
Multi-Functional Porous Materials: 
Characterization, Modeling and Potential 

in System-Level Noise Control

Yutong (Tony) Xue

WanDong Medical – Midea Group, Beijing, China

November 2023

SAPEM 2023



Introduction

SAPEM 2023



• Factor (Design Constraints) to Consider 

➢ Cost 

➢ Safety

➢ Weight

➢ Volume

➢ Recyclability

➢ Manufacturability

Acoustic Materials Design and Optimization for 

Noise and Vibration Control in Complex Systems

SAPEM 2023



Porous Materials

Fiber Foam

Microscopic geometry

Acoustical properties Damping properties

Acoustic pressure / particle velocity

Acoustic impedance / intensity

Sound absorption / Transmission loss

Structural vibration response

Power dissipation

System equivalent energy loss factor

Fiber / strut / particle / pore size

Solid material density, etc.

Characterization

Prediction

Building Connections (Modeling for Design)

Particle

Macroscopic (bulk) properties

-Thickness

-Flow resistivity

-Porosity

-Tortuosity

-Viscous characteristic length

-Thermal characteristic length

-Bulk density

-Young’s modulus

-Poisson’s ratio

-Loss factor (mechanical)
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Modeling of Acoustical-Damping Layered Structures

• AFR: micro-bulk relations for porous media *

• TMM: bulk-acoustical relations including Johnson-Champoux-Allard (JCA) model, Biot 

theory and B.C.s interpreted by transfer matrices of layered elements **

• NFD: acoustical-damping relations including Euler-Bernoulli beam theory, 

wavenumber-space Fourier transform and statistical energy analysis ***

➢ TMM + NFD + AFR provides a tool to predict and maximize porous media’s damping 

performance by optimizing their microstructures

Damping Properties based on Panel’s Spatial & Frequency Domain Response

Near-Field Damping 
Model (NFD)

Acoustics Model
(JCA-Biot-TMM) 

Acoustical 
Properties

Porous Layer 
Bulk Properties

Porous Layer 
Microstructure Micro-Bulk 

Relations (AFR)

Optimization

Optimized 
Microstructure

* Applied Acoustics, 134 145-153 (2018)

** Journal of Applied Physics, 126 165012 (2019)

*** Journal of Sound and Vibration, 459 114866 (2019)

SAPEM 2023

https://doi.org/10.1016/j.apacoust.2018.01.011
https://doi.org/10.1063/1.5108635
https://doi.org/10.1016/j.jsv.2019.114866.


Porous Materials: Acoustics and Beyond 

Granular acoustic materialPorous damping materials 3D printing materials
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Porous Damping Materials
Sound Absorption + Structural Damping
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Near-Field Damping (NFD)

• Objectives: modeling and optimizing the near-field damping performance of lightweight sound 

absorbing porous materials (fiber, foam, etc.) to achieve acoustical-damping multifunctionality

Structural vibration

Airborne noise

Porous layer 

Near-field 
damping

Vibrating stiff panel

Sound 
absorption

Structure-induced noise

• Near-field damping: dissipating power 

through viscous interaction between the 

porous medium and the evanescent 

acoustical near-field of the panel associated 

with sub-critical panel motion.
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Acoustical-Structural Coupling

Porous layer

Air half-space

Line force

Unconstrained 
panel

x

z

𝑥 = 0

Porous layer

Air half-space

𝑥 = 0Partially-
constrained 

panel Discontinuity
(ml, Jl)

x

z

Line force Discontinuity
(ml, Jl)

Fuselage-like panel

Porous layer Frames modeled as evenly-spaced, identical discontinuities (ml, kl, Jl, sl)

Boundary layer excitation modeled as convective pressure wave

x
Air half-space

Governing Equation: unconstrained panel

𝐷
𝜕4𝑤𝑡 𝑥, 𝑡

𝜕𝑥4
+𝑚𝑠

𝜕2𝑤𝑡 𝑥, 𝑡

𝜕𝑡2
= −𝒑𝟏 𝒙, 𝒕 + 𝐹𝑒+𝑖𝜔𝑡𝛿 𝑥

Governing Equation: adding two identical constraints

𝐷
𝜕4𝑤𝑡 𝑥, 𝑡

𝜕𝑥4
+𝑚𝑠

𝜕2𝑤𝑡 𝑥, 𝑡

𝜕𝑡2

= −𝒑𝟏 𝒙, 𝒕 + 𝐹𝑒+𝑖𝜔𝑡𝛿 𝑥 +

𝑗=1
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Governing Equation: adding periodic identical constraints

𝐷
𝜕4𝑤𝑡 𝑥, 𝑡

𝜕𝑥4
+𝑚𝑠
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• TMM / ACM + NFD – modeling of different target structures

Line force

Line force

Reaction forces due to discontinuities

Convective pressure

Reaction forces due to discontinuities

NFD vs. Mead’s model *

* Journal of Sound and Vibration, 14(4) 525–541 (1971)
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➢ Adding bulk stiffness to the porous layer and bonding it to the panel will create additional structural dissipation

Damping Effectiveness: Limp vs. Elastic

SAPEM 2023



NFD Optimization on a Periodic Vibrating Structure *

Aircraft fuselage

Fuselage-like panel

Porous layer Frames modeled as evenly-spaced, identical discontinuities (ml, kl, Jl, sl)

Boundary layer excitation modeled as convective pressure wave

x
Air half-space

* Journal of Physics: Conf. 

