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Abstract 

Theoretical simulations and experimental tests were conducted on Helmholtz resonators (HRs) 

to investigate their use for mass-air-mass (MAM) resonance suppression. Conventional/rigid resonators 

(RHR) for MAM resonance suppression have been studied and published in the literature. However, 

the focus of this thesis is to investigate the effects of coupling the resonator to a flexible membrane to 

increase its sound transmission loss performance and decrease the overall resonator cavity volume. 

Three-dimensional (3D) printing was used to print small-scale testing specimens, and PVC piping was 

used to test their behaviour in a full wall for large-scale tests. The results obtained show that a 

membrane-coupled HR (MHR) can achieve similar STL performance as a conventional RHR with 

nearly half the cavity volume, allowing for the possibility of using more resonators and further 

increasing STL at the MAM resonance frequency. It was also noted that using HRs with a single 

resonance frequency, for example, 100 Hz, resulted in a narrow STL bandwidth. An array (cluster) of 

resonators was designed to have multiple resonance frequencies, and an increase in STL bandwidth was 

observed, with a decrease of approximately 3dB in peak STL value. Although this trade-off exists, the 

broadband suppression observed makes using HRs for MAM resonance suppression advantageous. 
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1. Introduction 

Studies have been published investigating the effects of noise pollution on human health. Ref 

[1] defined noise as intrusive, unpleasant and unexpected environmental sound. This noise is often 

generated from synthetic sources such as highways, air transportation and rail traffic [2], and indoor 

entertainment sources such as high-power sound systems. Adverse effects on human health include 

hearing impairment and cardiovascular disturbances [3], [4]. Non-auditory effects such as fatigue, 

decreased performance, depressed mood and mental disturbances have also been observed from 

prolonged noise exposure [5]–[7]. Frequencies lower than 1 kHz have been identified as the frequencies 

that have the most significant effect on human health as they are often intrusive and irritating [8]. With 

the population of New Zealand predicted to increase, medium-high density housing is also forecast to 

increase [9], [10]. This has brought significant attention to the issue of noise pollution. The present 

study will present the problem to be addressed in greater detail and the proposed solution.  

1.1. Double Walls 

In a conventional intertenancy double wall, the two walls are not mechanically coupled but are 

coupled by the volume of air between them. Acoustic energy is transferred from one wall to the other 

by excitation of the air in the partition. Figure 1-1 depicts two rooms – a transmitting room (L1) and 

receiving room (L3). Supposing that the wavelength of the transmitted wave is less than the length of 

the partition (L2), the sound transmission loss (STL) of the two spaces in a diffuse field are X1 and X2, 

respectively [11]. 
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Figure 1-1 - Schematic of a double wall.  

The STL in both rooms is denoted by Eq. 1.01 and 1.02. 

      (1.01) 

      (1.02) 

Where L is the sound pressure level, A is the partition area, and S is the absorption area. The 

STL of the double-wall, Xdw, is denoted by Eq. 1.03. 

      (1.03) 

Substituting Eq.1.01 and 1.02 into 1.03, the overall STL for this case is denoted as shown in 

Eq. 1.04. 

      (1.04) 

In this case, where the depth of the partition is larger than the wavelength of the transmitted 

wave, the walls are weakly coupled, which allows for the use of absorption material to attenuate the 

high-frequency noise. However, when the depth of the cavity is much smaller than the wavelength, the 
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two walls become strongly coupled due to the increased stiffness of the air in the partition and will 

vibrate as one as a single leaf wall. However, for that stiffness of the air layer, there will be a frequency 

(still within the range where the wavelength is larger than the cavity depth) at which, dependent on the 

masses of the two leaves of the wall, the combination will resonate strongly. This is essentially a 

resonance of two lumped masses joined by a simple spring. This is referred to as the mass-air-mass 

(MAM) resonance [12].  

1.2. Mass-Air-Mass Resonance 

The strong coupling between the walls can be analysed as a mass-spring-mass system as shown 

in Figure 1-2, where the walls are the masses and the air that couples them is the spring. 

 

Figure 1-2 - MAM free body diagram 

 

The MAM resonance of double-wall occurs at the MAM resonance frequency, calculated using 

Eq. 1.05 derived in [12].  

      (1.05) 

Where K is the bulk modulus of the air in the partition, D is the length of the partition, and m1 

and m2 are the surface mass densities of the walls. At this frequency, there is minimal STL across the 

wall, which is problematic as it allows noise to be easily transmitted into a house, especially for those 
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near locations with high noise pollution such as construction sites or roads/motorways or those with 

intertenancy walls where sound is generated in the neighbouring room. It is clear from Eq. 1.05, that 

multiple methods can be utilised to reduce the resonance frequency of the wall, Fdw, such as increasing 

the surface mass densities of the walls, increasing the length between the walls – therefore decreasing 

the stiffness of the air in the partition – or changing the bulk modulus of the air [12]. However, these 

options require either making alterations to the manufacturing and building standards, such as changing 

the fluid within the cavity or altering the wall properties, or providing the system with an energy input 

to decrease the bulk modulus of the air by reducing the pressure in the partition [12]. As a result, there 

is an increasing demand to improve STL at the MAM resonance frequency without making these 

alterations. Two main methods have been used for noise attenuation in households – thermal insulation 

material and passively controlled resonators.  

Glass fibre, polyester and rockwool are often used for thermal insulation in households [13]. 

Publications in the literature have shown that these materials are suitable for attenuation frequencies 

greater than 1 kHz; however, noise attenuation decreases at lower frequencies [14]. Unlike thermal 

insulation material, Helmholtz resonators can be tuned to attenuate the desired frequency, which makes 

them ideal for the project as they can be designed to target the MAM resonance frequency [15].  
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2 Literature Review 

Much research has been done on the use of Helmholtz resonators (HRs) for sound transmission 

loss (STL) at low frequencies. Some of the research in the literature focuses on investigating the effects 

of changing some of the physical characteristics of the HR, such as the neck, and other research focuses 

on the use of a membrane on the top or bottom endplate of the resonator to investigate their effects on 

the STL performance of the resonator. Other research observed that HRs arranged in an array along a 

duct and within a double wall will also have an influence on the STL performance. The following 

sections will present the findings from the literature on the STL performance of HR panels in double 

walls, HRs with altered neck geometries, membrane-coupled HRs and HR arrays.  

2.1 Panels in Double Walls  

Studies of the effects of inserting Helmholtz resonators into a double wall system have been 

reported. This section will report the findings of publications in the literature on the use of HR in double 

walls for improving STL through a wall.  

The study conducted in Ref [15] aimed to optimise the properties of HRs to improve the STL 

through a double-wall using HRs in the frequency range of 50 – 150 Hz. Two optimised properties were 

the damping ratio and the natural frequency. Analytical models were used to optimise the physical 

characteristics of the resonators to achieve the optimal STL.  

Optimisation of the damping ratio was done by assuming that the natural frequency of the HRs 

is equal to the mass-air-mass resonance frequency. This was reported to split the resonance of the system 

into two new resonances of similar peak values on either side of the mass-air-mass resonance frequency. 

Adding damping to the HRs results in significant broadband attenuation as the new resonances were 

well damped.  

The results obtained showed that when the damping ratio increases, the STL increases slightly, 

but not significantly. However, when the damping ratio is significantly high (e.g., 50 %), a decrease in 
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the STL peak value is observed. The authors attribute this to the decoupling of the HRs with the 

structural-acoustic mode and may not be significantly related to the damping ratio. This decreases the 

amount of energy dissipated by the resonators, making them less effective.  

As stated previously, increasing the damping ratio does not guarantee significant increase in 

the STL performance of the resonators when they are tuned to the mass-air-mass resonance frequency 

of the double wall. Therefore, optimisation of the natural frequencies of the resonators was performed 

instead, by using the frequency average of STL as a global variable. The results showed that, depending 

on the number of resonators used, the optimum natural frequency that the resonators should be tuned to 

achieve the highest STL will vary. For example, when four resonators are being used, they were tuned 

to ~101 Hz to achieve the maximum STL. The authors noted that the optimum natural frequency the 

resonators are to be tuned to would not be at the mass-air-mass resonance frequency. The results also 

show that increasing the number of resonators will improve the STL performance observed; however, 

this increase is not proportional. The continued addition of HRs into the double wall will eventually 

lead to a decrease in the STL observed. 

In Ref [12], the authors investigated how more broadband STL in a double wall system using 

HRs could be achieved. As in the study in Ref [15], the authors identified physical properties that could 

be altered that would impact the interaction between the HRs and the double-wall in which they were 

inserted. The frequency ratio (fR/ fw) – defined as the ratio between the resonance frequency of the 

resonators and the mass-air-mass resonance frequency – were the two properties altered. During the 

experiment, the resonance frequency of the resonators in a panel of resonators was kept constant. In 

contrast, the mass-air-mass resonance frequency of the wall was altered by changing the surface density 

of one of the walls. Three designs were produced, and Table 1-1 shows their physical specificatins. 

Table 1-1 - Design specifications for the walls for the experimental procedure [12]. 

Design H m1’’ m2’’ fdw ɸdw fR fR/ fw f01 f02 

1 45 2.9 1 327 56 325 1 246 653 
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2 45 2.9 2 259 56 325 1.3 216 591 

3 45 2.9 5.4 205 56 325 1.6 183 552 

 mm kg m—2 kg m—2 Hz % Hz - Hz Hz 

 

Where H is the distance between the two wall panels, m1
’’

 and m2
’’ are the surface mass densities 

of the walls respectively, fdw is the MAM resonance frequency of the wall without resonators, ɸdw is the 

volumetric fill ratio – that is, the ratio of resonator volume to the cavity volume (see Eq. 7.08), fR is the 

resonance frequency, and f01 and f02 are the MAM resonance frequencies of the wall with resonators 

inserted in the partition (see referenced work for extensive derivation of f01 and f02).  

Although the authors presented models for predicting the STL through a double wall in an 

earlier section, the experimental procedure was conducted on a single wall where a panel of resonators 

acted as a wall. For comparison, two configurations were measured: the first configuration had all 

resonators in the panel active, and the second configuration had all the resonators inactive, i.e., their 

necks were closed with tape. This simulated a wall without resonators. The results showed that as the 

frequency ratio increases, the resonance frequencies of the double-wall are shifted to lower frequencies, 

resulting in improved STL at lower frequencies. For example, design 3 had the highest value for the 

surface density for the second wall, and both mass-air-mass resonance frequencies decreased. The 

results also showed an increase in the peak STL value in design 3, which was attributed to the increased 

surface density of the second wall. It should be noted that there is also a decrease in the STL value at 

some frequencies, particularly the second MAM resonance.  

