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ABSTRACT 

 Triply periodic minimal surfaces (TPMS) offer promising absorption performance due to their 

tunable geometry. Previous findings under normal incidence conditions show that introducing geometric 

asymmetry can enhance sound absorption without increasing overall density. This study investigates 

whether those improvements hold under grazing incidence conditions with and without flow, which are 

more representative of practical flow environments. TPMS samples are fabricated using fused deposition 

modeling, and their acoustic response is measured in the Grazing Flow Impedance Tube (GFIT) at 

NASA Langley Research Center. Results confirm that symmetry-breaking improves low-frequency 

absorption under grazing incidence, mirroring outcomes observed at normal incidence. These findings 

underscore the versatility of TPMS-based approaches for advanced noise mitigation while maintaining 

minimal mass. Overall, harnessing geometric asymmetry offers a powerful means to optimize 

performance across diverse incidence angles, laying the groundwork for lightweight, high-performance 

acoustic liners suitable for aerospace, automotive, and industrial applications. 

1. INTRODUCTION 

 Mitigating unwanted noise is a critical challenge in sectors ranging from aerospace and automotive 

to urban infrastructure, where designers are increasingly searching for lightweight, multifunctional 

materials [1-3]. Traditional porous absorbers—often fabricated from fibrous or granular materials—have 

long been employed for noise control [4]. However, these conventional solutions typically suffer from a 

limited operational bandwidth and are designed for only sound absorption. A common method to 

enhance their performance is by reducing porosity, which increases density and viscous losses. However, 

this approach comes at a considerable cost: the additional mass can be prohibitive in applications where 

weight is a constraint. In contrast, recent innovations focus on novel geometries that improve energy 

dissipation without a corresponding weight penalty. 
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 Advances in additive manufacturing have been pivotal in enabling the fabrication of such intricate 

structures with high fidelity and reproducibility [5]. One promising class of materials developed through 

these techniques is based on Triply Periodic Minimal Surfaces (TPMS) [6]. These structures are 

characterized by continuous, highly interconnected networks and large specific surface areas that allow 

precise control over cell size, porosity, and wall thickness [7]. Rather than relying on a reduction in 

porosity, TPMS-based designs can be engineered through geometric manipulation to optimize energy 

dissipation [8, 9]. This approach enhances sound absorption while maintaining, or even reducing, the 

overall mass, thereby addressing a critical need in modern, high-performance systems. 

 Among the various TPMS configurations, the gyroid structure has attracted significant attention due 

to its unique geometrical features and its ease of manufacture using modern additive processes [10, 11]. 

Previous work demonstrated that introducing geometric asymmetry—specifically by elongating the unit 

cells along one axis—could significantly enhance sound absorption under normal incidence conditions 

[12]. Normal incidence experiments showed that elongation increases the magnitude of the absorption 

peaks, shifts these peaks to lower frequencies, and narrows the width when compared with base gyroid 

structures. These observations suggest that controlled manipulation of the internal geometry can 

optimize viscous losses and internal reflections, thereby enhancing energy dissipation without incurring 

the weight penalties of simply reducing porosity. 

 While the enhancements observed under normal incidence provide a promising foundation, they 

represent only one aspect of the overall acoustic performance. In practical applications, sound waves 

rarely impinge perpendicularly on a surface. Instead, devices such as acoustic liners in aircraft engines, 

automotive exhaust systems, and industrial noise barriers are typically exposed to oblique or grazing 

sound incidence, often in the presence of flow [13]. This discrepancy between idealized laboratory 

conditions and real-world scenarios underscores the necessity of extending our investigations beyond 

normal incidence. The present study, therefore, focuses on evaluating the acoustic performance of 

elongated gyroid TPMS structures under grazing incidence conditions using a Grazing Flow Impedance 

Tube (GFIT). 

 The GFIT apparatus allows us to simulate realistic operating environments by introducing controlled 

airflow and mimicking the grazing incidence of sound waves. This experimental setup provides a more 

comprehensive understanding of how the benefits of geometric asymmetry observed under normal 

incidence translate into grazing flow conditions. By comparing the grazing incidence data with our 

earlier normal incidence results, we aim to determine whether the improvements in absorption—such as 

enhanced peak magnitudes and frequency shifts—are maintained or further modified when the absorber 

is subjected to grazing sound incidence and flow effects. 

