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ABSTRACT:
Noise mitigation of stage machinery can be quite demanding and requires innovative solutions. In this work, an

acoustic metamaterial capsule is proposed to reduce the noise emission of several stage machinery drive trains,

while still allowing the ventilation required for cooling. The metamaterial capsule consists of c-shape meta-atoms,

which have a simple structure that facilitates manufacturing. Two different metamaterial capsules are designed, sim-

ulated, manufactured, and experimentally validated that utilize an ultra-sparse and air-permeable reflective meta-

grating. Both designs demonstrate transmission loss peaks that effectively suppress gear mesh noise or other narrow

band noise sources. The ventilation by natural convection was numerically verified, and was shown to give adequate

cooling, whereas a conventional sound capsule would lead to overheating. The noise spectra of three common stage

machinery drive trains are numerically modelled, enabling one to design meta-gratings and determine their noise

suppression performance. The results fulfill the stringent stage machinery noise limits, highlighting the benefit of

using metamaterial capsules of simple c-shape structure. VC 2020 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1121/10.0000857

(Received 25 September 2019; revised 28 January 2020; accepted 19 February 2020; published online 5 March 2020)

[Editor: Kai Ming Li] Pages: 1491–1503

I. INTRODUCTION

Noise control in mechanical and civil engineering

requires compact, efficient, and low maintenance solutions.

In particular, the control of noise emitted by machinery

operating in theaters or operas, such as stage elevator drive

trains, is quite demanding, with the emission limits being as

close as possible to that of the background noise levels.1–3

This is naturally challenging for stage machinery designers,

especially when the constraints of the venue do not allow

the application of conventional noise control measures, such

as elastic bearings, noise barriers, or sound capsules. Noise

at frequencies below 1000 Hz is especially problematic,

since conventional noise insulation structures are quite

bulky at these frequencies, and space is generally a scarce

resource in a stage environment.

One of the main noise sources of stage machinery drive

trains are the gear boxes, where the noise is dominated by

the gear mesh frequencies and their higher harmonics.4–6

Figure 1 shows a measured noise spectrum of a typical stage

machinery gearbox, showing a small number of distinct

peaks. The strongest peak is found below 1000 Hz, and its

suppression would be the most effective means to reduce

the overall noise emission. Since the stage machinery manu-

facturer is unable to influence the noise emission of the

gearboxes directly, secondary noise control measures are

required. Sound capsules can be very effective for noise

reduction, but also have drawbacks, which limit their appli-

cability to stage machinery. First, sound capsules are often

ineffective below 1000 Hz, which is often the most impor-

tant frequency range, and second, typical sound capsules do

not allow air flow, which may lead to overheating of the

encapsulated machinery. Typically, stage machinery is oper-

ated in intermittent periodic duty cycle S3 40%, which

requires sufficient heat exchange by forced or natural con-

vection.7 Therefore, in this work a novel meta-capsule

(acoustic metamaterial capsule) is introduced, which can

overcome these drawbacks.

Acoustic metamaterials offer a broad variety of oppor-

tunities to manipulate propagating acoustic waves8 by
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introducing media properties such as negative bulk modulus9 or

negative dynamic mass density.10 These principles have been

utilized to create acoustic superlenses11–13 and acoustic bar-

riers.14–16 The latter is a promising approach for noise control,

where useful concepts have already been demonstrated.17–21

Fard et al.17 conducted a numerical study on periodic

Helmholtz resonators showing promising results for noise

control applications over a frequency range of more than

one octave. Henneberg et al.18 demonstrated and experimen-

tally verified an elastic stop-band material to reduce velocity

cross-coupling of ultrasonic transducers by 10 dB. In a sub-

sequent study, Henneberg et al.19 expanded the ideas to

multi-frequency applications. Claeys et al.20 presented a

sound insulating meta-capsule comprised of elastic resona-

tors embedded in a two-dimensional lattice, reducing sound

pressure level (SPL) by 20 dB. Marinova et al.21 realised a

transmission loss of up to 25 dB at 130 Hz for a membrane-

type metamaterial noise barrier. However, these approaches

all make use of an airtight sound capsule, preventing venti-

lation and increasing the risk of machinery overheating.

Metamaterials which allow air flow have been devel-

oped, based on perforated membranes22,23 and space coiling

structures.24–28 The air-permeable meta-grating realized by

Cheng et al.24 demonstrated 93% insertion loss while having

a thickness 0.15 times the wavelength at 500 Hz. Later, a

whole acoustic metacage allowing forced fluid flow through

it was designed and verified experimentally by Shen et al.29

All of these approaches rely on reflection or redirection of

the sound wave, without attempting to engineer absorption.

Acoustic metamaterial absorbers have been proposed.30–33

Wu et al.30 make use of energy dissipation due to the fric-

tion in thin channels during the resonance. This principle

allows an absorption of 88.9% to be achieved with a single

layer of metamaterial.31 Lee et al.32 proposed arrays of

paired Helmholtz resonators with an absorption of over 90%

at 2200 Hz that could simultaneously be used to control the

direction of air flow. Xiang et al.33 designed a stackable,

ultra-open metamaterial absorber with broadband perfor-

mance, having a measured absorption coefficient above 0.6

for a frequency range between 500 and 720 Hz. Although

many acoustic metamaterials have been developed and

experimentally verified, there have been very few demon-

strations of their performance outside of a controlled labora-

tory environment. Acoustic metamaterials which allow for

ventilation have been applied to windows,34,35 where the

noise spectra and suppression requirements differ signifi-

cantly from those of machinery noise.1,3,36

An important drawback of the structures presented in

Refs. 23, 24, and 32 is that they strongly reflect the incident

field only within a narrow frequency range. This can limit

the noise control applications of acoustic metamaterials to

tasks where the noise emission is dominated by narrow band

peaks. Gear boxes are generally known to produce narrow

band noise spectra,4–6 where a measurement example of

gear induced SPL with a narrow peak is shown in Fig. 1.