In Ref [28], the authors conducted a small-scale investigation of the effects of using HRs 

mounted to a sample double wall unit for suppression of MAM resonance. Two sets of experiments 

were performed – in one, four resonators were tuned to the same frequency (138 Hz) and the second 

utilised four resonators with different resonance frequencies (125 – 156 Hz) to achieve broadband noise 

attenuation. The results showed that as the number of resonators mounted to the sample wall increased, 

the sound pressure level (SPL) reduction increases. For example, when using a single HR, a SPL 
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reduction of ~10 dB from the peak MAM resonance SPL is observed, however ~23 dB SPL reduction 

is observed when using four resonators. When the resonators are tuned to different resonance 

frequencies, an increase in the attenuation bandwidth was observed. The results with multiple resonance 

frequencies are observed to have a bandwidth of approximately 30 Hz but exhibit a decrease in the peak 

STL value, which is noted as being a necessary trade-off due to the more desirable wideband 

suppression around the MAM resonance frequency instead of a larger peak value with more narrowband 

suppression. A further investigation is briefly mentioned on the effects of coupling a flexible membrane 

to the surface of the resonators. This project will extend the findings in [28], where membrane-coupled 

HRs will be used for MAM suppression inside the sample wall. 

2.2 Neck Alterations 

This section will discuss the observations made on the STL performance in a duct of HRs with 

neck alterations.  

The authors of Ref [16] used a HR with a spiral neck to increase STL capacity of the HR at low 

frequencies when spatial constraints are considered. Designing a neck with a spiral allowed for 

significant increase in the overall length of the neck without breaching the spatial constraints. A 

theoretical model is developed and validated using the finite element analysis (FEA) method. The 

results obtained showed that the model can adequately predict the performance of the Helmholtz 

resonators. As a point of comparison, the authors simulated the performance of resonators with a 

different number of spirals in the neck – 1 to 4 spirals. It was observed that increasing in the number of 

spirals decreases the resonance frequency of the resonators and the attenuation bandwidth. For example, 

the attenuation bandwidth of the HR with two spirals in the neck was ~10 Hz, however with four spirals, 

a bandwidth of ~2 Hz is observed. Nonetheless, each configuration was observed to have approximately 

30 dB STL peak value. 

Ref [17] investigated the effects of the neck angles on the performance of a Helmholtz 

resonator. Four neck designs were generated with equal lengths but with different neck orifice designs. 
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The designs were numerically modelled in COMSOL using the FEA method. The authors note that the 

FEA method was used because conventional analytical equations could no longer provide adequate 

solutions. The designs were numbered 1 – 4, ranging from square to angled/twisted square. All necks 

were coupled to identical cavities to produce a HR for the simulations. The results obtained showed that 

design 4 had a STL value of approximately 10 dB, which was the highest of all the designs. The STL 

peak occurred at 360 Hz, which was the highest of all the designs. The authors attributed the increase 

in STL to the increased contact area between the air in the neck and the surfaces of the neck, however 

the mechanism that causes this is not presented. The altered geometry also increased the resonance 

frequency of the HR, which leads to the STL peak occurring at a higher frequency compared to the 

other designs. It was also observed that although the other designs have lower peak STL values, it is by 

a very small margin. Designs 2 and 3 exhibited a STL of approximately 8 dB at lower frequencies than 

design 4.  

Another alteration that can be made to a neck is extending it into the cavity of the resonator, as 

was done in Ref [18]. The authors used four different lengths for the extension – 0, 50, 100, and 150 

mm – and measured the STL using the two-microphone method in an impedance tube. The results 

observed show that as the length of the neck increases, the resonance frequency of the resonator 

decreases. For example, there is a difference of approximately 30 Hz between the resonator with 0 mm 

extension and the resonator with a 150 mm extension. The authors note this as a significant variation 

due to the low frequencies being considered in the study. Along with a decrease in the resonance 

frequency, the noise attenuation band becomes narrower. The results obtained in this study are 

consistent with those found in [16]; that is, as the length of the neck increases, the resonance frequency 

of the resonator decreases, and the noise attenuation bandwidth becomes narrower. The main difference 

between the two studies is the focus on compactness, where the neck length is increased on the outside 

of the resonator in [16], and the increase was internal in [18].  
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2.3 Membrane Coupling 

As mentioned previously, the use of membranes has been used to increase noise attenuation 

performance of a HR and various methods have been studied in the literature. Membranes are often 

coupled with HRs for passive noise control, however they can also be used for active noise control, as 

was studied in [19]. However, the publications that will be discussed in this section will have a focus 

on the performance of HRs coupled with membranes for passive noise control.  

In the work presented in [20], the transmission loss performance of HRs mechanically coupled 

by a membrane was investigated. A theoretical model was produced to predict the STL of the coupled 

resonators in a duct as a function of the mass and stiffness of the membrane. A simple illustration of 

the HR configuration is shown in Figure 2-1 following. 

 

Figure 2-1 – Illustration of HRs coupled by a membrane. 

A pair of uncoupled resonators with equivalent geometries were used as a reference to compare 

to the coupled case. Using a model developed for the STL for the resonator configuration, several 

simulations were conducted. The authors simulated the uncoupled case by making the stiffness and 
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mass of the membrane large, resulting in a peak STL value of approximately 40 dB at the resonance 

frequency of the resonators – 153 Hz. In other simulations, the membrane masses were set to 0.01 and 

0.1 kg while the stiffness was defined such that the membrane resonance frequency remained constant 

at 200 Hz. In both cases, the highest peak in STL was observed to be near the resonance frequency of 

the uncoupled case, i.e., 153 Hz. Additional simulations showed that the uncoupled resonance frequency 

of the membrane had to be near or at the resonance frequency of the uncoupled resonators ensure the 

coupled case would be beneficial for noise attenuation.  

In the simulations noted previously, and subsequent simulations, the bandwidth of the 

attenuation was narrow. A further simulation was conducted to achieve broadband attenuation for the 

coupled resonators case. This was done by setting the mass of the membrane to 0.5 kg and defining the 

stiffness such that the uncoupled resonance frequency of the membrane was 150 Hz. The results 

obtained show that broadband attenuation can be achieved by altering the physical characteristics of the 

membrane. For STL of at least 5 dB, the coupled system had an attenuation bandwidth of 27 Hz, 

compared to the 12 Hz exhibited by the uncoupled case.  

The goal of the study in [21], was to produce a membrane coupled HR with a small cavity 

volume and a high STL capacity at a specified frequency of 30 Hz 6 Hz. Using the Pareto front 

technique [45], twenty designs were generated and two (design A and design B) were selected for 

experimental comparison to a baseline resonator. 

The results show a slight discrepancy between the model prediction and the experimental 

results, particularly the frequency at which the peak STL value occurs. The model predicted this would 

occur at 30 Hz, however experimental results showed that this can occur at slightly higher frequencies 

(~34 Hz). The authors attributed this to the cavity and membrane dimensions used to fabricate the 

resonator. For example, design A had an optimum cavity diameter of 148.34 mm and an optimum 

membrane thickness of 0.241 mm. However, the authors noted the material available resulted in a cavity 

diameter of 152.40 mm and a membrane thickness 0.203 mm. Experimental verification using material 
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with appropriate dimensions would need to be conducted to improve confidence the theoretical 

prediction.  

The STL curve of the baseline design also showed the same discrepancies between the predicted 

results and the experimental results that were observed for the optimally designed resonators. 

Comparing the results obtained from the baseline resonator and those obtained from design A, both 

outputs had a peak STL value of approximately 15 decibels. The design A resonator achieves similar 

performance to the baseline resonator but with 22 % less cavity volume and design B achieves higher 

STL to the baseline resonator with 44 % less cavity volume. In both cases, the STL peak occurs within 

the 6 Hz of the 30 Hz target. Although the authors fabricated the resonators with different cavity and 

membrane dimensions to those predicted by the optimisation, they deemed the study a success since 

they were able to produce a membrane-coupled HR with similar performance to, and a smaller overall 

volume than, the baseline resonator 

As mentioned, the membrane thickness will affect the noise attenuation performance of the 

resonator. Considering this, the authors in [22] investigated the effects of using a membrane with a 

nonuniform thickness on the noise attenuation performance of a baseline resonator, and on a resonator 

with an optimal cavity volume developed in [21]. The study was conducted theoretically using two 

mesh types – block mesh and blended mesh – and the cavity volume of each resonator was then 

optimised. Highest STL performance was observed when the block mesh was used. The peak STL value 

for the baseline resonator increased from 6.83 dB to 8.89 dB, which is an increase of approximately 30 

%. For the resonator previously optimised in [21], the peak STL value increased from 10.23 dB to 10.48 

dB, which is an increase of approximately 2.5 %. This increase was reported as being insignificant to 

warrant performing the further optimisation.  

It is also mentioned in the concluding remarks that the optimisation technique used in this study 

is most beneficial when the size of the resonator, and therefore the spatial constraints, are not a concern. 

However, in the context of the project that is being undertaken for using HRs in a double wall system 
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for the suppression of mass-air-mass resonance, spatial constraints are a fundamental concern, as there 

is a limited amount of space within the double wall for the insertion of resonators. As such, it may be 

difficult to implement the optimisation technique presented in [22].  

The effects of membrane geometry on the noise attenuation of a HR were also studied in [23]. 

The thickness and diameter of the membrane were the two geometries that were varied for the 

investigation. The thickness was varied from 0.02 – 0.25 mm and the diameter was varied from 25 – 

105 mm. The results obtained showed that as the thickness of the membrane increased, the resonance 

frequency of the resonator and the membrane also increased. For example, when the thickness of the 

membrane is 0.02 mm, the first resonance frequency occurs at approximately 12 Hz and the second 

occurs at approximately 125 Hz. Recall the study conducted in [20], where the authors considered STL 

above 5 dB as significant and then determined the bandwidth of effective noise attenuation. Applying 

that same metric to these results, for the 0.02 mm membrane, the noise attenuation bandwidth resonance 

peak becomes indiscernible and will be approximately 20 Hz for the second resonance frequency. 

The study in Ref [24] investigated the acoustic performance of three different types of 

resonators embedded in a melamine foam matrix at frequencies less than 1 kHz. Both systems were 

used to try to maximise the STL bandwidth. Two of the resonators were coupled to the soft acrylic 

membrane, where one had a neck – defined as the Helmholtz resonator – and the other had no neck – 

defined as membrane-cavity resonator. The third resonator had a rigid endplate. Each resonator was 

tested in an impedance tube with the aim of characterising their acoustic performance in terms of the 

absorption coefficient and the transmission loss. The results for the STL of the HR coupled with a 

membrane with a membrane stretch parameter of λ = 3; that is, the membrane was stretched to three 

times its original dimensions, will be discussed. Stretching the membrane in this manner decreased its 

thickness from 1 mm to 0.11 mm. The results showed a STL peak of ~33 dB at 700 Hz. When compared 

to the porous material alone, the membrane-coupled HR encased in porous material provides improved 

STL even at frequencies other than the HR resonance frequency. For the present project, this setup 
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could be modified for use in a double wall, where the wall is packed with thermal insulation material 

and resonators to be attached to the studs of the cavity.  

2.4 Array Configurations 

This section will focus on research that has been conducted on using HR arrays in a duct for 

the purpose of improving noise attenuation. The investigation conducted in [25] focused on evaluating 

the acoustic performance of different array configurations for HR in a duct system. Three different 

resonator configurations were used and each configuration used two resonators. The first configuration 

had the HRs stacked together in series, i.e., neck-cavity-neck-cavity, which resulted in a so-called dual 

resonator”. The second configuration had the resonators in parallel where they were on opposite sides 

of the duct, and the final configuration was an inline configuration where the HRs are mounted on the 

same side of the duct. In each case the first resonator, HR1, was tuned to a resonance frequency of 152 

Hz and the second resonator, HR2, was tuned to a resonance frequency of 244 Hz.  