 In summary, this study aims to bridge the gap between the idealized acoustic performance of TPMS 

absorbers under normal incidence and the complex realities of aeroacoustic, real-world environments. 

By leveraging advances in additive manufacturing to produce intricate gyroid structures with controlled 

geometric asymmetry and by systematically evaluating their performance under both no-flow and flow 

conditions, we seek to develop a deeper understanding of how multifunctional materials can be 

engineered for next-generation acoustic applications. The insights gained have the potential to inform 

the design of lightweight, high-performance acoustic liners that meet the stringent requirements of 

modern aerospace, automotive, and industrial systems. 

2. SAMPLE FABRICATION AND MEASUREMENT 

This study specifically investigates elongated gyroid-based TPMS structures. The gyroid geometry 

is mathematically described by the implicit equation 
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where x, y, and z represent Cartesian coordinates, parameters ax, ay, and az control the side length of the 

unit cells in x, y, and z directions, respectively, and parameter c determines the relative density (ρ) of the 

structure. When c = 0, the resulting geometry is a surface without thickness, as illustrated in Figure 1(a). 

Assigning a non-zero value to c produces a thickened structure, adding volume to the TPMS surface, as 

shown in Figure 1(b). 

 To induce geometric asymmetry, the unit cells are elongated along the x-axis. This elongation is 

implemented by selectively increasing the unit cell dimension parameter in the x-direction (ax), while 

maintaining constant dimensions in the y and z directions. The base gyroid unit cell measures 5 mm per 

side. Three elongation factors of 2, 3, and 4 were investigated, corresponding to elongated unit cell 

lengths of 10 mm, 15 mm, and 20 mm, respectively. To compensate for density reductions caused by 

elongation, the wall thickness was incrementally adjusted, ensuring a consistent design relative density 

of 40% across all samples. Samples are systematically labeled using the notation “GYREX#,” where 

"GYR" denotes the gyroid structure, "E" indicates elongation, "X" specifies the elongation axis (x-axis), 

and "#" represents the elongation factor. For instance, "GYREX3" refers to a gyroid structure elongated 

by a factor of 3 along the x-axis (Figure 1(c)). 

 All samples were fabricated as rectangular prisms measuring 25.4 mm in thickness, 63.5 mm in 

width, and 41.529 cm in length, with an additional 6.35 mm border to facilitate mounting onto the test 

fixture. Samples were designed with their elongation axis aligned along the sample's length. Structures 

were designed using an implicit modeling approach within nTopology software and subsequently 

processed through IdeaMaker slicing software, employing a layer height of 0.15 mm. Printing was 

conducted using a Modi3d Big Meter fused filament fabrication (FFF) printer equipped with a 0.4 mm 

nozzle and polylactic acid (PLA) filament of 1.75 mm diameter. Printing parameters included a nozzle 

temperature of 205°C and 100% infill in the active sample region to ensure structural robustness. Due to 

the substantial print times—approximately six days per sample—the sample thickness was limited to 

25.4 mm. 

Normal incidence acoustic absorption was characterized using the Mecanum 38.1 mm square 

impedance tube with a two-microphone configuration following ASTM E1050-19 standards [14]. 

Acoustic excitation was provided by a low-distortion audio amplifier driving a loudspeaker at one end 

of the impedance tube, with the sample positioned flush against a rigid backing at the other end without 

an air gap. Incident and reflected pressures were captured using two PCB 130F22 TEDS microphones, 

maintaining a consistent input sound pressure level (SPL) of 90 dB. Environmental parameters such as 

temperature, pressure, and humidity were recorded using the Mecanum Enviro weather station. 

Each sample underwent testing with the elongation axis in perpendicular orientation to the direction 

of sound propagation. Acoustic measurements consisted of five replicates, each with 150 averages to 

minimize measurement noise, across a frequency range of 115–4300 Hz. The transfer function, H12, 
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Figure 1: Representative geometries of (a) gyroid surface unit cell, (b) thickened gyroid unit 

cell, and (c) elongated gyroid 



between the microphones was measured using Mecanum Tube-x software, enabling calculation of the 

reflection coefficient, R, according to 

𝑅 =
𝐻12 − 𝑒−𝑗𝑘𝑠

𝑒𝑗𝑘𝑠 − 𝐻12
𝑒𝑗2𝑘(𝑙+𝑠), (2) 

where k is the wave number in air, j is the imaginary unit, s represents microphone spacing, and l is the 

distance from the reference microphone to the sample surface. Subsequently, the normal incidence sound 

absorption coefficient, α, was determined as 

𝛼 = 1 − |𝑅|2. (3) 

 Grazing incidence testing was performed at the Grazing Flow Impedance Tube (GFIT) at the NASA 

Langley Research Center. GFIT is a 50.8 mm by 63.5 mm waveguide that evaluates the acoustic 

performance of a liner in an aeroacoustic environment that mimics the conditions of an aft-bypass duct. 