Accordingly, effective noise reduction of such emissions by

a narrow band meta-grating is possible, but only if the meta-

grating is tailored to the noise spectrum of the source. To

date, it has not been demonstrated whether acoustic meta-

material sound barriers allowing ventilation can meet the

requirements for machinery noise control.

The desired properties of metamaterials originate from

localized resonances, asymmetries, or phase shifts in periodi-

cally arranged unit cells, called meta-atoms. The design of

such properties requires complex fine features or exotic

geometric shapes, which usually require sophisticated

manufacturing technologies. However, the resonant properties

required for strong reflection can be achieved with simpler

meta-atom structures. Recently, we demonstrated a c-shape

meta-atom consisting of a cylindrical Helmholtz resonator,37

which facilitates manufacturing using conventional industrial

technologies, e.g., mechanical processing. Furthermore, this

meta-atom provides a number of additional properties such as

reduced thermo-viscous losses and coupling between the

monopolar and dipolar degrees of freedom, known as Willis

coupling,38 which gives additional flexibility in controlling the

acoustic response of a metamaterial. It was demonstrated that

Willis coupling can be tailored to achieve any value up to the

theoretical limit.37,39 The ease of manufacturing the metama-

terial structures presented in Ref. 37 makes them an ideal

building block for air-permeable noise control structures,

building on the concepts presented in Refs. 24 and 32.

In this work we present a metamaterial capsule design

and apply it directly to stage machinery in order to reduce

the noise induced by gears. In Sec. II, we design a reflective

meta-grating based on c-shape meta-atoms and, subse-

quently, we expand this design to a full 3D meta-capsule

prototype. The transmission loss of this prototype is mod-

elled numerically and verified experimentally. In Sec. III, a

meta-capsule is designed for the rope drive system, one of

the most common drive trains in stage machinery. The trans-

mission loss of the meta-grating is tailored to the measured

noise spectrum of the gear-box. The numerically determined

FIG. 1. (Color online) Noise emission of a gearbox of a rope drive system

for left and right rotation directions as by the gear box supplier. The blue

dotted vertical indicates the frequency of the highest emission.
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transmission loss is then compared with the measurements

under realistic conditions. Furthermore, the ventilation perfor-

mance of the meta-capsule is verified by numerical studies con-

sidering natural convection. In Sec. IV, we demonstrate a

numerical approach for modelling of stage machinery noise

induced by gearboxes. It is applied to three typical stage

machinery drive trains: push chain, gear rack, and spiralift. We

then identify critical emission peaks of these drive trains and

propose tailored multilayer meta-gratings for effective noise

reduction while still allowing ventilation.

II. META-CAPSULE PROTOTYPE

Inspired by the promising concepts proposed by Quan

et al.,39 Cheng et al.,24 and Lee et al.32 we use a resonant

c-shape meta-atom37 to create a 2D meta-grating. The

c-shape meta-atom is shown in Fig. 2(a) and has the following

dimensions: outer radius a ¼ 19 mm, inner radius

ri ¼ 12 mm, and neck width w ¼ 5:5 mm. Positioning the

meta-atoms periodically with a lattice constant (distance

between the meta-atoms) of d ¼ 4a ¼ 76 mm creates a

meta-grating, as shown in Fig. 2(b). Due to the strong

response of the meta-atoms, this meta-grating can signifi-

cantly affect the sound field and provide strong reflection of

the acoustic waves even when the meta-atoms are arranged

to have notable gaps between them.

The transmission loss of the meta-grating was calcu-

lated by the finite element method (FEM) using ANSYS

MULTIPHYSICS
40 for a normally incident wave. The mesh ele-

ment size was 1 mm inside and around the meta-atom, while

the size in all other regions was 3 mm. The element type is

a 20-node element with a quadratic interpolation function.

The transmission loss is calculated without considering

impedance boundary conditions or thermo-viscous losses,

and it is shown in Fig. 3(a) (red solid line) with a peak of

97 dB located at 1513 Hz. This transmission loss was

achieved for a 2D geometry, with no obliquely incident

wave components, so it neglects several important 3D

effects which can reduce the transmission loss.

To expand the 2D meta-surface to a 3D structure, we

design a meta-capsule prototype to reduce emission from

the encapsulated noise source to the outside of the meta-

capsule. The meta-capsule is a box with dimensions

350 mm� 310 mm� 310 mm and its structure and photo-

graph are shown in Figs. 3(b) and 3(c), respectively. The

role of the meta-grating is to reflect acoustic waves and any

FIG. 2. (Color online) (a) c-shape meta-atom with dimensions, as proposed

in Ref. 37. (b) FEM simulation of wave reflection from the meta-grating.

The background color scheme shows the magnitude of the sound pressure.

FIG. 3. (Color online) (a) Transmission loss determined using FEM (red solid line) and impedance model [blue dotted line, according to Eq. (3)] for a nor-

mally incident wave (blue arrow) for infinite meta-grating with a lattice constant d ¼ 76 mm. (b) Meta-capsule prototype concept: the sound wave is redir-

ected by the meta-grating to the absorbing wall. (c) Photograph of manufactured meta-capsule. (d) Transmission of the meta-capsule prototype measured

(blue solid line) and simulated (purple dash-dotted line). Red dashed line shows transmission of the meta-capsule calculated using Eq. (3). DLp is the ratio

between the sound radiation with and without the meta-capsule.