The peak STL value for all configurations is approximately 40 – 43 dB at the resonance 

frequencies of the resonators except for the dual resonator which exhibited peak STL almost 100 Hz 

from either HR resonance frequency. The inline HRs configuration provided a more consistent/less 

disrupted attenuation bandwidth, however the other configurations exhibited a region where the STL 

reaches 0 dB between the HR resonance frequencies, which makes them less practical for broadband 

noise attenuation. Additionally, a STL of 43 dB was observed for the inline configuration, which was 

the highest of the three configurations.  

3 Project Solution 

Most of the studies found in the literature focus on the use of Helmholtz resonators for 

suppression of a given frequency, however few have investigated the use of HRs for suppression of 

MAM resonance in households. A possible reason for their limited commercial use in households is 

their limited performance. The use of resonators in a double wall can improve STL performance at that 



15 

 

desired frequency, however it has been noted that suppression at other frequencies decreases [26]. This 

is particularly evident when the resonators are tuned to the MAM resonance frequency of the double-

wall system. Some possible solutions that have been proposed are active noise control methods such as 

analogue feedback controllers [27]. In many cases, active noise control systems are significantly more 

complex as they require more resources than passive noise control systems, so the project will focus on 

using passive noise control methods. 

The noise attenuation performance of a HR has been found to be improved by coupling it to a 

flexible endplate (membrane) [21]. Few studies have been found that address the use of membrane-

coupled HRs (MHRs) for improving HR performance, and no studies have been found that investigate 

the use of MHRs for suppression of MAM resonance. Therefore, the objective of this project is to 

investigate the design and performance of membrane-coupled Helmholtz resonators for broadband 

suppression of MAM resonance. 

 

4 Thesis Layout 

In this thesis, various Helmholtz resonator designs will be presented and tested for use in a 

double-wall partition. The primary focus of the study is on the use of membrane-coupled Helmholtz 

resonators (MHRs) and the advantage they provide in the sound transmission loss (STL) performance 

when compared to conventional/rigid Helmholtz resonators (RHRs) in a double wall partition of the 

suppression of MAM resonance.  

The governing equations for a RHR, and the effect that its properties have on the acoustic 

performance, will be presented in Section 5. Section 6 presents the governing equations for a MHR and 

the effects that membrane properties have on its acoustic performance. These principles were used to 

design and test the resonators using the appropriate experimental procedures presented in Section 7. 

Experiments were conducted in an impedance tube, a full-wall (large-scale) and a soundbox (small-
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scale) – in Sections 8, 9 and 10, respectively – according to the outlined experimental procedures. More 

specific details on the experiments, such as the material used, are provided in the respective sections.  

Section 11 discusses the commercial limitations identified in using HRs intertenancy walls. 

Section 12 provides suggestions for future research that may be conducted based on the findings 

obtained. Finally, concluding remarks in Section 13 are presented as the final part of the central thesis 

body.  

The appendix is presented in the final section. 

5 Rigid HR Theory 

 

5.1 Rigid Helmholtz Resonator in a Duct 

This section presents the principles that govern Helmholtz resonators and the parametric models 

used to investigate their acoustic performance, particularly the sound transmission loss in a duct. Their 

properties and the effect they have on the performance of the resonator will also be discussed. 

A basic Helmholtz resonator consists of two fluid-filled cavities coupled together – a small 

neck volume and a large cavity volume. A cross-section of a conventional Helmholtz resonator is shown 

in Figure 5-1 following.  
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Figure 5-1 - Schematic of a conventional Helmholtz resonator. 

At sound wavelengths larger than the dimensions of the resonator, the air in the cavity volume 

acts as a spring with a defined stiffness, and the slug of air in the neck acts as the lumped mass, so the 

system can be analysed as a mass-spring system [26]. The resonance frequency of the resonator, FHR, 

is given by the mass-spring resonance equation (Eq. 5.01).  

      (5.01) 

Where c0 is the speed of sound in air, An is the neck area, Vc is the cavity volume, Ln is the actual 

length of the neck, and D is the diameter of the neck [28]. The oscillation of the air in the neck dissipates 

the energy in the propagating sound waves, decreasing the amount of sound energy transmitted at the 

resonance frequency [11]. 
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5.2 COMSOL Multiphysics Verification 

The COMSOL Multiphysics software package, herein referred to as COMSOL, was used to 

verify the results obtained from the theoretical model to calculate the HR resonance frequency in Eq. 

5.01. For the simulation, excitation pressure is applied to the neck orifice. The membrane boundaries 

are defined at the membrane-resonator coupling region and the default Eigenfrequency solver settings 

were used to solve for the resonance frequency. The dimensions are given in Table 5-1, and the 

simulation results are shown in Figure 5-2. 

Table 5-1 - Dimensions of HR with calculated resonance frequency of 140 Hz. 

Cavity Length 
(mm) 

Cavity Diameter 
(mm) 

Neck Length 
(mm) 

Neck Diameter 
(mm) 

155 72 65 21 
 

 

 

Figure 5-2 - COMSOL Multiphysics theoretical prediction. 

Slightly different results for the resonance frequency were obtained between Eq. 5.01 and 

COMSOL. An eigenfrequency (resonance frequency) of ~147 Hz is exhibited, whereas 140 Hz is 



19 

 

obtained using Eq. 5.01. This is due to the assumption of the end-correction factor. The end-correction 

refers to the additional length of the next that results from the oscillation of the air mass in the neck. 

The end-correction factor largely depends on the type and geometric shape of the neck. For a flanged 

neck (as seen in Figure 5-2), the end-correction factor is 1.7 [29], whereas for an unflanged neck, it is 

1.2 [30], [31].  

There is generally difficulty in modelling the end-factor of a resonator due to the interaction 

between the mass of air in the neck and the air in the cavity. As an end-correction factor of 1.7 is 

generally accepted in the literature, it will be used throughout the project for designing HRs in 

MATLAB and COMSOL. 

5.3 Resonator Properties 

From Eq. 5.01, the physical characteristics of the resonator have a direct impact on the 

resonance frequency. For a conventional HR, the volume of the cavity and the neck have the most 

significant influence. This section presents simulation results of acoustic performances of HRs with 

variable cavity and neck volumes, respectively. Sound transmission loss in a duct is calculated using 

the model developed by in [32] shown in Eq. 5.03. It considers the effect of the ratio between the length 

and diameter of the resonator on the STL. The authors note that this method produced STL simulation 

results that align more accurately with they observed in the experimental results. 

   (5.03) 

Where An, Ac and Ap are the cross-sectional areas of the neck, cavity and testing pipe, 

respectively. Ln and Lc are the lengths of the neck and cavity, respectively and k is the wavenumber 

determined by k = 2π/λ, where λ is the wavelength of the propagating wave. This model was 

implemented into a MATLAB script. To ensure that it had been implemented correctly, the results 

obtained by the authors are replicated and are shown in Figure 5-3 for a cavity length-to-diameter ratio 

of 0.01 (see referenced work for the original results [32]). 
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Figure 5-3 - Theoretical HR STL curve obtained for a cavity length-to-diameter ratio of 0.01

The results obtained match the results obtained by the authors, which means the model was

correctly implemented into a MATLAB script. Since the model uses the dimensions of the neck and the

cavity, it is used in the following sections to demonstrate the effects that the dimensions have on the

STL performance of the resonator.

5.3.1 Cavity Volume

The neck volume was altered by changing the length of the cavity. Table 5-2 summarises the

dimensions of the first simulation, and the results are presented in Figure 5-4.

Table 5-2 - Summary of HR dimensions with variable cavity volume.
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Cavity Length

(mm)

Cavity Diameter 
(mm)

Neck Length
(mm)

Neck Diameter
(mm)

100 160 50 40

150 160 50 40

200 160 50 40

250 160 50 40

Figure 5-4 - Effect of changing cavity volume on HR STL performance.

The results show that as the length of the cavity increases, the resonance frequency of the HR

decreases. This agrees with the resonance frequency theory denoted in Eq. 5.01.

5.3.2 Neck Volume

The neck volume was altered by changing the length of the neck. Table 5-3 summarises the

dimensions of the second simulation, and the results are presented in Figure 5-5.

Table 5-2 - Summary of HR dimensions with variable neck volume.
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Resonator Cavity Length 
(mm)

Cavity Diameter 
(mm)

Neck Length 
(mm)

Neck Diameter 
(mm)

1 150 160 50 40

2 150 160 60 40

3 150 160 70 40

4 150 160 80 40

Figure 5-5 - Effect of changing neck volume on HR STL performance.

Increasing the volume of the neck results in a decrease in the resonance frequency of the

resonator. As with the increasing cavity volume, the results agree with the theory denoted in Eq. 5.01.

However, the inefficient use of space and the insufficiency of RHRs were identified early in the project.

Some publications in the literature have shown that the use of MHRs can allow for reduced resonator

size but maintain resonance frequency and the STL performance. The following section will present the

underlying theory for membrane-coupled HRs.
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6 Membrane-Coupled Helmholtz Resonator in a Duct 

This section presents the principles that govern membrane-coupled Helmholtz resonators. As 

shown previously in the literature review, the use of membrane-coupled HRs for attenuating unwanted 

noise at a specific frequency has been studied. The main advantage of using MHRs is that the cavity 

volume of the resonator can be reduced while maintaining the sound attenuation capacity at the same 

resonance frequency, which will be shown theoretically and experimentally in this section. As with the 

RHR, the governing equations presented in this section were used to design resonators that will be used 

in double-wall partitions to suppress mass-air-mass (MAM) resonance. 

The analytical model used to model the acoustic performance of the resonators and eventually 

design the resonators to be tuned to the desired frequency, was based on the model developed in [33]. 

A schematic of the MHR subsystems is presented in Figure 6-1 following.  

 

Figure 6-1 – Schematic of membrane-coupled HR subsystems. 
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In this model, the response of the resonator is the ratio between the displaced volume in the 

cavity to the excitation pressure. This is noted as acoustic receptance (herein referred to as receptance) 

and is defined in Eq. 6.01.  

      (6.01) 

Where xj is the response at coordinate j due to the excitation pressure fk applied coordinate k.  

The model of the membrane-coupled HR was divided into two subsystems which are then 

coupled at the interface between the membrane and the cavity to obtain the final receptance of the 

assembly, defined in Eq. 6.02. 

      (6.02) 

Where X1 is the assembly response, and F1 is the excitation at the coordinate 1. 

Coordinates 1 and 2 are both connected to subsystem B, which enables the response of these 

points to be obtained by summing the response of the system due to excitation, as seen in eq. 6.03. 

      (6.03) 

The response of subsystem C, at coordinate 3, due to an excitation force is defined in Eq. 4.04. 

      (6.04) 

By equating the assembly response to the response of subsystem B at coordinate 1, Eq. 6.03 

can be substituted into Eq. 6.02 and simplified to obtain the direct receptance of the assembly at 

coordinate 1, shown in Eq. 6.05. 