The flow path consists of a straight duct with an upstream acoustic source section using 12 drivers, 

interchangeable lengths of blank duct, a test section where the installed liner sample is located on the 

upper wall of the duct, and an array of 95 measurement microphones leading to a 12-driver downstream 

source section. Near-anechoic terminating diffusers are situated at the end of the duct to control 

reflections and reduce overall flow noise. The source sections generate sound pressure levels up to 150 

dB for a frequency range between 400 and 3000 Hz. Grazing flow conditions from Mach 0.0 to Mach 

0.6 are available with such an arrangement [13]. For this preliminary study, only Mach 0.3 is 

investigated. The data are acquired in a modified swept-sine process, developed at NASA Langley [15]. 

 Grazing incidence tests were conducted using the GFIT setup under three configurations. All samples 

were designed with their elongation axis oriented along the sample length, ensuring alignment parallel 

to the longitudinal axis of the GFIT. This orientation was selected based on insights from prior studies 

on normal incidence sound absorption. In the first configuration, the samples were directly mounted onto 

a 6.35 mm aluminum backing plate without airflow. The second configuration included a wire mesh as 

a facesheet with a constant resistance of 3 cgs Rayl inserted between the sample and the tube, again 

without airflow. The wire mesh was selected because the acoustic performance is independent of SPL, 

and it improves flow quality. The third configuration involved the addition of grazing airflow at Mach 

0.3 with a wire mesh facesheet and back plate setup. Each test condition was performed at three SPL 

levels—120, 130, and 140 dB—to confirm acoustic linearity, meaning that the acoustic performance is 

independent on SPL. Table 1 summarizes the test configurations explored in this study. Although this 

Table 1: Test matrix 

Sample Name Elongation Factor Facesheet Mach number Source SPL (dB) 

GYREX1 1 None 0.0 120, 130, 140 

GYREX1 1 None 0.0 120, 130, 140 

GYREX1 1 3cgs Rayl wire mesh 0.3 120, 130, 140 

GYREX2 2 None 0.0 120, 130, 140 

GYREX2 2 None 0.0 120, 130, 140 

GYREX2 2 3cgs Rayl wire mesh 0.3 120, 130, 140 

GYREX3 3 None 0.0 120, 130, 140 

GYREX3 3 None 0.0 120, 130, 140 

GYREX3 3 3cgs Rayl wire mesh 0.3 120, 130, 140 

GYREX4 4 None 0.0 120, 130, 140 

GYREX4 4 None 0.0 120, 130, 140 

GYREX4 4 3cgs Rayl wire mesh 0.3 120, 130, 140 



test matrix includes thirty-six configurations, this report focuses on a representative subset to illustrate 

key findings. 

 Attenuation over the frequency range is evaluated to understand the performance of these liner 

samples in a grazing incidence environment. By combining microphone SPL, phase, and microphone 

locations, the incident and reflected sound pressure levels upstream and downstream of the liner sample 

can be determined. A simple measurement of liner attenuation is computed by subtracting the pressure 

levels of the waves traveling with the flow. Details of this method are developed at NASA Langley and 

will be described in an upcoming publication [16]. 

3. RESULTS AND DISCUSSION 

3.1. Normal Incidence Absorption Results 

 In our previous study, normal incidence measurements revealed that elongating the gyroid structure 

has a significant influence on the absorption characteristics, as illustrated in Figure 2. When comparing 

the base gyroid structures with those elongated along the x-direction, it is clear that elongation increases 

the magnitude of the absorption peaks and shifts them toward lower frequencies. Specifically, for ρ = 

40%, the absorption peak of 0.6 at 1650 Hz for EX1 is shifted to 0.65 at 1450 Hz, 0.67 at 1300 Hz, and 

0.73 at 1250 Hz for EX2, EX3, and EX4, respectively. Additionally, the absorption peaks narrow as the 

elongation factor increases. Notably, the transition from an elongation factor of 2 (EX2) to 3 (EX3) 

produces a more pronounced effect on both the absorption magnitude and the frequency shift than the 

change from 3 (EX3) to 4 (EX4), suggesting that there may be a practical limit to the benefits of further 

elongation. 

