the model by Pride et al.,29 as

Zn ¼
v0

jxq0
1� vþ v 1þ 8a1q0

3K

� �2 jx
v0

" #1=28<
:

9=
;þ a1

8<
:

9=
;q0xjln;

(6)

where x ¼ 2pf is the angular frequency, �0 ¼ l0=q0 is the kinematic
viscosity, q0 ¼ l0=rr is the viscous permeability, K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8l0a1=rr

p
is

the viscous characteristic length, and v ¼ 3=4 is the tortuous ratio of
the axisymmetric neck. With end effects of the rough neck on acoustic
mass and acoustic resistance accounted for, Zn should be modified as30

Zn
0 ¼ Zn þ

4
ffiffiffi
2
p

l0y
de

þ 0:85dejxq0; (7)

where y ¼ de
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0x=l0

p
=2 is the ratio of the neck end radius to vis-

cous boundary layer thickness and de ¼ dnð1þ 2eÞ is the end diame-
ter of the neck. Then, the surface acoustic impedance ratio of the
metamaterial can be calculated as

Zs ¼ d2 Zc þ Zn
0=u

� �
=Z0; (8)

where u ¼ Sn=Sc is the perforation ratio of the facesheet, d2 ¼ A=Sc is
the acoustic impedance correction factor considering the wall thick-
ness of the cavity, and A ¼ pðdc þ 2tÞ2=4 is the cross-sectional area of
the whole metamaterial. Finally, the sound absorption coefficient a
can be calculated by substituting (7) into (2). Considering the neck
roughness, the above theoretical model has actually extended the clas-
sical Maa’s theory for smooth necks to rough necks.

FIG. 1. (a) Schematic and working condition of the NEHR and R-NEHR with a cavity
diameter of dc ¼ 32 mm, a facesheet thickness and a wall thickness of t ¼ 1 mm,
and a cavity depth of lc ¼ 50mm. (b) Three-dimensional schematic of both smooth
and rough necks with an inner diameter of dn ¼ 5 mm and a length of ln ¼ 35 mm.
The rough neck is decorated by periodic axial roughness with a wavelength of b ¼
5 mm and a radial fluctuation of d ¼ 1mm on an average inner diameter of
dn ¼ 5mm. The above dimensions are chosen only to meet the processing accuracy
for the manufacturing of test samples. The proposed method is actually not limited to
the above special dimensions and has general applicability (see the supplementary
material for details). (c) Two-dimensional schematic of the rough neck inner surface in
a Cartesian coordinate system. (d) 3D-printed facesheet connected with nine smooth
or rough necks having an identical perforation ratio as in (a). (e) 3D-printed cavity with
an inner diameter of D ¼

ffiffiffiffiffiffiffi
9d2c

p
¼ 96 mm. (f) The test sample obtained by bonding

the facesheet of (d) to the cavity of (e).
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To validate the foregoing theoretical predictions, test samples are
manufactured via stereolithographic (SLA) 3D-printing with photosen-
sitive resin. As shown in Fig. 1(d), the facesheet and the nine embedded
necks, either smooth or rough, are printed as a whole. The perforation
ratio of the facesheet is the same as that of Fig. 1(a). The facesheet and
the 3D-Printed cavity shown in Fig. 1(e) are subsequently bonded to
form the sample shown in Fig. 1(f). The acoustic impedance and sound
absorption coefficient of the samples are measured with the Br€uel &
Kjær impedance tube according to ASTM standard31 (see the supple-
mentary material for details), as shown in Fig. 2(a).