      (6.05) 
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Pressure fluctuations excite the system, and the volume of air in the neck acts as a mass, and 

the volume of air in the resonator cavity acts as a spring. Such a system is equivalent to a mass-spring-

damper system and can be modelled accordingly [26].  

As the resonator assembly consists of two subsystems – the resonator body and the membrane, 

the model first determines the receptance of each subsystem which enables the receptance of the final 

assembly to be determined by coupling the two subsystems. Sections 6.1.1, 6.1.2 and 6.1.3 present the 

derivation of the receptance for the resonator, membrane and membrane-coupled Helmholtz resonator, 

respectively.  

6.1 Receptance of Helmholtz Resonator 

The model used for simulating the acoustic response of a membrane-coupled HR was also 

derived in Ref [33]. This model also utilised the mass-spring-damper system (see Eq. 6.06) to derive 

the dynamic model for the resonator subsystem, which is used for deriving the receptance of the 

resonator. 

      (6.06) 

Where Br is the damping term for the neck, Kr is the equivalent resonator stiffness, and Mr is 

the equivalent resonator mass (see 6.07 and 6.08), δVn is the displaced volume of air in the neck and 

p(t) is the fluid pressure.  

      (6.07) 

      (6.08) 

Where mn is the effective mass of air in the neck, An is the cross-sectional area of the neck, ρ is 

the density of air and c is the speed of sound in air. Newton’s second law of motion can be applied to 

the HR subsystem by assuming a harmonic pressure input. The derivation results can be displayed in 

matrix form, as in Eq. 6.09.  
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   (6.09) 

Excitation pressure at the neck and cavity of the resonator are denoted as p1 and p2, respectively, 

and the response of the system is a volume change at the neck and cavity, denoted as ν1 and ν2, 

respectively and ω is the excitation frequency. The direct and cross receptances are obtained by 

computing the inverse matrix [I(ω)]-1: 

      (6.10) 

Where, 

        (6.11) 

      (6.12) 

      (6.13) 

6.2 Receptance of Membrane 

The equation of motion of a membrane excited by a pressure input is described in Eq. 6.14.  

     (6.14) 

Where D is the flexural rigidity of the membrane (see Eq. 6.15),  is the del operator, ρmem is 

the density of the membrane material, d is the membrane thickness, and w(r,t) is the membrane 

deflection response to the pressure excitation, p(t), at the neck opening.  

         (6.15) 

Where E and v are the stiffness and Poisson s ratio of the membrane material, respectively. The 

solution to the function in Eq. 6.14 can be rewritten as a series in the form:  
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      (6.16) 

Where Q0n(r) are the normal modal shapes of a membrane with fixed boundaries and η0n(t) are 

the normal modal forces denoted by the expression in Eq. 6.17. 

   (6.17) 

Where the natural frequencies, ω0n of a circular, fixed membrane are described by Eq. 6.18. 

     (6.18) 

The direct receptance of the membrane is derived by integrating the resonator deflection over 

the entire surface area of the membrane, as this displacement is a result of the motion of the air in the 

cavity, described in Eq. 6.19. 

   (6.19) 

If a harmonic input pressure is assumed such that , then the expression for 

the correlating volume displacement is denoted as . These expressions can be 

substituted into Eq. 6.09 and Eq. 6.17, respectively and integrated to obtain Eq. 6.20.  

      (6.20) 

Where b0n are constant coefficients determined from the geometry of the membrane and the 

membrane material properties. Substituting the structural damping factor into Eq. 6.20, the direct 

receptance of the fixed membrane can be described by Eq. 6.21. 

      (6.21) 

Where β is the structural damping factor of the system, which is assumed to be viscous 

damping. 
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6.3 Receptance of Membrane-Coupled Helmholtz Resonator 

The receptance of the assembly is obtained by substituting Eq. 6.11 – 6.13 and Eq. 6.21 into 

Eq. 6.05, resulting in Eq. 6.22. 

 (6.22) 

Finally, the sound transmission loss was obtained by computing Eq. 6.23 [33]. 

       (6.23) 

Where ρ is the air density, c is the speed of sound in air, and Ap is the cross-sectional area of 

the testing pipe. Using this model, the authors in Ref [33] observed the resonances peaks for the 

resonators at approximately 60 and 30 Hz for the RHR and MHRs, respectively. The MHR is also 

observed to have a second resonance peak at ~140 Hz. The second STL peak in the MHR results is 

consistent with results from other publications in the literature where the resonator is coupled with a 

membrane (see [21] and [24]). 

6.4 Analytical Verification 

MATLAB code was generated based on the analytical model derived in Ref [33] and presented 

previously, and the results obtained were compared to the results reported in the publication. This was 

done to verify that the model was correctly implemented into MATLAB script and could therefore be 

used to simulate resonators with different dimensions. For the comparison, the dimensions for the 

resonators and the membranes were the same as those used by the authors, and the results obtained are 

shown in Figure 6-2 following. 
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Figure 6-2 – Rigid HR vs membrane-coupled HR model verification output. 

The results obtained match the results presented by the authors of the model (see referenced 

work for original results [33]). This verifies that the derivation was correctly implemented into 

MATLAB. The script is presented in Appendix A. The model was then used to investigate the effects 

of changing different resonator parameters. The following section presents the effects of altering 

membrane properties such as thickness and stiffness, on the acoustic performance of the resonator in 

the impedance tube. The results obtained would aid in the appropriate design of the resonator to 

maximise STL performance. 

6.5 Membrane Properties 

Just as the dimensions of the HR can change its acoustic performance, the properties of the 

membrane can also alter the performance. This section will present the results obtained from 

simulations conducted to investigate the effects of using different membrane materials on the acoustic 

performance of a Helmholtz resonator. In all cases, the resonators had identical neck and cavity 

dimensions. 
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6.5.1 Membrane Stiffness

The stiffness of the membrane is a property that can have an impact on the acoustic performance

of the resonator [34]. Various materials such as polylactic acid (PLA), Aluminium, Acrylonitrile

Butadiene Styrene (ABS) and Nylon-66 were available to use as membrane material. Their stiffness

values range from 2.0 GPa to 71 GPa [35]. A series of simulations were conducted with each material

to select the most appropriate one for the membrane. Throughout the simulations, the HR neck diameter

and length remained constant at 18.6 mm and 20 mm, respectively, and the cavity diameter and length

also remained constant at 194 mm and 200 mm, respectively. The membrane thickness also remained

constant at 1 mm. Figure 6-3 shows the results of the simulation.  

Figure 6-3 – Performance of MHRs with the different membrane materials.

The results show that an increase in membrane stiffness increases the resonance frequency for

both resonance peaks and decreases the peak STL value. For example, the first peak for the ABS MHR

is 34.5 Hz and exhibits a 17.5 dB peak STL value, whereas the first peak for the aluminium MHR occurs

at 60.3 Hz and exhibits a 15.3 dB peak STL value. From these simulations and the availability of the
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material and manufacturing methods to be utilised, PLA was selected to be the material to be used

throughout the project. The polymer-based materials presented can be easily 3D printed to the correct

dimensions. In contrast, aluminium would require laser cutting, which is more resource-intensive and

hazardous.

PLA was more readily available and less expensive to acquire than Nylon-66 and ABS.

Although their mechanical properties are similar, the quality of components 3D printed from ABS and

Nylong-66 is higher, which justifies the higher purchase cost.

6.5.2 Membrane Thickness

The thickness of the membrane directly impacts the acoustic performance of a Helmholtz

resonator. Simulations were conducted to investigate the effect of increasing the thickness of the

membrane on the STL performance. The thickness of the membrane was varied from 0.5 to 3 mm in

increments of 0.5 mm. Varying the thickness by 0.5 was due to the printing quality of the 3D printers

to be used later in the project. The results are shown in Figure 6-4 following.

Figure 6-4 - Acoustic response of resonator with increasing membrane thickness.
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The results show that as the thickness of the membrane increases, the resonance frequency also

increases, and the peak STL value decreases. This is because as the membrane thickness increases, so

does its stiffness which eventually causes it to act as a rigid backing, essentially converting it into a

rigid Helmholtz resonator. At 5 mm, the membrane becomes a rigid backing, as shown in Figure 6-5

following.

Figure 6-5 - High thickness membrane vs. rigid Helmholtz resonators.

A membrane thickness of 0.5 mm was selected from the results obtained and used for the

impedance tube tests. This thickness was chosen primarily due to the quality of the 3D printers that

were used to print the MHRs. Using lower thicknesses would introduce porosity resulting in poor print

quality.

7 Experimental Setup

The project utilised three different experimental setups to test the designed HRs. The following

sections will present a general overview of each experimental standard and procedure that was used, as

well as accompanying theoretical explanations of the methods.
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7.1 Impedance Tube 

Sound transmission loss is formally defined as the log of the ratio of the incident acoustic 

pressure amplitude (Pin) over the radiated acoustic pressure amplitude (Prad) [36], as denoted in Eq. 

7.01. 

       (7.01) 

The sound transmission loss capacity of a Helmholtz resonator was determined using an 

impedance tube by the ISO 10534-2 standard [37]. Excitation pressure is provided by a loudspeaker 

and four microphones – two upstream of the resonator and two downstream of the resonator – measure 

the pressure difference on either side (see Figure 7-1).  

 

Figure 7-1 - Impedance tube experimental setup schematic. 

In this setup, the incident power is set to 1 and data from the microphones is used to calculate 

the transmitted and reflected pressure amplitudes to determine the transmittance, as shown in Eq. 7.02 

and Eq. 7.03 respectively. 

       (7.02) 

      (7.03) 

Where at and ct are transmitted pressure amplitudes, br and dr are reflected pressure amplitudes. 

Transmittance and reflectance are denoted as T1 and R1, respectively. 
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Rearranging to make Tm the subject results in Eq. 7.04, 

        (7.04) 

Finally, STL can be determined by substituting Eq. 7.04 into Eq. 7.01. Implemented into the 

experimental procedure as Eq. 7.05. 

       (7.05) 

The Room Eq Wizard (REW) software package provided pink noise excitation through the 

loudspeaker. 

7.2 Full-Scale Wall Testing 

Large-scale testing was conducted to investigate the behaviour of the resonators in a double 

wall. A plasterboard wall was used for the testing as this type of wall is used within New Zealand 

households. The wall dimensions were 2.4 x 2.65 x 0.09 m with vertical aluminium studs at 0.53 m 

intervals (see Figure 7-2 schematic). The MAM resonance frequency can be determined from the 

dimensions and material properties. 
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Figure 7-2 – Schematic of the wall tested, detailing dimensions of the wall. 

The analytical model used to model STL through a double wall was based on the model 

developed in [12] and is summarised following.  

The effective bulk modulus – the pressure amplitude within the wall resulting from a change in 

the overall volume – is required to compute the STL through a double-wall with HRs. It can be 

calculated by Eq. 7.06.  

      (7.06) 

KW and KR are the bulk moduli of the air in the wall and in resonator, respectively. As the 

resonators are open to the wall cavity, they consist of the same fluid (air). In this case, KW and KR are 

equal and are defined as,  

       (7.07) 
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Where ρ0 is the density of air and c0 is the speed of sound in air. The volumetric filling ratio, 

ΨR, is the ratio of the resonator volume, VR within the wall to the total volume of air in the wall, V. 