J. Acoust. Soc. Am. 147 (3), March 2020 Melnikov et al. 1493

https://doi.org/10.1121/10.0000857

https://doi.org/10.1121/10.0000857


internal losses within the c-shaped elements will cause

unwanted transmission of waves. Therefore, we separate the

absorption and reflection functions into different walls of

the meta-capsule. Three sides of the meta-capsule contain

an air-permeable meta-grating to redirect the sound wave

and the side opposite each meta-grating contains absorbing

foam to dissipate the redirected wave. Figure 3(b) shows a

schematic of the incident wave generated by the sound

source being reflected by the meta-grating and subsequently

being absorbed by the foam.

To determine the transfer function of the 3D meta-

capsule prototype, we apply the in-house 3D boundary ele-

ment method (BEM) code AKUSTA, using continuous elements

with a quadratic interpolation function.41–43 The sound

source was modelled as a chamfered cylinder, matching the

shape of the commercial loudspeaker model Ultimate Ears
Boom 2, with a diameter of 65 mm and height of 180 mm.

This loudspeaker is used subsequently for the experimental

validation. A normal surface velocity of 1 m/s was applied

uniformly over the source surface. The acoustic transfer func-

tion was determined by analyzing two situations, a free loud-

speaker on the bottom plate and a loudspeaker covered by the

meta-capsule. The sound pressure was compared at the refer-

ence point rref ¼ ½�1; 0; 0�m relative to the center of the

source, as per the coordinate system shown in Fig. 3(b).

The density and acoustic velocity of air were set to

q0 ¼ 1:2 kg m�3 and c ¼ 343 m s�1, respectively.

Figure 3(d) shows the simulated transmission of the

capsule at the reference point rref (purple dash-dotted line).

A transmission loss peak of 13 dB is observed at 1500 Hz,

corresponding to the transmission loss peak of the 2D meta-

surface. The curve demonstrates additional features, includ-

ing a valley between 500 and 1300 Hz with a transmission

loss of up to 6 dB and a smaller peak of 8 dB at 1350 Hz.

Additionally, an increase in transmission is present below

500 Hz with a peak of 7 dB at 300 Hz and above 2000 Hz

with values up to 3 dB. So long as this transmission increase

does not correspond to any of the noise peaks of the

encapsulated machinery, it will have minimal effect on the

total noise emission. However, the drop of 13 dB at the oper-

ating frequency of 1500 Hz shows that the meta-capsule is

promising for the suppression of narrowband noise sources.

While the transmission loss at 1500 Hz can be readily

explained by the transmission properties of the 2D meta-

grating, to understand the other features, we need to con-

sider the change in power radiated by the loudspeaker when

the meta-capsule is added (see blue solid line with stars in

Fig. 4). It is observed that the radiated source power depends

on the frequency, and it is suppressed in regions between

600 and 1300 Hz and 1550 and 1800 Hz. Consequently, this

changes the SPL measured outside the meta-capsule, where

a similar reduction is present (see red dashed line in Fig. 4).

Therefore, the broadband transmission effects observed in

the SPL are mainly due to the change of the source’s radia-

tion impedance. This same effect is responsible for the

increase in emission below 500 Hz and above 1800 Hz,

where the meta-capsule effectively becomes an impedance-

matching structure. Similarly, the farfield radiated power

(see dark-blue solid line with crosses in Fig. 4) follows the

trend of the source radiated power, however, the farfield

power has a negative peak close to 1500 Hz caused by the

meta-grating. The change of the source radiated power is

linked to the Purcell effect in optics,44 which was recently

demonstrated experimentally for acoustic waves.45,46

Related discussions of the influence of radiation impedance

on the radiated sound power can be found in several

textbooks.47,48

A. Experimental validation of the prototype

For experimental validation of the acoustic transfer

function, the meta-capsule prototype was manufactured. The

individual parts were printed using selective laser sintering

from polyamide and mounted together using silicone to seal

the gaps. The absorbing walls were created by gluing a

40 mm layer of the commercial absorbing material

Cellofoam 471/SK49 onto a 10 mm layer of polyamide. The

FIG. 4. (Color online) Numerically calculated change in sound power radiated from the loudspeaker and farfield radiated power, compared with the sound

pressure transmitted through the meta-capsule prototype shown in Fig. 3(b). Broadband regions of SPL attenuation are caused by the change of the radiated

source power, due to the change of the radiation impedance induced by the meta-capsule.
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transfer function was determined using white noise excitation

of the loudspeaker and recording the sound pressure with a

Bruel&Kjaer hand-held analyzer type 2270, equipped with

an 1/2-in free-field microphone type 4189 and a ZC-0032

preamplifier. The microphone was calibrated before measure-

ment with the pistonphone type 4228 (Bruel&Kjaer), and the

calibration was verified after measurement to ensure parame-

ters had not changed during measured. The measurement was

executed in an environment with a background noise level at

least 10 dB below the measured values in the frequency range

of interest. The microphone was positioned at the same refer-

ence point as in numerical simulation, rref ¼ ½�1; 0; 0�m.

The transmission loss was determined by comparing mea-

sured sound pressure with and without the meta-capsule.

The measured transmission function of the manufactured

meta-capsule prototype is shown as the blue solid line in Fig.