The theoretically calculated sound absorption coefficient and
acoustic impedance of both the NEHR and R-NEHR are compared
with experimental measurements in Figs. 2(b)–2(d). Good agreement
is achieved, especially for the peak value and peak position of the
sound absorption coefficient. From Fig. 2(b), it is found that the sound
absorption coefficient of the NEHR, shown as the blue curve and blue
circles, reaches a peak value of 0.83 at 188Hz and, hence, perfect
absorption is not achieved. In sharp contrast, the R-NEHR with
roughened neck realizes perfect sound absorption at 158Hz, with a
peak value of a > 0:999 (measured by experiment). Therefore, intro-
ducing surface roughness to the neck causes significant improvement
in low-frequency sound absorption performance. Specifically, the
absorption peak value is increased by 19.6% (from 0.83 to 0.999), and
the peak frequency is shifted to a lower frequency, with a decrease in

30Hz (16.0% drop). As a result, the proposed R-NEHR realizes low-
frequency perfect absorption with a deep subwavelength thickness of
51mm or 1=42 of the corresponding acoustic wavelength. The signifi-
cant performance improvement is attributed to acoustic impedance
regulation via roughened neck. Actually, this improvement can be
achieved on acoustic metamaterials of any dimension. For different
applications, metamaterials of different thicknesses can be designed by
introducing neck roughness to achieve perfect absorption for different
frequencies on the deep subwavelength scale (see the supplementary
material for details).

From Eqs. (4) and (5), it can be seen that the relative roughness e
and wavenumber b of the neck roughness can determine the tortuosity
a1 and the static flow resistivity rr of the neck. According to Eqs. (6)
and (7), the changes of the tortuosity and the static flow resistivity lead
to the change of the acoustic impedance of the metamaterial.
Therefore, the introduction of the roughness provides additional tun-
able degrees of freedom for acoustic performance, and the above
sound absorption enhancement is actually achieved by adjusting the
roughness to regulate the acoustic impedance of the metamaterial to
meet the impedance matching condition. The theoretically calculated
imaginary part of Zs (i.e., surface acoustic reactance ratio) and real
part of Zs (i.e., surface acoustic resistance ratio) are compared with
those measured in Figs. 2(c) and 2(d), respectively. According to
Eq. (2), the impedance matching condition dictates that perfect
absorption can only be achieved when ImðZsÞ ¼ 0 and ReðZsÞ ¼ 1
are realized simultaneously. Since ImðZsÞ and ReðZsÞ are not indepen-
dent variables, such a condition is often not strictly satisfied. Generally
speaking, at relatively low frequencies, the absolute value of ImðZsÞ is
higher than that of ReðZsÞ so that the absorption peak frequency is usu-
ally determined by the zero of ImðZsÞ and the absorption peak value is
determined by the damping state controlled by ReðZsÞ. From Fig. 2(c),
it is seen that, with the regulation of acoustic impedance, ImðZsÞ of the
R-NEHR is higher than that of the NEHR in the frequency band stud-
ied, causing ImðZsÞ to reach zero at a lower frequency. As a result, the
metamaterial achieves a lower resonant frequency. Also, ReðZsÞ of the
R-NEHR is improved compared with the NEHR, as shown in Fig. 2(d).
At the resonant frequency, ReðZsÞ of the R-NEHR is much closer to 1
than that of the NEHR. Consequently, the NEHR falls within the under
damping state at the resonant frequency, while the R-NEHR is in the
critically damping state and satisfies the impedance matching condition.
Therefore, the proposed R-NEHR can realize perfect sound absorption.

The acoustic impedance of the present acoustic metamaterial is
actually composed of the acoustic capacitance of the air cavity and the
acoustic mass and acoustic resistance of the embedded neck. Since the
NEHR and the R-NEHR have the same cavity, we additionally analyze
how the neck differs before and after roughness is introduced. The
imaginary and real parts of Zn=Z0 are defined as the relative acoustic
mass and relative acoustic resistance of the neck, which are plotted in
Figs. 2(e) and 2(f). Upon introducing the roughness, significant
improvement occurs in both the acoustic mass and acoustic resistance
of the neck. This is the fundamental principle of acoustic impedance
regulation. If we analogize the R-NEHR as a spring-oscillator system,
according to the theory of vibration,32 a higher acoustic mass and a
larger acoustic resistance result in lower resonance frequency and
more energy dissipation of the metamaterial, respectively.