        (7.08) 

The frequency ratio is defined as the ratio of the excitation frequency, ω, to the Helmholtz 

resonator resonance frequency, ωR.  

        (7.09) 

The effective bulk modulus of the air in the wall is then used to determine the transmission 

coefficient, Tc, as shown in Eq. 7.10.  

      (7.10) 

Where, 

        (7.11) 

        (7.12) 

Z0 is the acoustic impedance. The STL can be determined by computing Eq. 7.13. 

       (7.13) 

All large-scale experiments were conducted in accordance with standard ISO 10140 – 2 [38], 

with resonators fabricated from polyvinyl chloride (PVC) piping with 80 mm diameter. With the 

resonators attached to the studs, an estimated fill ratio of 27% is calculated and will be used for all the 

full-scale wall testing. 
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7.3 Soundbox

The soundbox experimental setup consisted of a sample double-wall placed on a 430 x 430 mm

soundbox which housed the excitation device (loudspeaker). The sample wall was a wooden frame that

had previously been fabricated from 90 mm x 45 mm wooden studs. Two 430 x 430 x 6 mm acrylic

panes were placed on either side of the wooden stud cavity to create the sample double-wall. A small

patch of reflective tape was stuck onto the outside surface of the top acrylic panel. This provided a point

to aim the Polytec PDV-100 Portable Digital laser vibrometer, and provided a strong reflection to

measure the velocity of the top acrylic panel. The panel velocity results in a higher oscillation amplitude

and therefore a higher transmittance [28]. As in Ref [28], a normal incident plane wave could be

assumed because of the relatively small panel cross section compared to the wavelengths of the

frequencies (50 – 1000 Hz) to be studied. The setup is shown in Figure 7-3.

Figure 7-3 – Left – laser vibrometer. Right – Sample partition segment with loudspeaker at the bottom. 

The sample wall was placed on top of the soundbox, and the REW software package was used

to provide a frequency sweep from 50 to 1000 Hz through a Yamaha XMV4140 Power Amplifier and
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a Roland OCTA-CAPTURE audio interface. Figure 7-4 shows the overall soundbox experimental 

setup. 

 

Figure 7-4 – Soundbox testing experimental setup. 

These measurements were then used to determine the MAM resonance frequency of the sample 

cavity and the performance of the resonators when coupled to the outside of the sample cavity and when 

placed inside the cavity.  

8 Testing RHR and MHR in a Duct 

The objective of the impedance tube tests was to compare the acoustic performances of a RHR 

and the MHR with a smaller volume. All specimens were 3D printed using either a FlashForge 

Adventurer 3 or a Prusa i3 Mk2. When the resonance frequencies of the resonators were altered, the 

neck and cavity lengths were the only dimensions changed. The inner diameters were 21 mm and 80 

mm, respectively and had a 2 mm thickness for the duration of the impedance tube tests. These 

dimensions were used due to testing and commercial parameters. The orifice on the impedance tube 
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where the neck would be inserted had a diameter of 25 mm, and the thickness of the double-wall cavity 

was 90 mm.  

The following sections present some of the measurements obtained.  

8.1 Impedance Tube Test – 1 

A pair of resonators were designed to have a resonance frequency of 190 Hz. This frequency 

was chosen because it is within the target frequency region, and the dimensions of the resonators at 190 

Hz are within the limit for use in houses with crossbeam studs. The MHR was designed to have a 

membrane of 0.5 mm thickness. The theoretical and experimental acoustic performance of the 

resonators is shown in Figure 8-1. 
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Figure 8-1 - Theoretical and experimental performance of the 188 Hz RHR and MHR. 

The results show agreement between the model and the experimental data for the RHR, where 

a peak STL value of approximately 15 dB is exhibited at 190 Hz. However, in the case of the MHR, 

there is no agreement between the model and the experimental data obtained. The theory predicted a 

peak STL value of 14 dB at 190Hz, but the experimental results show three resonance peaks at 141, 

190 and 392 Hz. All three peaks exhibited lower STL values than the theory predicted. This 

disagreement between the model and the experiment was attributed to an error in modelling the 

membrane density. A 30% limit for the infill percentage was used to decrease printing time and material 

used during the 3D printing of the resonators. This infill percentage was also used during the modelling 

in MATLAB, therefore decreasing the density of PLA from the standard 1290 kg/m3 [35]. However, 

the 0.5 mm membrane was printed with two layers with a thickness of 0.25 mm. The slicing software 

package used does not implement a density pattern such as hexagonal or triangular patterns on 

thicknesses as low as 0.5 mm. The lack of a printing pattern on the membrane ensured that the infill for 

the membrane was 100%. The error was corrected for further simulations. 
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The inaccuracy in the results of the MHR were also observed in Ref [33]. The authors attributed

the errors to deviations between the theoretical material and geometric properties of the membrane and

the actual values. They also attributed the errors to incorrect approximations for the membrane

behaviour. The errors in the model can be remedied by re-deriving the model. However, due to the

consistency of the errors between the theoretical and experimental results, it is justified in including a

fudge factor into the model by multiplying the stiffness of the PLA membrane (3.79 GPa) by 1.5. This

new stiffness value was used for the remainder of the simulations.

8.2 Impedance Tube Test – 2

Using the results from the previous experiment, the unaltered membrane density and the fudge

factor on the membrane stiffness, the two resonators were redesigned, 3D printed and tested. Figure 8-

2 shows the theoretical and experimental results obtained.

Figure 8-2 - Theoretical and experimental performance of the 190 Hz RHR and MHR
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An agreement between the model and the experimental data for both resonators for the first 

resonance peaks can be seen from the results. In the experimental results, the first peak occurs at 

approximately 190 Hz for both resonators. There is also good agreement in the peak STL value observed 

for both resonators. For the second resonance peak, the model predicts that it will occur at 439 Hz with 

a transmission loss of 2.6 dB, however the experimental results exhibit a 6 dB STL at 418 Hz. This 

error is also likely due to incorrect assumptions made during the derivation of the model. While the 

model does not accurately predict the second resonance peak for the MHR, the first resonance peak is 

of greater significance to the project, and the model will be used for further MHR designs. 

From the results, the size advantage provided by the MHRs is apparent. The dimensions of both 

HRs are given in Table 8-1.  

Table 8-1 - Summary of dimensions of the resonators showing cavity volume advantage of MHRs. 

Resonator Cavity Length 
(mm) 

Cavity Diameter 
(mm) 

Neck Length 
(mm) 

Neck Diameter 
(mm) 

RHR 98 80 40 21 

MHR 50 80 40 21 
 

The results show that similar STL performance can be obtained when using a membrane-coupled HR 

that has approximately half the cavity volume of a rigid HR. This is beneficial as it could allow for more 

resonators to be used in a double wall system, therefore achieving a higher STL performance.  

9 Full-Scale Wall Testing 

This section presents the experimental results from the large-scale testing that was conducted. 

The experiments were conducted to investigate the effects of inserting the resonators into a double wall 

and comparing the measured output to the results obtained from the simulation results obtained from 

computing the model in Section 7.2.  
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An empty wall was used as the control, and the results from the measurements are shown in 

Figure 9-1 following. The following results show the 1/3rd and 1/24th octave measurements. 

Figure 9-1 - Double wall – MAM resonance frequency theoretical performance of standard wall. 

The results show a decrease in STL at 100 – 150 Hz range which is approximately where the 

MAM resonance frequency for the wall is calculated to be using the model presented in Section 7.1. 

The sudden dip in STL performance at ~70 Hz is attributed to the resolution of the 1/24th octave 

measurement. It can also be observed that as the frequency increases, the STL performance of the wall 

also increases. The results obtained for the MAM resonance frequency region are consistent with the 

results obtained from simulations. However, at higher frequencies, the model begins to overestimate 

the performance of the wall. This is not attributed to the resonators because at frequencies higher than 

~310 Hz, the influence of the resonators on the wall becomes much less significant. A possible cause is 

flanking transmission through the infill wall around the sample panel. At approximately 2 700 Hz, a 

reduction in the STL is observed. This is the coincident region/dip [28] which does not appear in the 

simulations due to the limitations of the model.  
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9.1 Fabrication Summary 

As mentioned previously, the resonators were fabricated from PVC piping. An 80 mm diameter 

pipe was used for the cavities of the resonators, and 25 mm outer diameter pipe was used for the necks. 

Each respective component was cut to length with a RYOBI® 2000W 254mm Dual Bevel Sliding Mitre 

Saw. A 25 mm hole saw was used to drill an orifice for the neck in the cavity pipe. Finally, endcaps 

were used to seal each side of the cavity. To provide an airtight seal, plasticine was used to fasten the 

neck to the cavity. An example of a completed RHR is shown in Figure 9-2.  

 

Figure 9-2 - Example of a fabricated RHR for commercial testing. 

9.2 Single RHRs Frequency – 80 Hz 

Initial measurements were taken to investigate the effects of inserting the resonators into a wall 

and how the results compared with the theory. These tests utilised RHRs that had been designed to have 

a resonance frequency of 80 Hz. The MATLAB script for used for designing the HRs in the wall can 

be found in Appendix B [12]. Figure 9-3 shows the theoretical performance of the resonators in a double 

wall partition. 
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Figure 9-3 - Theoretical results for the empty wall and the 80 Hz RHRs.

The results show a comparison between the expected output with 80 Hz HRs and an empty

wall. The peak STL value of ~28 dB at the resonance frequency of the resonator. Insertion of the

resonators into the wall results in a change in the effective bulk modulus of the air in the cavity. For

this reason, a second MAM resonance frequency is observed at ~120 Hz. The experimental performance
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of the resonators is shown in Figures 9-4 and 9-5 for the 1/3rd and 1/24th octave measurements 

respectively. 

Figure 9-4 - One-third octave results for the 80 Hz RHR in a double wall. 

Figure 9-5 – One-twenty-fourth octave results for 80 Hz RHR is a double wall. 
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The results show the model closely predicts the MAM resonance of the wall. A decrease in the 

STL can be seen at 104 Hz, which is close to the predicted MAM resonance frequency of the wall. 

Similarly, the model also closely predicts the peak STL value of ~27 dB to the 31 dB observed from 

the experiment at 80 Hz. It should be noted that the dip in STL in the 1/24th octave results at 

approximately 70 Hz can be attributed to the resolution.  

9.3 Single RHRs Frequency with Thermal Insulation – 80 Hz 

In most households in New Zealand, exterior walls are fitted with thermal insulation material 

which can also be used as sound insulation material. Glass wool thermal insulation was used to 

investigate the effects of inserting resonators into a wall with existing insulation material. Figure 9-6 

shows the experimental configuration. 

 

Figure 9-6 - RHRs in a double wall with thermal insulation material. 

Figure 9-7 following shows the experimental measurements obtained. 
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Figure 9-7 - Thermal insulation with 80 Hz RHRs. 