 These encouraging results under normal incidence conditions provide a strong rationale for 

extending our investigation into more realistic, grazing incidence environments. Since practical 

applications, such as acoustic liners in aircraft engines, often involve sound waves striking surfaces at 

oblique or grazing angles and under flow conditions, it is essential to determine whether the 

enhancements achieved through elongation can be translated into these more complex environments. 

The remainder of this study focuses on evaluating the acoustic performance of the same elongated gyroid 

structures under grazing incidence conditions, using the GFIT. By comparing the grazing incidence data 

with our earlier normal incidence observations, we aim to establish the potential benefits and limitations  

  
(a) (b) 

Figure 2: Normal incidence sound absorption coefficient measurements of elongated gyroid samples 

with (a) ρ = 40% and the elongation axis chosen to be perpendicular to the sound waves, (b) ρ = 50% 

and the elongation axis chosen to be perpendicular to the sound waves. 



of geometric asymmetry when applied to aeroacoustic environments. 

3.2. Acoustic Liner Linearity 

 An important initial step in characterizing acoustic liner performance is determining whether the 

liner's acoustic behavior varies with changes in the SPL. A liner exhibiting acoustic performance 

independent of SPL is considered linear. Figure 3 illustrates the attenuation spectra for selected 

configurations to assess linearity. Specifically, Figure 3(a) presents attenuation results for the GYREX1 

sample tested without mesh at Mach 0.0 for SPLs of 120, 130, and 140 dB. The resulting curves closely 

overlap, confirming linear acoustic behavior. Similar trends were observed for other no-flow 

configurations; therefore, Figure 3(a) is representative of no-flow performance conditions. 

 Figure 3(b) depicts the attenuation performance of the GYREX4 sample with mesh at Mach 0.3 

under identical SPL conditions (120, 130, and 140 dB). The attenuation curves remain largely consistent, 

suggesting predominantly linear behavior under grazing flow conditions. Similar acoustic performance 

was observed for the other test samples, with and without flow. Therefore, these samples can be 

classified as linear. 

3.3. Effect of Wire Mesh and Addition of Flow 

 The influence of incorporating a wire mesh and introducing controlled airflow is clearly illustrated 

in Figure 4. In Figure 4(a), the results for the GYREX1 (no elongation) sample at 140 dB SPL show that 

considerable attenuation is achieved above 1600 Hz. In this configuration, the introduction of a wire 

mesh alone produces only marginal changes compared to the baseline no-mesh, no-flow case. However, 

when a grazing airflow at Mach 0.3 is applied, the attenuation near the peak frequency of 2300 Hz 

improves by roughly 7 dB, although this enhancement is largely confined to the frequency range between 

2100 and 2500 Hz. In contrast, Figure 4(b) for the more elongated GYREX4 (elongation factor of 4) 

sample demonstrates a more dramatic response to airflow; here, the peak attenuation at 2300 Hz is 

enhanced by nearly 15 dB compared to the static condition. It is noteworthy, however, that this 

significant improvement is accompanied by a sharp drop in attenuation in the 2400–2600 Hz band, 

indicating a trade-off in the acoustic performance that may be attributed to complex interactions between 

the geometric modifications and the flow environment. 

  
(a) (b) 

Figure 3: Comparison of grazing incidence sound attenuation at varying source SPLs for (a) GYREX1 

with no mesh, M = 0.0 and (b) GYREX4 with mesh, M = 0.3. 



3.4. Effect of Elongation on the Grazing Incidence Acoustic Attenuation 

 The effect of elongation on acoustic attenuation is further elucidated in Figure 5. For frequencies 

below approximately 1800 Hz (Figure 5(a)), the different samples—whether elongated or not—exhibit 

similar attenuation characteristics, suggesting that the elongation has little impact on the low-frequency 

response. Another hypothesis is that the samples are too thin to absorb sound at these lower frequencies. 