3(d). The maximum transmission loss at 1500 Hz is about

14 dB, which is slightly above the numerically predicted

value of 13 dB. This peak is caused by the meta-grating.

Over the frequency range between 500 and 2000 Hz, the

transmission is reduced by approximately 7 dB, similar to the

numerical result. Furthermore, we can observe an increase in

transmission below 500 Hz and above 1800 Hz, due to the

change in radiation impedance of the source.

B. Transmission loss modeling using impedance

The transmission loss peak of the meta-capsule can be

calculated using a simple impedance model for acoustic fil-

ters.48,50 From the response shown in Supplementary

Equation S37 of Ref. 37 we can write the impedance of a

layer of meta-atoms as

ZMA xð Þ ¼ 2Ad

Aw
ixq0leff þ b� i

x
K

V
Aw

� �
; (1)

where Ad is the meta-grating cross section belonging to one

meta-atom, Aw is the c-shape’s aperture cross section, i is

the imaginary unit, x is the angular frequency, q0 is the den-

sity of air, leff ¼ lþ ceffw is the effective aperture length,48

K is the bulk modulus of air, V is the c-shape’s inner vol-

ume, and b is the damping. Considering the characteristic

impedance of air Z0 ¼ q0c, we can write the impedance of

the meta-grating as

ZMG ¼
1

ZMA

þ 1

Z0

� ��1

: (2)

Subsequently, the transmission can be calculated according to

DLp ¼ 20 log10 1�
����ZMG � Z0

ZMG þ Z0

����
 !

: (3)

Figure 3(a) demonstrates how this model matches the

numerical results for a plane wave incident upon an infinite

meta-grating. The empirical parameters ceff ¼ 1:6 and b ¼ 1

�10�4 Pa s m�1 were found to produce good agreement.

Furthermore, Eq. (3) can be used to predict the transmission

peak of the meta-capsule. However, due to finite meta-

grating size and oblique incidence angle the transmission

loss peak observed in Fig. 3(d) is less effective.

Subsequently, to represent the efficiency drop the damping

can be set to an artificial value b ¼ 1:75 Pa s m�1, which

results in good agreement with simulation and experiment

[see Fig. 3(d), red dashed line]. In Sec. IV we consider mul-

tilayer meta-gratings, where N different meta-atom layers of

multilayer meta-grating can be combined as

ZMG ¼
XN

n¼1

1

ZMA;n
þ 1

Z0

 !�1

: (4)

III. DESIGN AND EXPERIMENTAL VALIDATION IN
APPLICATION

A. Design for a rope drive system

Rope drives are very popular for applications with high

acoustic requirements, since they allow a very quiet stage

machinery to be constructed.51 Although many other noise

sources are avoided in rope drive systems, gearboxes are

still required and their noise emission can be highly intru-

sive when not masked by additional noise sources. The rope

drive system considered herein is shown in Fig. 5(a). The

electric motor drives a pair of rope drums using silent

chains. The measured noise emission of the gear box used

for this system is presented in Fig. 1 for both rotation direc-

tions. It was observed that a dominant peak is present at

613 Hz (blue dotted vertical line), which is especially promi-

nent for the right rotation. Therefore, in the following we

propose a tailored meta-capsule to reduce this peak.

For this purpose we designed a meta-grating, which

provides maximum transmission loss at 613 Hz. The meta-

atom uses the c-shape presented in Fig. 2(a) with different

dimensions: outer radius a ¼ 42:5 mm, inner radius

ri ¼ 32:5 mm, neck width w ¼ 10:6 mm, and lattice constant

d ¼ 110 mm. The photograph of the designed and manufac-

tured meta-capsule is shown in Fig. 5(b). The meta-grating

is placed at one side of the capsule only and its surface nor-

mal is aligned parallel with the motor shaft. It has size

590 mm� 530 mm and consists of an array of five meta-

atoms. The meta-atoms are made from polyamide using

selective laser sintering. To suppress vertical modes inside

the c-shape cavity, two metal sheets divide the meta-grating

into three regions. The central field has a missing meta-atom

in the center to provide clearance necessary for the connec-

tion of the emergency drive. All other walls of the meta-

capsule are made of steel sheets of thickness 2 mm com-

bined with commercial absorber Cellofoam 471/SK49 of

thickness 40 mm. The meta-capsule encapsulates only the

electric motor and the gear-box. The air flow necessary for

ventilation is only possible through the meta-grating.

Based on the new geometry, the meta-grating transmis-

sion can be estimated with the red dashed curve in Fig. 5(c)

according to Eq. (3). Using b ¼ 1:5 Pa s m�1 results in 17 dB
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transmission loss, which is close to the results demonstrated

for the prototype meta-capsule in Fig. 3(d). Furthermore, we

determine the transfer function of the meta-capsule by

means of 3D BEM using continuous elements with a qua-

dratic interpolation function. For simplification, the motor

and the gearbox have been assumed to be the only sound

sources in the model. The normal surface velocity was nor-

malized to vn ¼ 1 m s�1 and applied uniformly over the

motor and gear box surfaces. The sound transfer function

was determined by calculating transmitted pressure for the

electric motor and gear box inside the meta-capsule, and

normalising this to pressure for the same situation with the

meta-grating removed on one side only. The medium den-

sity and the speed of sound are set to q0 ¼ 1:2 kg m�3 and

c ¼ 343 m s�1, respectively. The numerically determined

transmission profile is shown by the purple dash-dotted line

in Fig. 5(c). Three transmission loss peaks are observed,

24 dB at 613 Hz, 24 dB at 780 Hz, and 30 dB at 880 Hz. The

peak at 613 Hz is caused by the tailored meta-grating

design.