Using thermal insulation affects the response of the wall with and without resonators. The 

control results show a shift in the MAM resonance of the wall from ~104 Hz to 90 Hz. This decrease 

in the MAM resonance frequency is thought to be a result of the increased surface area of fibres in 

contact with the air. As the sound wave travels through the material, heat is conducted to and from the 

fibres, changing the process from being adiabatic to isothermal. As a result, the speed of sound is 

lowered, decreasing the MAM resonance frequency. 

As with the non-insulated case, the resonators increased STL performance at 80 Hz. However, 

at higher frequencies, the performance of the wall with resonators is consistently lower than the 

performance of the wall with only thermal insulation material. This is due to the reduction of absorption 

material present in the wall. Its effects become more apparent and significant at higher frequencies 

which is to be expected. 
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9.3.1 Addressing Narrowband Attenuation 

The results obtained from the impedance tube tests and the large-scale tests show that using 

HRs tuned to the same resonance frequency results in narrowband attenuation. The following section 

will elaborate on the problem and present a proposed solution. 

9.4 Broadband Attenuation – Cluster 

Using the STL through a double-wall model and the results in the previous section, it is apparent 

that the STL provided by the double-wall gradually decreases as it approaches the MAM resonance 

frequency, where it then reaches a minimum before gradually increasing. This makes using resonators 

with a single resonance frequency in a double-wall system inadequate to attenuate frequencies slightly 

above and below the MAM resonance frequency.  

Studies have been conducted and published in the literature focusing on the use of HRs in a 

double wall system. Ref [39] were among the first researchers to investigate the effects of using HRs in 

a double-wall partition for attenuating MAM resonance. The design utilised a rigid HR placed inside 

the air cavity in the double-wall with the resonators coupled to it. Ref [40] used a conventional rigid 

HR design, like those in [39]. Similarly, [15] modelled a system with two parallel plates – one as an 

incident plate and the other as a radiating plate – separated by a volume of air coupled to the resonators. 

However, the results presented in these publications show narrowband attenuation similar to the results. 

However, none of these publications investigated increasing the attenuation bandwidth by tuning 

multiple HRs to different resonance frequencies for broadband suppression of MAM resonance. In [41], 

an array panel of resonators was designed using the Fibonacci sequence (see [42]), where the volume 

of the resonators increased sequentially to make an array of resonators to achieve broadband attenuation.  

The use of multiple resonators with different resonance frequencies enables more broadband 

noise attenuation from the resonators. To achieve this, it should be noted that the effective bulk modulus 

of the air in the double-wall cavity with resonators in the model in Section 7.2 can be adjusted to 

incorporate multiple HRs with different resonance frequencies (see Eq. 9.01). 
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(9.01)

This allows for each resonance frequency to have a different fill ratio, allowing for targeting

the MAM resonance frequency while also increasing the sound attenuation bandwidth. The introduction

of multiple HRs results in an array, which will herein be referred to as the cluster.

9.4.1 Cluster – 80 and 100 Hz 

The first cluster used 80 and 100 Hz resonators with each resonance frequency fill ratio set to

13.5 %, respectively. Figure 9-8 shows the results of the predicted output.

Figure 9-8 - 80, 100 Hz RHR theoretical output.

From the results, the effects of using HRs with different resonance frequencies can be seen.

There is an increase in the attenuation bandwidth, and there is also a slight increase in the STL value at

the MAM resonance frequency. Although the cluster provides approximately 5 dB less STL at 80 Hz,

the advantage provided by the cluster is more beneficial than the STL decrease in this case. However,

it may be necessary to target specific frequencies more than others and in such a case, more resonators
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can be tuned to the desired frequency, increasing the fill ratio at that frequency. Figure 9-9 shows the 

experimental results obtained.  

Figure 9-9 - 80, 100 Hz RHR experimental results obtained. 

The results show good agreement with the predictions from the model. Two peaks in the STL 

can be seen at ~80 Hz and ~104 Hz. The measurements also show a slight decrease in the STL peak at 

80 Hz, as predicted by the model. When compared to the results in Figure 9-9 and those in Figure 9-5, 

an increase in the noise attenuation bandwidth is observed.  

9.5 Broadband Cluster 

To investigate the potential of increasing the resonance frequencies to achieve even more 

broadband attenuation, a new cluster was designed with four resonance frequencies – 100, 110, 125 and 

150 Hz based on the procedure in Ref [28]. They also provide consistent attenuation over the MAM 

resonance bandwidth. It should be noted that the maximum resonance frequency was also chosen due 

to safety concerns in the fabrication process, particularly when cutting the 150 Hz MHR down to 68 

mm, and drilling the neck orifice in the middle of the pipe. 
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For this cluster, the fill ratio of each resonance frequency was not equivalent. As mentioned 

previously, the desired frequency can be more specifically targeted by increasing the fill ratio of the 

resonators at the desired frequency. Theoretical simulations showed that these resulted in the highest 

and most consistent attenuation over the frequency range.  

The dimensions of the resonators and their respective fill ratios are presented in Table 9-1 

following. 

Table 9-1 - Summary of cluster resonator dimensions. 

Resonance 

Frequency 

(Hz) 

Cavity 
Length 
(mm) 

Cavity 
Diameter 

(mm) 

Neck 
Length 
(mm) 

Neck 
Diameter 

(mm) 

Total 
Resonators 

Fill 
Ratio 
(%) 

100 271 78 65 21 32 12 

110 219 78 65 21 24 7 

125 170 78 65 21 20 5 

150 118 78 65 21 16 3 
 

Following, Figure 9-10 shows the theoretical results of the cluster and how it compares to the 

empty wall. 



53

Figure 9-10 – Theoretical performance of empty wall and wall with the 100 – 150 Hz cluster.

The simulation results show that a greater bandwidth of attenuation is achieved by using the

cluster. It also increases the STL at the second MAM resonance frequency, between 130 – 150 Hz. The

experimental measurements are shown in Figures 9-11 and 9-12.
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Figure 9-11 – One-third octave results for 100 – 150 Hz RHR is a double wall 

Figure 9-12 – One-twenty-fourth octave results for 100 – 150 Hz RHR is a double wall. 

The results obtained from these measurements show an increase in the attenuation bandwidth 

over the MAM resonance frequency region. Between the 100 – 150 Hz range, the effects of the cluster 

can be seen as it increases the STL from a minimum of ~9 dB and the MAM resonance frequency to 32 

dB at 110 Hz. As with the previous measurements, the model can closely predict the performance of 

the cluster.  
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The test was repeated with thermal insulation material inserted into the wall, and the effects are 

shown in Figure 9-13.  

Figure 9-13 - Effects of inserting thermal insulation material and the cluster into the double wall. 

The results show a 6 dB improvement in the STL performance in the frequency range of the 

cluster when it is inserted into the wall. As with the results for the 80 Hz RHRs, the advantage of using 

the resonators is less significant at higher frequencies and eventually becomes less than the wall with 

thermal insulation due to the better STL performance of absorption material at higher frequencies.  

9.5.1 STC and Rw Measurements 

Double-wall partitions can be rated using the Sound Transmission Class (STC) and the Sound 

Reduction Index Weighting (Rw) according to the ATSM E413 – 87 and ISO 717 – 1, respectively. 

Both rating systems are similar in that they both assign a value rating based on the curve that best fits 

the output data. The STC assigns a value rating for how well a material can reduce airborne sounds such 

as voices or low volume sound systems being transmitted through it. However, the STC does not focus 

on different sounds such as traffic noise. The Rw considers a larger frequency range which makes a 
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direct comparison between the two rating systems difficult. The Rw also considers mid-frequency range 

noise, generated from loud sound systems for example, and traffic noise, by incorporating weighting 

adjustments C and Ctr for the different sounds, respectively. Table 9-2 shows the results obtained from 

full-wall measurements for the wall with thermal insulation and when the resonators are inserted into 

the wall, as well as the thermal insulation and a comparison to an empty wall. 

Table 9-2 – ISO standards for three wall samples. 

Standard Empty 
Wall 

Thermal 
Insulation HRs Only Thermal 

Insulation + HRs 

STC 36 45 37 46 

Rw 36 45 37 45 

Rw + C (50 – 3150 Hz) 34 39 35 41 

Rw + Ctr (50 – 3150 Hz) 27 29 28 31 

 

An increase in noise attenuation performance is observed for all the walls. A slight 

improvement is observed when resonators are placed into the wall without thermal insulation, however 

the most significant improvement is observed for the wall with thermal insulation and the cluster of 

HRs. The highest STC and the Rw values show an increase in the STC and Rw values of 9 – 10 dB 

respectively, compared to the empty wall. Considering the results from the weighting adjustments, the 

Rw + C and Rw + Ctr values, there is an improvement of 7 and 4 dB, respectively. Improvements in 

these values indicate that the configuration increases the sound insulation performance of the wall at 

low frequencies compared to the empty wall, which makes it the ideal configuration to use for MAM 

resonance suppression. 

The raw data obtained from the empty wall, the wall with thermal insulation and the wall with 

both the thermal insulation and HRs measurements are presented in Appendix C.  
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9.6 Cluster Optimisation

An optimisation was conducted on the cluster used during the large-scale experiments. The

optimisation aims to determine the optimal resonance frequencies for each resonator. The process was

performed in MATLAB using the optimisation toolbox and a defined problem. The STL function was

maximised with the resonance frequencies of the resonators used as inputs. The range of frequencies

used was 100 - 160 Hz. The results obtained from the process are shown in Figure 9-14 following.

Figure 9-14 – Theoretical output for the cluster with optimised HR resonance frequencies.

The results show that the optimum resonance frequencies are 104.2, 117.2, 137.6 and 159.2 Hz

for the first, second, third and fourth resonators, respectively. Compared to the unoptimised cluster used

in the experiments, an increase in the peak STL values is observed for all resonators. Future experiments

could utilise the results obtained from the optimisation to design resonators and experimentally verify

the results.

The optimisation process could be made more rigid by considering the fill ratio of each

resonator as well. Further optimisations that could be conducted are provided in Section 12.
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9.6.1 Membrane-Coupled HR Issues 

The use of RHRs and a RHR cluster has been shown to be advantageous in attenuating the 

MAM resonance and increasing the STL bandwidth. The next step in the project was to repeat the 

measurements with membrane-coupled HRs. However, issues with the fabrication of the MHRs 

necessitated postponing full wall testing and investigating the problems. The following section will 

elaborate on and discuss the problems that arose, and an alternate experimental method to predict the 

performance of MHRs in a double-wall partition is presented in Section 10.  

9.7 Membrane Cluster 

The tests conducted in the previous section were to be repeated with membrane-coupled 

resonators. As with the RHRs, the theory presented earlier in Section 6 was utilised to design the 

resonators to have the appropriate resonance frequencies. A resonator was designed to have a resonance 

frequency of 125 Hz and was manufactured from PVC and tested to verify its resonance frequency in 

the impedance tube. The results obtained showed agreement with the model for the RHR resonance 

frequency but a disagreement with the MHR resonance frequency, where the resonance frequency of 

the MHR was ~150 Hz. A possible reason for this could be the coupling method used to couple the 

membrane and the PVC pipe as shown in Figure 9-15. 