To explore physical mechanisms underlying acoustic mass and
acoustic resistance improvement of the rough neck at a mesoscopic

FIG. 2. Acoustic performance comparison between the NEHR and R-NEHR. (a)
Experimental setup of B&K 4026A impedance tube. (b) Sound absorption coeffi-
cient, (c) surface acoustic reactance ratio, and (d) surface acoustic resistance ratio
obtained by the theoretical calculation and experimental measurement. Blue and
red arrows indicate the sound absorption peak frequency of the NEHR and
R-NEHR. (e) Relative acoustic mass and (f) relative acoustic resistance of the
smooth neck and rough neck.
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level, we establish a finite element (FE) model in COMSOL33 (see the
supplementary material for details). The distribution of particle vibra-
tion velocity in the rough neck is selected from the overall model for
analysis and compared with that in the smooth neck, as shown in
Figs. 3(a) and 3(b). The spatial average of vibration velocity on the
cross section of the neck along its length is calculated and plotted in
Fig. 3(c). The vibration velocity in the smooth neck is seen to be uni-
formly distributed, with a value of about 0.15 m/s for the parameters
selected. However, in the rough neck, the average vibration velocity
varies periodically along the neck length. The periodic concentration
effect of fluid vibration is observed at each of the narrow sections,
where the maximum vibration velocity exceeds 0.35 m/s, for surface
roughness changes fluid flow characteristics in the neck. The periodic
concentration effect obstructs fluid flow, thereby enlarging the acoustic
mass of the rough neck at the macro level.

The acoustic energy dissipation density in the smooth neck is
compared with that in the rough neck in Figs. 3(d) and 3(e). Energy
dissipation in the former mostly occurs nearby its inner wall, with little
energy dissipation occurring at its center. Furthermore, according to
the cross-sectional energy dissipation density along the neck length
shown in Fig. 3(f), energy dissipation in the smooth neck is stable at
2.14� 10�5 W/m. In sharp contrast, energy dissipation in the latter
exhibits the same periodic variation trend as that of vibration velocity
along the neck length. Due to the periodic concentration effect of
vibration velocity, the concentration of high level vibration velocity at
each narrow section of the rough neck causes intense friction between
fluid and the inner surface of the neck, causing the intense energy dis-
sipation shown in Fig. 3(e). Thus, the rough neck shows superior
energy dissipation performance, which is manifested as its enlarged
acoustic resistance macroscopically. It can thus be concluded that the
introduction of surface roughness triggers the periodic concentration
effect of vibration velocity, by which the acoustic mass and acoustic
resistance of the neck are enlarged so that acoustic impedance regula-
tion can be realized.

We further analyze how roughness affects the sound absorption
performance and damping state of the R-NEHR with relevant

geometric parameters fixed. From Fig. 4(a), as the relative roughness e
is increased from 0 (i.e., the smooth case) to 0.25, the sound absorption
peak of the R-NEHR is increasingly shifted to lower frequencies, with
the peak value increasing correspondingly from 0.83 to perfect absorp-
tion. When 0:20 < e < 0:25, the R-NEHR exhibits a tunable perfect
absorption ability. With complex frequency plane analysis34 of the
reflection coefficient jRj2, the damping state of the R-NEHR is investi-
gated to explain the effect of neck roughness, as shown in
Figs. 4(b)–4(e). By replacing the frequency f in the previous theoretical
prediction model with a complex frequency as f 0 ¼ fre þ jfim (fre and
fim are the real frequency and imaginary frequency, respectively), the
reflection coefficient jRj2 can be plotted in the complex frequency
plane with fre and fim as variables. In a lossless system, the reflection
coefficient has a pair of complex conjugate zero and pole points, where
the complex number is related to the energy leakage of the radiation.
The zero and pole points in the complex frequency plane represent the
minimum value (jRj2 ¼ 0, i.e., complete absorption) and maximum
value of the reflection coefficient, respectively. In a lossy system, the
introduction of loss causes the zero and pole points shift simulta-
neously. When the zero just falls on the real frequency axis (i.e.,
fim ¼ 0), the losses completely balance the energy leakage and satisfy
the critical coupling condition for complete absorption.
Figures 4(b)–4(e) display the values of jRj2 expressed in the complex
frequency plane with various relative roughness e. When e ¼ 0, the