In future investigations, thicker samples will be explored. In the intermediate frequency range between 

1800 and 2300 Hz, the non-elongated configuration (EX1) displays marginally higher attenuation 

compared to the elongated cases, with all elongated variants showing very similar behavior. Beyond 

2300 Hz, the benefits of elongation become more pronounced. At a source SPL of 140 dB, in the no-

mesh, no-flow condition (Figure 5(a)), the sample with an elongation factor of 2 (EX2) attains the highest 

attenuation, which is observed around 2600 Hz. In contrast, the EX3 and EX4 samples, which are 

subjected to further elongation, exhibit a modest reduction in highest attenuation. When a mesh is 

incorporated (Figure 5(b)), these trends persist, and little to no change in attenuation is apparent. The 

introduction of grazing airflow (Figure 5(c)) results in dramatic improvements in attenuation beyond 

2300 Hz. For instance, the non-elongated EX1 sample reaches a peak attenuation of only 15 dB at 2250 

Hz, whereas the EX2, EX3, and EX4 samples achieve peak attenuations of approximately 25 dB at 2400 

Hz, 25 dB at 2250 Hz, and 20 dB at 2200 Hz, respectively. Similar trends are observed at other SPLs. 

 These results are consistent with our previous normal incidence findings, in which elongation shifted 

the absorption peaks toward lower frequencies and enhanced the peak magnitudes. Specifically, the peak 

frequency shifts of 150 Hz between EX1 and EX2, 150 Hz between EX2 and EX3, and 50 Hz between 

EX3 and EX4 align well with the peak frequency shifts seen for normal incidence conditions. Although 

the improvements under grazing incidence are somewhat less dramatic than under normal incidence, the  

observed trends confirm that geometric asymmetry has a positive influence on acoustic performance 

even under flow conditions. 

  
(a) (b) 

Figure 4: Effect of test configurations on the grazing incidence sound attenuation for representative 

examples (a) GYREX1 at source SPL of 140 dB (b) GYREX4 at source SPL of 140 dB. 



4. CONCLUSIONS 

 In this study, we expanded upon our prior research on enhancing sound absorption in gyroid TPMS 

structures through symmetry modifications, focusing specifically on their acoustic behavior under 

realistic grazing incidence conditions. By fabricating elongated TPMS samples using fused deposition 

modeling and evaluating their acoustic response within a grazing incidence aeroacoustic setup, we aimed 

to determine whether the promising results observed under normal incidence conditions would persist 

when subjected to grazing sound incidence and airflow. 

 The grazing incidence experiments demonstrate consistent absorption trends across the frequency 

range for sound pressure levels (SPLs) from 120 to 140 dB, highlighting the linear behavior and SPL 

independence of the TPMS absorbers. Below 1800 Hz, the elongated and non-elongated samples exhibit 

similar attenuation characteristics across all configurations, indicating minimal influence of elongation 

at these lower frequencies. Adding a wire mesh atop the samples caused negligible changes, suggesting 
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Figure 5: The effect of varying elongation on grazing incidence acoustic attenuation for (a) no mesh, 

no flow configuration, (b) with mesh, no flow configuration, and (c) with mesh, M = 0.3 flow 

configuration at 140 dB. 



a minor impact of the mesh on sample response. Without airflow, differences between elongated and 

non-elongated samples remained minimal outside of the frequency band of their peak regions. 

 However, introducing grazing airflow at Mach 0.3 significantly improved acoustic attenuation above 

2300 Hz. At 140 dB, elongated samples EX2, EX3, and EX4 reached peak attenuations of approximately 

25 dB, 25 dB, and 20 dB respectively, compared to only 15 dB for the non-elongated EX1 sample. 

Furthermore, a noticeable shift in peak attenuation toward lower frequencies occurred as elongation 

increased, consistent across all tested SPL conditions. These observations corroborate our previous 

normal incidence findings, confirming that introducing geometric asymmetry through elongation shifts 

absorption peaks to lower frequencies and enhances peak attenuation magnitudes. Although the 

enhancements under grazing incidence conditions are somewhat less pronounced than those observed at 

normal incidence, the results validate that geometric asymmetry positively impacts acoustic 

performance, particularly in the presence of grazing flow. 

 These findings underscore the potential benefits of introducing geometric asymmetry in TPMS 

structures for improved acoustic performance under grazing incidence conditions. They provide 

foundational insights for future research aimed at optimizing design parameters across varied 

environmental scenarios. Specifically, future investigations will explore elongation directions 

perpendicular to the flow, at intermediate angles, and in the depth-wise direction. Additionally, future 

studies will consider thicker sample depths to amplify the effects of geometric modifications and explore 

their potential to further enhance acoustic performance. 
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