 

Figure 9-15 - Schematic is detailing membrane-PVC coupling. 
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The membrane coupling to the PVC is likely reducing the membrane diameter, resulting in an 

increase the membrane stiffness. This causes the observed resonance frequency to be higher than 

calculated and expected. A possible method to address this would be by decreasing the membrane 

thickness to reduce membrane stiffness. A membrane thickness of 0.4 mm was used, however, the 

problem persisted. Lower membrane thicknesses were not investigated due to dimensional errors 

observed when the layer height is decreased. For example, the lowest and highest layer heights on the 

Prusa i3 Mk2 3D printer were 0.13 and 0.4 mm (dictated by nozzle diameter). Using a layer height of 

0.13 mm would result in the membrane being either too thick or too thin. A membrane was 3D printed 

using a layer height of 0.4 mm, however the single layer resulted in porosity, making the membrane 

ineffective. When slicing the model with a different software, a high-quality membrane with 0.4 mm 

thickness was obtained, however the problem persisted.  

To investigate the performance of the MHRs in a double-wall, small-scale experiments were 

conducted in the soundbox. The following section discusses the results obtained. 
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10 Soundbox Testing 

The soundbox experiments were conducted to predict the potential behaviour of the MHRs in 

a double-wall partition. All resonators were 3D printed to ensure uniformity and to avoid the PVC-

membrane coupling problems observed previously. The diameter of the HRs was decreased so they 

would fit into the soundbox sample wall cavity. Although a cluster of resonators was not studied in this 

section, the results obtained could provide a general indication of the performance to be expected from 

the resonators at a large scale. The results also provide helpful information on the design requirements 

for the resonators.  

The MAM resonance frequency for the stud cavity was measured using the experimental setup 

detailed in Section 7.3. The results are shown in Figure 10-1 following. 
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10-1 - Empty sample wall cavity performance. 

The results show the sound transmission of the system, and they show that the MAM resonance 

frequency of the system is ~135 Hz with ~86.6 dB sound pressure level. A set of RHRs and MHRs were 

designed to have resonance frequencies of 140 Hz based on the results obtained from the control 

measurements. This ensured that the resonators attenuated a frequency region that provided consistent 

results – 135 – 170 Hz. At ~63 Hz, a sudden increase in the SPL reduction is observed. This is attributed 

to a panel resonance from one of the acrylic panels that form the sample wall cavity.  

Two types of tests were conducted with the soundbox. The first experiments were conducted 

with the resonators mounted to the outside of the sample wall studs, with the neck fed through an orifice 

cut out of the stud. Plasticine was used to form a seal around the neck and the stud. These experiments 

herein are referred to as external tests. The second set of experiments were conducted with the 

resonators inside the sample wall and will herein be referred to as internal tests. In these tests, the 

resonators were attached to the stud using adhesive tape to eliminate contact between resonators and 

the acrylic panels, ensuring the MAM resonance of the cavity would not be altered. These tests will 
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herein be referred to as internal tests. Table 8-1 summarises the dimensions of the resonators used for 

these tests. 

Table 8-1 - Soundbox tests HR dimension summary 

Resonator Neck Length 
(mm) 

Neck Diameter 
(mm) 

Cavity Length 
(mm) 

Cavity Diameter 
(mm) 

RHR 65 21 155 72 

MHR 65 21 105 72 
 

 

10.1 Experimental Results 

10.1.1 External Tests 

External tests are conducted with the resonator neck coupled to one of the soundbox sample 

wall studs. These experiments were conducted to investigate the performance of the resonator when 

placed outside the cavity. They were also used to compare the results in [28], where the resonators were 
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also mounted externally. Figure 10-2 compares the results for the external experiment for the single 

RHR and MHR. 

Figure 10-2 – Comparison of externally mounted single RHR and single MHR. 

The results show that both resonators exhibited similar performance over the tested frequency 

range. Both resonators had a resonance frequency of ~140 Hz and approximately a 20 dB reduction in 

the SPL of the control system. The trend observed in the outputs obtained in this experiment is similar 

to those observed in the impedance tube tests earlier - where the noise attenuation capacity of both 

resonators is similar. However, the similarity between the external mounted HRs and impedance tube 

results does not indicate performance within a double-wall. The resonators were mounted internally and 

tested to compare the small-scale and full-scale experiments more directly—the following section 

details the observations made. 

10.1.2 Internal Tests  

These small-scale experiments were conducted to investigate the behaviour of the resonators 

within a double-wall system and compare the performance of MHRs to the RHRs within a double-wall.  
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A new control was used to compare the performance of the individual resonators to a soundbox 

with inactive resonators. An inactive resonator is defined as a resonator with the neck orifice obstructed 

such that no fluid may enter the resonator. This was done to quantify the SPL reduction capacity of each 

resonator when the presence of resonators had altered the MAM resonance. The results for the RHRs 

and MHRs are presented in Figures 10-3 and 10-4, respectively. 
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Figure 10-3 – Inactive RHR vs. 1 RHR - Internal 

Figure 10-4 – One Inactive MHR vs. 1 MHR – Internal 
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In both cases, the MAM resonance of the soundbox increases due to the presence of inactive 

resonators. In the case of the RHR, the MAM resonance increases by approximately 7 Hz from 135 to 

142 Hz and about 4 Hz (135 to 139 Hz) in the MHR case. The rise in MAM resonance frequency is 

attributed to an increase in the stiffness of the air in the soundbox cavity due to the presence of the 

resonator. Due to the larger volume of the RHR, a greater stiffness is observed. 

Due to the different volumes of the resonators, it is difficult to compare their performances 

directly concerning their respective control curves. A direct comparison was made using the results 

obtained for an empty soundbox [11]. Figure 10-5 shows a comparison of both resonators within the 

soundbox cavity. 

Figure 10-5 – Comparison of internally mounted single RHR and MHR. 

The results show that both resonators exhibit a resonance frequency of approximately ~140 Hz. 

However, unlike the results observed for the external tests, the SPL reduction in the MHR case is 

significantly less than that for the RHR case. A ~27 dB reduction in SPL is observed for the RHR, the 
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same as the results observed for the external case and a ~10 dB reduction for the MHR – approximately 

50% less than the membrane-coupled resonator exhibits. Figure 10-6 shows a comparison of the 

external and internal MHR results. 

Figure 10-6 – Comparison of external mounted MHR and internally mounted MHR. 

The difference in SPL reduction is attributed to the membrane being exposed to the same 

excitation pressure inside and outside the HR cavity. When the resonators are mounted externally, the 

excitation pressure within the sample wall displaces the volume in the resonator cavity, displacing the 

membrane. This pressure is different from the pressure in the external environment. The membrane 

vibrations provide additional noise attenuation, which enables the use of a smaller resonator cavity 

volume for the MHRs (see Section 6). However, when the resonators are mounted internally, the 

excitation pressure from the loudspeaker affects both faces of the membrane resulting in a reduction in 

oscillation [22]. The lower oscillation amplitude decreases the additional noise attenuation performance 

gained from using the membrane. To investigate the effects of shielding the membrane from the 

excitation pressure, a set of MHRs was designed and presented in Section 10.1.3. 
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10.1.3 Dual Cavity MHR 

To shield the membrane from exposure to the same excitation pressure as the sample wall 

cavity, the MHRs were redesigned with the membrane separating the individual cavities. Two separate 

cavities were designed – one had a rigid endplate, and the other had a membrane, and they were coupled 

with a coupling ring such that the cavity volumes were divided by the membrane. Both cavities had the 

equivalent dimensions to the MHRs used prior. A cross-section schematic of the module is presented 

in Figure 10-7. 

 

Figure 10-7 - Dual cavity MHR sectional schematic. 

The results from the experiment are shown in Figure 10-8 following.  
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Figure 10-8 - Dual cavity MHR performance in the soundbox. 

The results compare two MHRs and the dual cavity module as the module utilised two MHR 

cavities. The resonance frequency of the system appears to have shifted upwards to 177 Hz. The SPL 

reduction cannot be appropriately determined, as the resonance frequency of the module occurs beyond 

the acceptable frequency region defined previously. 

However, the increase in the frequency may be due to the interaction between the two cavity 

volumes as the air within them oscillates. As the air at the neck is excited and compresses the air in the 

cavity, it pushes on the membrane. Since this is happening to both resonators simultaneously, the 

membrane may no longer be acting as a flexible member but a rigid one, increasing the resonance 

frequency of the module. This could possibly be remedied by offsetting the dimensions of the 

resonators, where one resonator has a slightly larger cavity volume, similar to the experiment in [20]. 

Further investigation needs to be conducted to investigate verify the governing mechanisms present.  
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10.1.4 Panel Resonance at 63 Hz 

At approximately 63 Hz, the results exhibit either an increase in the SPL reduction, non-smooth 

SPL recording, or both observations. This section will address both phenomena and discuss possible 

reasons they are observed.  

As mentioned previously, the increase in SPL reduction at 63 Hz has been attributed to the 

panel resonance of the acrylic panels used to enclose the sample wall cavity. This occurred when the 

cavity was empty and during the internal testing. This observation cannot be attributed to contact 

between the acrylic panels and the resonators because the reduction in SPL occurs in the same frequency 

region. If there was contact between the components, a shift in the panel resonance frequency would be 

expected to be observed.  

The inconsistent SPL recording in the same frequency region could be due to the laser losing 

focus with the strip of adhesive tape. The laser vibrometer provides a focus meter that can be used to 

calibrate the laser focus. At the beginning of most of the experiments, the vibrometer displayed a loss 

of focus, indicating that the vibration amplitude of the acrylic panels was higher than expected. This 

could be due to weak coupling between the panels and the wooden stud or a fault with the loudspeaker 

at very low frequencies. 

As the focus of the project was on frequencies around the MAM resonance frequency, the 

results obtained could be reliably used for the analyses. The congruence between the results obtained 

from the soundbox tests and those obtained in [28] at the frequency range of interest also increases 

confidence in the results obtained. However, further study could be conducted on the cause of this 

phenomenon. 

Recall that the soundbox measurements are conducted from single point velocity 

measurements. This could provide an indication of the performance of the resonators in a double wall, 

however since the method does not assume any diffuse field sound waves, it may not be a perfect 

representative of STL through a wall. 
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11 Commercialisation Limitations 

As mentioned in [19], commercial implementation of HRs in the industry is limited due to the 

availability of active noise control methods. Although active noise control methods are more complex 

and more costly than passive noise control systems, they can be more easily adjusted to deliver the 

desired performance. 

Financial cost may be another reason for limited commercial applications, such as materials 

and regulation related costs. The material required for the resonators to be inserted into the walls of a 

new house build may increase the overall cost of the build. 

Their limited commercial use may also be due to the lack of incentive to implement them into 

tenancy buildings. For example, in 2019, it became compulsory for all rental homes to be installed with 

ceiling and floor thermal insulation by the Residential Tenancy Act [43] and the NZS 4246:2016 

standard [44]. Failure to comply with the requirements would result in a $7,200 for the landlord. 

Without a similar incentive for installing HRs into intertenancy walls, commercial use of HRs may 

remain limited. 

12 Future Research 

Most of the results obtained from the measurements were discussed at length, however, some 

warrant further study and investigation. Further research could be conducted on the performance of the 

MHRs in a cavity where the membrane is exposed to the same excitation pressure as the resonator neck. 