B. Experimental validation in application

The designed meta-capsule was manufactured using the

procedure outlined in Sec. II A. For the absorbing walls, the

porous material was attached to 2 mm thick steel sheets. The

meta-capsule’s transfer function was determined using

the natural excitation of all active components during the

operation at maximum rotational speed of approximately

1490 min�1. The data was acquired with a 1/4-in free-field

PCB microphone and Squadriga Frontend (Head Acoustics).

The microphone was calibrated with a pistonphone type

4230 B&K (Bruel&Kjaer). The measurements were con-

ducted in a factory building, with a background noise level

of at least 10 dB below the measured values in the frequency

range of interest. The microphone position was 1 m away

from the meta-grating and was concentric with the motor

shaft axis. The transmission loss was determined the same

way as for the prototype meta-capsule.

The measured transmission is shown in Fig. 5(c). The

measurement confirms a peak very close to 613 Hz with a

transmission loss of 14 dB. The measured transmission loss

at the peak is less than that prediction by numerical calcula-

tion and closer to the value predicted by Eq. (3). We note

that the meta-grating thickness is 85 mm, which is 0:15k at

613 Hz (k is the wavelength) hence below k=4. There are

two additional peaks present in the measurement, around

700 Hz and around 800 Hz. The confirmation of the

designed transmission loss peak demonstrates the feasibility

of the meta-capsule concept in application.

C. Ventilation performance of the meta-capsule

To demonstrate the ventilation properties of the

designed meta-capsule, we conducted 3D Computational

Fluid Dynamics (CFD) simulations solving the non-linear

Navier-Stokes equations with the commercial code ANSYS

FLUENT.40 This allows the steady-state temperature during

FIG. 5. (Color online) (a) Rope drive system with labels. (b) Photograph of the meta-capsule with electric motor and gear box inside. (c) Measured (blue

solid line), simulated (purple dash-dotted line), and empirically estimated [Eqs. (3), red dashed line] transmission profile of the meta-capsule. Vertical blue

dotted line corresponds to the peak observed in Fig. 1. DLp is the ratio between the sound radiation with and without the meta-capsule.
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operation to be determined, considering natural convection,

and determining heat dissipation from the efficiency of the

drive unit. The electric motor has a nominal power of 27 kW,

which already includes a margin of safety S¼ 2 required

by the DIN 56950-1:2012-05 stage machinery standard.52

The used efficiency factors are g ¼ 0:94 for the motor and

g ¼ 0:97 for the gear box, resulting in heating powers of 810

and 381 W, respectively. The periodic duty of the stage machin-

ery is usually defined as S3 40%,7 which means an operation

duration of maximum 40% during a 10 min cycle. For steady

state configuration, this periodic duty type reduces the heating

power by a factor of 0.4. For turbulent regions of air flow

induced by natural convection we applied the k-x SST turbu-

lence model53,54 with the constants ainf ¼ 1; a�inf ¼ 0:52; b�inf

¼ 0:09; a1 ¼ 0:31; bInner
i ¼ 0:075, and bOuter

i ¼ 0:0828. The

environmental temperature was 20 �C. The heat transfer

coefficient of the acoustic absorber was considered as hCello

¼ 0:04 W m�1 K�1 as specified by the manufacturer.49

The CFD results at steady state are shown in Fig. 6. In

Fig. 6(a) we observe that the meta-grating allows sufficient

cooling by natural convection. It leads to a motor surface

temperature of 85 �C, which is within the bounds given in

Table VII of Ref. 7. However, as shown in Fig. 6(b), a con-

ventional air-tight sound capsule would lead to temperatures

above 140 �C, which would cause overheating of the electric

motor (see Table VII in Ref. 7). Following this, a conven-

tional sound capsule would not be recommended to be used

in combination with the simulated drive train.

IV. MODELLING OF STAGE MACHINERY NOISE

In this section, we numerically analyze the application of

the meta-capsule to the suppression of noise in other types of

stage machinery, namely, push chain, gear rack, and spiralift

systems. To design the meta-capsules, it is necessary to first

characterize the noise emission from these stage machinery

systems. All three systems had been designed to reduce the

noise emission by the empirical methods common in stage

machinery.

In this work we consider only the gear induced excita-

tion, since this typically dominates stage machinery noise.

The analysis of vibration due to mechanical motion was

done with the FEM, using the commercial software package

ANSYS.40 To determine the excitation forces, the gear mesh

process was modelled for each system using FEM. The mate-

rial of the gears and shafts is steel, with a Young’s modulus

of ESt ¼ 200 GPa, a Poisson ratio of �St ¼ 0:3, and a density

of qSt ¼ 7850 kg m�3. The fluctuation of the meshing force,

which is affected by the time-varying mesh stiffness, is

known to be the major source of noise and vibration.5,6 We

use this force fluctuation to model the source in our analysis.

As demonstrated in Refs. 5 and 6, the normal modes of the

gears and the shafts can be neglected for the determination of

the dynamic bearing force. Under the assumption of periodic

excitation forces, the loads are transferred to the frequency

domain with harmonic time dependence. This allows subse-

quent analysis of steady-state time-harmonic dynamics by

means of the harmonic response.

The harmonic response was calculated using full power-

train models up to 2500 Hz utilizing a modal superposition

procedure with a preceding modal analysis up to 5000 Hz.