FIG. 3. (a) and (b) Distribution of particle vibration velocity in smooth and rough
necks at absorption peak frequencies. (c) Average particle vibration velocity at the
cross section of smooth and rough necks along the neck length. (d) and (e)
Distribution of acoustic energy dissipation density in smooth and rough necks at
absorption peak frequencies. (f) Acoustic energy dissipation of the cross section in
smooth and rough necks along the neck length.

FIG. 4. (a) Sound absorption spectrum of the R-NEHR with frequency and relative
roughness as variables. (b)–(e) Complex frequency plane analysis for the reflection
coefficient of the R-NEHR for selected values of relative roughness. (f) Sound
absorption spectrum of the R-NEHR with frequency and wavenumber as variables.
(g)–(j) Complex frequency plane analysis for the reflection coefficient of the
R-NEHR for selected values of wavenumbers. (a), (b), (c), and (d) share the same
x-axis as (e), while (f), (g), (h), and (i) share the same x-axis as (j).
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vibration velocity does not have the periodic concentration effect, and
so the acoustic mass and acoustic resistance of the neck remain at a
relatively low level. The losses are not sufficient to balance the energy
leakage, causing the zero of jRj2 to stay below the real frequency axis
in Fig. 4(b). As a result, the metamaterial falls within the under damp-
ing state and perfect absorption cannot be realized. With the increase
in e, the periodic concentration effect occurs and becomes increasingly
more significant, which enlarges the acoustic mass and acoustic resis-
tance. According to the results of Figs. 4(c) and 4(d), the zero and pole
shift to the up and left, and the zero almost falls on the real frequency
axis when e ¼ 0:2. The R-NEHR is transitioned into a critical damp-
ing state so as to realize impedance matching and perfect absorption.
If the value of relative roughness e continues to increase on this basis,
the zero will eventually cross the real frequency axis and stay above it,
leading to an over damping state, as shown in Fig. 4(e).

The effect of wavenumber b on sound absorption is presented
in Fig. 4(f). Increasing the value of b can also shift the absorption
peak frequency to a lower frequency accompanied by an enlarged
peak value. Due to the existence of e, the periodic concentration
effect is always present during the variation of b. Thus, the improve-
ment of b on the periodic concentration effect is not as evident as e.
According to Figs. 4(g)–4(j), the zero and pole mainly shift to the left
as b is increased, causing the resonant sound absorption frequency
to decrease. Furthermore, the zero is shifted from below the real fre-
quency axis to that on the axis in the vertical direction, causing the
R-NEHR to transit from the under damping state to the critically
damping state. In conclusion, for the R-NEHR, increasing its neck
roughness can intensify the periodic concentration effect and cause
the transition of its resonant damping state. Based on this principle,
the acoustic impedance of the R-NEHR can be regulated to an
impedance matching state so as to realize tunable perfect sound
absorption.

In summary, we propose a unique method to improve the sound
absorption performance and regulate the acoustic impedance of acous-
tic metamaterials via introducing roughness. Upon introducing surface
roughness to the embedded necks of Helmholtz-type resonators, the
periodic concentration effect of vibration velocity in the neck is trig-
gered. This effect enlarges acoustic mass and acoustic resistance of the
neck, thus enabling acoustic impedance regulation. Tailoring the neck
roughness can lead to the transition of the damping state of the meta-
material to the critically damping state so as to achieve impedance
matching and tunable perfect absorption at low frequencies (by the
deep subwavelength scale). This work enriches the design methods of
acoustic metamaterials and has important guiding significance for the
development of acoustic metamaterials.

See the supplementary material for the effect of the thickness on
acoustic metamaterials performance, the finite element model, and the
experimental method.
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