Recall, the solution discussed in this study resulted in the resonance frequency of the module occurring 

at ~177 Hz. Further research could either be focused on improving this system or designing a completely 

different system to shield the membrane from the excitation pressure. 

The results obtained from the internal soundbox measurements showed a sharp increase in the 

SPL at approximately 63 Hz. This decrease was attributed to panel resonance; however, more research 

could be conducted on the larger reduction in SPL observed when the resonators are placed inside the 
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cavity. A more accurate model for predicting the MAM resonance of a double-wall with HRs could 

also be developed. Such a model would allow for appropriately designing the cluster of resonators to 

target the desired frequencies.  

13 Conclusion 

Multiple experiments were conducted to investigate the advantages of using membrane-coupled 

Helmholtz resonators to suppress MAM resonance in a double wall. Impedance tube results showed 

that a MHR exhibits similar STL performance to a conventional RHR, while having a smaller cavity 

volume. The results obtained from the impedance tube results, along with a model for the STL through 

a double-wall, facilitated the design of HRs for increasing STL through a double wall. Narrowband 

STL was observed by using one resonance frequency. A cluster of resonators was designed with two 

different resonance frequencies to address this. This increased the noise attenuation bandwidth. To 

further increase the attenuation bandwidth, a cluster with four different resonance frequencies was 

designed and specifically designed to target the MAM resonance frequency and frequencies slightly 

higher and lower. This configuration enabled the suppression of MAM resonance and allowed 

broadband noise attenuation as frequencies slightly lower and higher than the MAM resonance 

frequency may affect human health. The measurements were to be repeated using MHRs, however, 

fabrication issues and time limits prevented further testing. Instead, small scale testing was conducted. 

Small scale testing of the MHRs showed that the membrane needs to be shielded from the 

excitation pressure when placed inside a double wall. Exposure of the membrane to the same excitation 

pressure as that at the neck results in significantly reduced STL performance compared with the external 

test results – where the membrane was not exposed to the same excitation pressure. An attempt was 

made to shield the membrane, however, this resulted in the resonance frequency of the entire system 

occurring at a frequency higher than the resonators were designed to have. Further investigation needs 

to be conducted on the most appropriate method of implementing the MHRs into the double wall in a 

manner that does not adversely affect the performance of the membrane. 
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Appendix 

Appendix A: MATLAB Script 

The following MATLAB script is for the theoretical calculation of the STL through a double 

wall with HRs inserted.  

 
% This script calculates the transmission loss response produced by a 
% flexible end plate Helmholtz resonator as a side branch to a circular 
% duct. Based on analytical model presented in S. S. Nudehi, G. Duncan, and 
% U. Farooq, �Modeling and experimental investigation of a Helmholtz 
% resonator with a flexible  plate,� J. Vib. Acoust., vol. 135, no. 4,  
% p.041102,  2013. 
 
%units below are in SI 
%Resonator Properties 
a = 0.08/2; %  cavity radius 
L = 0.05; % length cylinder 1/2 the rigid  
l = 0.04; % length neck 
rn = (21/1000)/2; % radius neck 
leff = l + (1.7*rn); % effective neck length 
slf = 0.02; % structural loss factor 
%Membrane Properties 
E = 3.72e9; % youngs mod 
h = 0.5/1000; % thickness  
pr = 0.23; % poisson's ratio 
rho = 1290; % density membrane 
%Environmental Properties 
c0 = 344; % speed of sound 
rhoa = 1.225; % density air 
tubeDia = 0.127; % diameter of circular duct 
%Equivalent 
M = leff*rhoa/(pi*rn^2); % equivalent mass 
K = rhoa*c0^2/(pi*a^2*L); % stiffness 
B = 3486; % damping coefficient 
D = E*h^3/(12*(1-pr^2)); % flexural stiffness 
n_guess = 100; % number of guesses for numerical root solve 
guess_step = 3; % gap between guesses 
tolerance = 0.1; % tolerance for unique roots 
data_scale = 1; % data scale or uniquetol 
n_modes = 20; % number of modes to use 
% solve frequency equation for membrane using numerical 
% solver 
syms ka 
fun = @(ka)besselj(0,ka)*besseli(1,ka)+besseli(0,ka)*besselj(1,ka); 
for i = 1:n_guess  
    roots(i) = fzero(fun,i*guess_step); 
end 
% find unique results 
roots = uniquetol(roots,tolerance,'DataScale',data_scale); 
% truncate for number of modes to be used 
roots = roots(1:n_modes); 
% finds eigenvalues 
k = roots./a; 
% finds natural frequencies in rad and Hz 
w0 = k.^2.*sqrt(D/(rho*h)); 
f0 = w0/(2*pi); 
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% --  section bk ----------------------- 
% mass normalisation of modes 
for n = 1:n_modes 
    fun2 = @(theta,r)r.*(besselj(0,k(n)*r)-
(besselj(0,k(n)*a)/besseli(0,k(n)*a))*besseli(0,k(n)*r)).^2; 
    sol(n) = integral2(fun2,0,2*pi,0,a); 
end 
% mass normalisation factor 
A0 = sqrt(1./(sol*rho*h)); 
% magnitude of volume change for each mode 
for n = 1:n_modes 
    b0(n) = (4*pi^2*A0(n)^2*a^2/k(n)^2)*(besselj(1,k(n)*a)-
(besselj(0,k(n)*a)/besseli(0,k(n)*a))*besseli(1,k(n)*a))^2; 
end 
% -- -------------------------------------------------------- 
% receptances of membrane HR system 
h11 = @(w)-1/(w^2*M); 
h12 = @(w)-1/(w^2*M); 
h21 = h12; 
h22 = @(w)(w^2*M-1j*w*B-K)/(w^2*(1j*w*M*B+M*K)); 
h33 = @(w)b0(1)/((1+1j*slf)*w0(1)^2-w^2)+... 
      b0(2)/((1+1j*slf)*w0(2)^2-w^2)+... 
      b0(3)/((1+1j*slf)*w0(3)^2-w^2)+... 
      b0(4)/((1+1j*slf)*w0(4)^2-w^2)+... 
      b0(5)/((1+1j*slf)*w0(5)^2-w^2)+... 
      b0(6)/((1+1j*slf)*w0(6)^2-w^2)+... 
      b0(7)/((1+1j*slf)*w0(7)^2-w^2)+... 
      b0(8)/((1+1j*slf)*w0(8)^2-w^2)+... 
      b0(9)/((1+1j*slf)*w0(9)^2-w^2)+... 
      b0(10)/((1+1j*slf)*w0(10)^2-w^2)+... 
      b0(11)/((1+1j*slf)*w0(11)^2-w^2)+... 
      b0(12)/((1+1j*slf)*w0(12)^2-w^2)+... 
      b0(13)/((1+1j*slf)*w0(13)^2-w^2)+... 
      b0(14)/((1+1j*slf)*w0(14)^2-w^2)+... 
      b0(15)/((1+1j*slf)*w0(15)^2-w^2)+... 
      b0(16)/((1+1j*slf)*w0(16)^2-w^2)+... 
      b0(17)/((1+1j*slf)*w0(17)^2-w^2)+... 
      b0(18)/((1+1j*slf)*w0(18)^2-w^2)+... 
      b0(19)/((1+1j*slf)*w0(19)^2-w^2)+... 
      b0(20)/((1+1j*slf)*w0(20)^2-w^2); 
% Calculate TL for 0 to 250 Hz 
f = 0:0.01:800; 
TL = zeros(length(f), 1); %memory allocation 
for i = 1:length(f) 
    w = f(i)*2*pi; 
    H11 = h11(w)-h12(w)*h21(w)/(h22(w)+h33(w)); %h33(w) = 0 for rigid HR 
    TL(i) = 20*log10(abs(1+1j*w*H11*1.2*c0/(2*pi*(tubeDia/2)^2))); 
end 
% Plots result 
figure; 
plot(f,TL, 'r') 
legend('0.5 mm Membrane') 
title('Membrane HR') 
xlabel('Frequency (Hz)') 
ylabel('Transmission loss (dB)') 
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Appendix B: Double Wall MATLAB Script 

The following MATLAB script is for the theoretical calculation of the STL through a double 

wall with HRs inserted. For an empty wall, set the fill ratios of the resonators to zero.  

% The following script calculates the transmission loss of a double wall with 
Helmholtz resonators. Based on analytical models presented by F. Langfeldt, H. 
Hoppen and W. Gleine, in the publication entitled "Broadband low-frequency sound 
transmission loss improvement of double walls with Helmholtz resonators. % Journal: 
Journal of Sound and Vibration, Volume: 476, 2020. 
 

%declaring variables 
c0 = 344; %speed of sound [m/s] 
rho = 1.22; %density of air [kg/m3] 
H = 0.09; %Spacing [m] 
Z0 = rho*c0; %acoustic impedance [kg/m2s] 
K = rho*(c0).^2; %bulk modulus of air [Pa] 
Kr = rho*(c0)^2; %bulk modulus of air in resonator [Pa] 
M1 = 9.5; %surface mass of wall panels [kg/m2] 
M2 = M1; 
fillRat = 0.27; %fill ratio % of resonator in wall 
dampRat = 0.05; %damping ratio 
%frequency range 
freq = 50:0.2:1000; 
TL = zeros(length(freq), 1); % memory pre-allocation 
    for j = 1:length(freq) 
        X1 = (2*pi*freq(j)*M1*1i)/(Z0); 
        X2 = (2*pi*freq(j)*M2*1i)/(Z0); 
        omegR1 = (freq(j)/100); 
        omegR2 = (freq(j)/110); 
        omegR3 = (freq(j)/125); 
        omegR4 = (freq(j)/150); 
% %         wall with resonators 
        sum1 = (K/Kr)*(0.12/(1 + 2i * dampRat * omegR1 - (omegR1).^2)); 
        sum2 = (K/Kr)*(0.07/(1 + 2i * dampRat * omegR2 - (omegR2).^2)); 
        sum3 = (K/Kr)*(0.05/(1 + 2i * dampRat * omegR3 - (omegR3).^2)); 
        sum4 = (K/Kr)*(0.03/(1 + 2i * dampRat * omegR4 - (omegR4).^2)); 
        Tsum = sum1 + sum2 + sum3 + sum4; 
        Keff = K/((1 - fillRat) + Tsum); 
        Kappa = Keff/((2*pi*freq(j)*H*Z0)*1i); 
        TL(j,1) = -10*log10(abs(((2*Kappa))/((X1 + 1 + Kappa)*(X2 + 1 + Kappa) - 
Kappa.^2 )).^2); 
    end 
 %plotting 
        real_part = real(TL); 
        semilogx(freq, real_part, 'LineWidth', 2) 
        hold on 
        xlabel("Frequency (Hz)") 
        ylabel("Transmission loss (dB)") 
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Appendix C: Raw STC and Rw Data 

Presented are the raw STC and Rw data.  

 

Appendix C-1 - 1/3rd octave results for the empty wall.  
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Appendix C-2 - 1/3rd octave results for wall with thermal insulation material. 
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Appendix C-3 - 1/3rd octave results for wall with HRs. 
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Appendix C-4 - 1/3rd octave results for wall with thermal insulation material and HRs. 
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