The frequency range was limited by the model dimensions of

several meters [see Figs. 8(a), 9(a), and 10(a)] but is suffi-

cient to cover the important noise frequency range of stage

machinery. Due to the complexity of the real structure and

lack of accurate data, a representative damping ratio of n ¼
3� 10�2 was considered, as is commonly recommended for

metal structures with joints.55 The harmonic analysis yields

the surface velocities of the whole structure required for the

subsequent acoustic analysis.

At low frequencies, the directivity of the sound can be

neglected, which allows the full acoustic analysis to be reduced

to a sound power analysis. The calculation of the sound power

of a mechanical system is usually done by solving a Robin

problem with known normal velocity, known admittance

boundary condition, and unknown sound pressure. After the

sound pressure is obtained, the sound power follows as56,57

P ¼ 1

2
<
ð

C
p xð Þv�n xð ÞdC

� �
; (5)

where p(x) is sound pressure, v�nðxÞ is the complex conjugate

of the normal surface velocity of the fluid, and C is fluid-

structure interface.

FIG. 6. (Color online) Temperature profile due to natural convection during stationary operation of the motor covered by (a) an air-permeable meta-capsule

and (b) an airtight conventional sound capsule calculated using CFD. The meta-capsule results in a temperature of �85 �C at the motor surface, whereas a

conventional sound capsule would cause overheating of the motor with temperatures >140 �C.
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If large models have to be considered, computation of

sound pressure p requires significant computational effort,

which can imply restrictions for geometrical details and for

the frequency range. The computation of sound pressure can

be avoided by utilizing sound power approximation meth-

ods, such as equivalent radiated power (ERP) or the lumped

parameter model (LPM).56,58,59 ERP uses the assumption of

unit radiation efficiency for the whole fluid-structure inter-

face. Therefore, application of ERP on the power trains typi-

cally overestimates the sound power in the lower frequency

range.59 The LPM avoids general overestimation at low fre-

quencies and is able to consider acoustic short circuits. This

method is based on the approximation of the Rayleigh inte-

gral and is written as56,59

PLPM ¼
1

2
kqc

X
l

X
�

sin kjrl � r� j
� �

2pjrl � r� j
< vlv

�
�

	 

AlA�:

(6)

More details on the performance of these methods can be

found in Refs. 59, 60.

Commonly, the noise limits in stage machinery address

the middle of the first row of the auditorium, see Fig. 7. To

study the SPL at this location geometrical acoustics was

solved using COMSOL MULTIPHYSICS.61 Therefore, this study

considers only the air transmission path between the loca-

tion of the drive train and the middle of the first row. The

effective distance and the absorption of the surfaces are dif-

ferent in every venue, therefore the sound transfer function

strongly depends on the hall. To determine the transfer func-

tion, a geometrical model of the auditorium including the

stage is required. The newly build venue Kraftwerk Mitte in

Dresden (Germany) was chosen as a reference hall for

modeling of the transfer function. Thus, a model was

derived from the geometry of the venue Kraftwerk Mitte.

The absorption coefficients of the walls and chairs were

updated to represent the measured reverberation times.

Additionally, the transmission loss of the stage floor separat-

ing the drive train location from the stage area was deter-

mined experimentally and implemented in the model. Finally,

this model was used to determine the SPL in the middle of

first row of auditoria originating from LPM sound power of

two machines of the same kind below the stage (see Fig. 7).

Recently, we analyzed SPL data in the middle of the

first row taken during live performances and proposed five

different limit curves: opera standard, opera sensitive, ballet

standard, ballet sensitive, and drama.3 These performance

curves are illustrated in Figs. 8(c), 9(c), and 10(c). To avoid

disturbance of the audience during the performance, stage

machinery noise emission should remain below these limits.

The simulation produces discrete frequency spectra,

whereas the SPL limits are defined in octave bands.3 The

measured SPL results from analog filtering of the sound ana-

lyzer. This filtering was reproduced by a digital Butterworth

filter applied to the simulation data to enable its comparison

with the limits obtained from analog measurements.3

Here, we present the numerical results of stage machin-

ery noise. We observe that the considered noise spectra are

dominated by a few sharp peaks, which can be reduced by

surrounding the machinery in a meta-capsule. Furthermore,

based on the previously presented outcomes, we propose a

multi-layer meta-grating to reduce the noise emission during

scenic performance to allowable levels.

A. Push chain

The FEM model of the push chain system demonstrat-

ing a vibration mode at 273 Hz is shown in Fig. 8(a). The

simulated SPL in the first row is illustrated in Fig. 8(b) as a

narrow-band spectrum (cyan solid line) and in Fig. 8(c) in

octaves (red solid line with crosses). Furthermore, Fig. 8(c)

shows five different noise limits in the first row of the audi-

torium during a scenic performance (dark lines with smaller

markers).3 Comparison of the noise emission with the noise

limits in Fig. 8(c) reveals that the emission exceeds some

limits at 250 Hz, 1 kHz, and 2 kHz octaves.

Analyzing the noise spectrum in Fig. 8(b) allows the

identification of critical peaks at 273, 1367, and 1638 Hz

(cyan solid line). These peaks dominate the octave levels

exceeding the limits. The critical peaks can be reduced by

combining three different meta-gratings in a multilayer

metamaterial. To match the peak frequencies with the trans-

mission loss peaks the meta-grating should consist of the

following c-shape geometries (a, l, w) in mm: (82, 10, 10),

(20, 5.2, 6), and (16, 4, 4). The lattice constant was set to

d ¼ 4a for all geometries. The empirical damping used in

Eq. (3) was interpolated, then extrapolated as

b fð Þ ¼ b1 þ
b2 � b1

f2 � f1
f � f1ð Þ; (7)

where f is the frequency, b1 ¼ 1:5 Pa s m�1; f1 ¼ 613 Hz; b2

¼ 1:75 Pa s m�1, and f2 ¼ 1500 Hz according to Secs. II and

III. Using Eqs. (3) and (4), the transmission of such

FIG. 7. (Color online) Sound level distribution calculated by geometrical

acoustics in Kraftwerk Mitte (Dresden). The important locations are that of

the drive trains below the stage and the reference point in the middle of the

first row.
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multilayer metamaterial can be estimated by the red solid

line shown in Fig. 8(b). Application of this transmission on

the noise spectrum leads to the blue dashed line in Fig. 8(b),

where the identified peaks are significantly reduced com-

pared to the original emission (cyan solid line). The reduced

emission in octaves is shown in Fig. 8(c), where now all five

limit types are fulfilled at 250 Hz and 2 kHz. At the 500 Hz

and 1 kHz octave bands, the sensitive limits for opera and

ballet are fulfilled as well, whereas the drama limit (black

dotted line with circles) is still slightly exceeded by approxi-

mately 1 dB.

B. Gear rack

The gear rack system is shown in Fig. 9(a). It illustrates

a vibration mode at 545 Hz. Figure 9(b) illustrates the

narrow-band SPL in the middle of the first row as a cyan

solid line. Figure 9(c) shows the SPL in the middle of the first

row in octaves (red solid line with crosses). It is observed in

Fig. 9(b) that the sensitive limits are strongly violated for the

1 kHz octave band. Additionally, drama and sensitive ballet

limits are slightly exceeded at the 2 kHz octave band.

The limit violation can be traced back to the SPL peaks

at 817.0, 1094.2, and 1638.7 Hz [see Fig. 9(b)]. Based on

these peaks the required c-shape geometries were chosen

for (a, l, w) in mm: (32, 7, 8.5), (24, 6, 6), (16, 4, 4) with

d ¼ 4a and b according to Eq. (7). The transmission func-

tion of such multilayer metamaterials is estimated using

Eqs. (3) and (4) and is depicted by the red solid line in Fig.

9(b). Application of these transfer functions on the noise

emission leads to reduced emission shown in Fig. 9(b) (blue

dashed line) and in Fig. 9(c) (blue solid line with pluses). It

can be observed that all limits are fulfilled in Fig. 9(c).

C. Spiralift system

Figure 10(a) shows the spiralift system. This system dif-

fers slightly from the push chain and gear rack because it

has two chains that require a chain tightener. The chain

tightener provides local modes with relatively low eigenfre-

quencies. These modes get excited and even if the chain

tightener area is relatively small, the magnitudes are large

enough to produce dominant noise peaks. Such a mode at

282 Hz is illustrated in Fig. 10(a) producing the strongest

SPL peak in Fig. 10(b) (cyan solid line). The resulting

octave levels are demonstrated in Fig. 10(c) (red solid line

with crosses), where almost all limits are violated between

the 250 Hz and 2 kHz octave bands.

Since there are four octaves where the emission has to

be reduced, at least four peaks are to be treated, one per

octave. This requires a multilayer metamaterial with four

different meta-grating layers. The critical peaks occur at

282, 560, 1119, and 1678 Hz in Fig. 10. The required c-

shape geometries (a, l, w) in mm were chosen as (80, 9, 10),

(45, 9.5, 10), (24, 7, 6), (16, 4, 4.5) with d ¼ 4a and b
according to Eq. (7). The transmission function of the

FIG. 8. (Color online) (a) Components and dimensions of the push chain system. The plot reveals a vibration mode at 273 Hz. (b) Simulated emission of the push

chain system (cyan solid line) and the reduced emission by meta-capsule design (blue dashed line). The transmission of the meta-capsule (red solid line) is based on

Eqs. (3) and (4) and tailored for the three critical emission peaks. (c) Original and reduced noise emission compared with the stage machinery noise limits in octaves.
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metamaterial was estimated using Eqs. (3) and (4) and is

shown in Fig. 10(b) as the red solid line. The reduced emis-

sion is shown in Fig. 10(b) as the blue dashed line and in

Fig. 10(c) in octaves (blue solid line with pluses). The

reduced emission fulfills standard opera and standard ballet

limits. Furthermore, all limits are fulfilled for the 250 Hz

octave band, whereas sensitive opera, sensitive ballet, and

drama limits are still exceeded by up to 5 dB.

V. DISCUSSION

Two meta-capsules were investigated experimentally

and numerically. In the case of the meta-capsule prototype,

a reasonable agreement between simulation and experiment

was demonstrated, see Fig. 3(d). The same level of agree-

ment could not be observed during the validation of the

meta-capsule on the rope drive system [see Fig. 5(c)], never-

theless, the existence of the transmission loss peak caused

by the meta-grating was confirmed. The deviations can be

attributed to geometrical simplification during the BEM

modelling, misalignment during the manufacturing of the

capsule, and neglect of the sound radiation contribution

from the outer meta-capsule surfaces. Due to the simple

geometry of the meta-capsule prototype, we were able to

represent its shape exactly in the simulation. However, in

the case of the rope drive system, the complex geometry of

the cooling ribs of the electric motor [see Fig. 5(a)] and

some additional details had to be simplified before BEM

modelling. Furthermore, sometimes the absorbing foam

could not be mounted as intended during the design, which

reduced the capsule’s inner volume. The volume reduction

could explain the shift of the peak pair from around 700 and

800 Hz in the experiment to around 780 and 880 Hz in the

simulation. Finally, the BEM model considers only the noise

radiated by the surface of the electric motor and the gear

box, whereas many more surfaces contribute to the total

sound radiation. We note that under these imperfect but real-

istic conditions, a transmission loss was still observed.

We demonstrated the potential of noise emission reduc-

tion based on three common stage machinery systems. In all

three cases we could identify and treat the critical peaks in a

way that the noise limits could be fully or partially fulfilled.

Complete numerical modelling was not feasible due to the

large model size compared to the required details of the

metamaterial. Therefore, the transmission loss was esti-

mated by the impedance model in Eqs. (3) and (4). This

approach gives the engineer a simple tool for designing such

meta-gratings, as was demonstrated for these three exam-

ples. Additionally, the cooling performance of the multi-

layer meta-gratings can be tailored using CFD to fulfill the

allowable temperatures similarly to the single-layer meta-

grating shown in Sec. III C.

An alternative noise control solution allowing ventila-

tion can be realized using sonic crystals.15 We therefore

FIG. 9. (Color online) (a) Components and dimensions of the gear rack system. The plot reveals a vibration mode at 545 Hz. (b) Simulated emission of the

gear rack system (cyan solid line) and the reduced emission by meta-capsule design (blue dashed line). The transmission of the meta-capsule (red solid line)

is based on Eqs. (3) and (4) and tailored for the three critical emission peaks. (c) Original and reduced noise emission compared with the stage machinery

noise limits in octaves.
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benchmark our meta-grating against a sonic crystal consist-

ing of meta-atoms outlined in Sec. II. We also compare the

performance of rigid cylinders in meta-grating and sonic

crystal configurations, with a radius similar to that of the

meta-atom radius a. The lattice constant used for sonic crys-

tals is d ¼ 4a. In Fig. 11, the c-shape sonic crystal

demonstrates two band gaps in the considered frequency

range: 1333 to 1591 Hz and 1980 to 2636 Hz, where the first

band gap is linked to the meta-atom resonance. Considering

the sonic crystal of cylinders leads to only one band gap

between 1744 and 2606 Hz. The effect of the band gaps can

be observed in the transmission loss of the sonic crystal

FIG. 10. (Color online) (a) Components and dimensions of the spiralift system. The plot reveals a local vibration mode at 282 Hz. (b) Simulated emission of

the spiralift system (cyan solid line) and the reduced emission by meta-capsule design (blue dashed line). The transmission of the meta-capsule (red solid line)

is based on Eqs. (3) and (4) and tailored for the four critical emission peaks. (c) Original and reduced noise emission compared with the stage machinery noise

limits in octaves.

FIG. 11. (Color online) Dispersion rela-

tion for c-shape and cylinder sonic crys-

tals and comparison of transmission loss

for four different cases: c-shape meta-

grating, cylinder meta-grating, c-shape

sonic crystal with five unit cells, and

cylinder sonic crystal with five unit

cells.
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(dashed curves), where the first band gap of the c-shape

sonic crystal causes large transmission loss. Comparing that

with the c-shape meta-grating reveals that the sonic crystal

reflects the sound over a broader frequency range. However,

the price for better performance is a thickness of five unit

cells being ð5þ 4Þ2a, which equals approximately 1:5k at

1500 Hz. The increased thickness makes the sonic crystal

less attractive for applications which have limited space,

including stage machinery.

We note that the designed meta-gratings are ultra-

sparse, having a thickness much smaller than the wavelength

at the frequency of the maximum transmission loss. The

meta-grating designed for the meta-capsule prototype with

a ¼ 19 mm is 0:17k, while the meta-grating designed for the

rope drive system with a ¼ 42:5 mm reaches 0:15k. The lat-

ter value is similar to the factor achieved by Cheng et al.24

and demonstrates the effectiveness of the c-shape meta-

atom. Furthermore, we observe in Fig. 11 that the sonic

crystal of cylinders reveals a transmission loss up to 20 dB

in the band gap, whereas the meta-grating of cylinders is not

able to provide any noticeable transmission loss in the con-

sidered frequency range. This indicates that the transmission

loss of the c-shape meta-grating is primarily due to local res-

onances of each meta-atom, rather than Bragg reflection

between multiple meta-atoms.

VI. CONCLUSION

In this study, we investigated the reduction of noise

emission from stage machinery using c-shape meta-atoms,

with simple geometry that facilitates relatively easy

manufacturing. We designed a 2D meta-grating and

expanded it to a 3D meta-capsule prototype, which we

investigated experimentally and numerically. In both experi-

ment and simulation, a significant transmission drop at the

resonant frequency of the meta-grating was observed.

Furthermore, additional attenuation was present over a

broad frequency range around the operating frequency, in

addition to the narrow band attenuation of the meta-grating.

Subsequently, this concept was verified by designing and

manufacturing a meta-capsule for a rope drive system com-

mon in stage machinery. A transmission loss peak at reso-

nant frequency could be observed experimentally.

Additionally, it was numerically proven that the meta-

capsule provides sufficient ventilation for cooling of the

motor by natural convection. Finally, we modelled the noise

of three other drive train types typically used in stage

machinery, where a violation of stage machinery noise lim-

its in the first row of the auditorium was present.

Identification of critical peaks and subsequent design of tai-

lored meta-gratings was demonstrated to reduce the noise

emission. Following this, the presented concept provides a

new horizon for noise control in stage machinery and other

noise sensitive branches. This work demonstrates benefits

and limitations of acoustic meta-capsules for noise control

applications. To an engineer, it offers a simple concept for

using acoustic meta-materials in daily work.
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