Series 1264, 012043 (2019)

Mach#=0.8 Mach#=1.2

Governing Equation: adding periodic identical constraints

𝐷
𝜕4𝑤𝑡 𝑥, 𝑡
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Convective pressure

Reaction forces due to discontinuities

➢ Significant attenuation in sub-critical frequency regionSAPEM 2023

https://iopscience.iop.org/article/10.1088/1742-6596/1264/1/012043
https://iopscience.iop.org/article/10.1088/1742-6596/1264/1/012043


Granular Aerogel
Thermal Insulation + Low Frequency Sound Absorption
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Granular Aerogel * * Appl. Sci. 11 4593 (2021)

* Proceedings of SAPEM 2021

Silica aerogel solid Silica aerogel granules SEM of granules

Target granular aerogel in a bulk form

Enova 

IC3100

JIOS AeroVa 5-Micron

Level-dependent acoustical performance **
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Acoustics of Granular Aerogel
➢ Normal sound absorption measurement vs. Biot limp theory + particle swarm fitted results show that aerogel stacks 

with larger (diameter > 100m) particles behaves like limp-porous media (negligible bulk stiffness of frame) *

* J. Non-Crys. Solids, 598, 121942 (2022)
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Acoustical Non-linearity (Loss Factor) and 

Level-Dependence for Granular Aerogel * * JASA, 151, 1502-1515 (2022)

* J. Non-Crys. Solids, 598, 121942 (2022)

IC3100 

prediction

JIOS-5M 

prediction

➢ The model accurately captures the level-dependence and evaluates low frequency losses for sub-50m granular 

aerogels – powerful tool for us to quantify, optimize and gain understanding of granular aerogel’s acoustics 
SAPEM 2023
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3D Printed Porous Materials
Tunable Acoustical Performance
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“Print” Acoustics into Fibers – Recent Findings *

* Additive Manufacturing, 41 101984 (2021)

* Proceedings of NOVEM 2023

** J Acoust Soc Am, 100(6):3706–3713 (1996)

Rayls/m MKS 𝝈 – Analytical** 𝝈 – COMSOL

ET1 533 439

ET2 771 610

ET3 962 742

ET4 1990 3548

ET5 6745 6055
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➢ Transversely-Isotropic Poro-elastic (TIP) material model was developed for us to understand 

more of porous media’s anisotropy – to be introduced in the following presentation 

* Additive Manufacturing, 71, 103608 (2023) 

3D Printing Spinodoid Structure – Structurally-Enhanced Sound Absorber *
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Tunable Sound Package – Bulk Properties Characterization

• Measured sound absorption data based on 2”x2” Squared Tube E1050 Test

• Inverse characterization of bulk properties for different porous materials

➢ Modified Biot Poro-Elastic Model (Dynamic Loss Factor) for Aerogel Stacks Smaller Particles (IC3100)

➢ Biot Limp Model for Aerogel Stacks of Larger Particles (IC3120, LA1000)

➢ Biot Rigid Model (JCA) for 3D Printing Materials (Gyroid)

Property

\

Material 

Bulk 

Density 

(kg/m3)

Porosity AFR 

(Rayls/m)

Tortuosity VCL 

(Micron)

TCL 

(Micron)

Young’s 

Modulus 

(Pa)

Poisson’s 

Ratio

Loss 

Factor

IC3100 37.53 0.999 10457000 3.0 36.08 36.08 775 0.396 10-2.51

IC3120 73.57 0.769 108689 3.69 199.31 931.53 N/A N/A N/A

LA1000 66.03 0.671 28074 2.53 1912.82 4875.11 N/A N/A N/A

Gyroid N/A(601) 0.520 12513 1.84 133.85 148.72 N/A N/A N/A
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Tunable Sound Package Design – Measurement vs. Prediction

1inch LA1000

1inch Gyroid

1inch IC3120

1inch Gyroid

1inch IC3100

1inch Gyroid

0.5inch 

IC3100

1inch Gyroid

1inch 

IC3120

0.5inch 

IC3100

0.5inch Gyroid

1inch 

IC3120

0.5inch LA1000

* Proceedings of ASA Chicago 2023

** NCEJ 70(5), 406-415 (2022)

*** Proceedings of NoiseCon 2020

➢ Aerogel + 3D printed structure*

➢ Aerogel + fibrous layer**

➢ Low frequency noise control 

given weight and volume 

constraints ***
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Noise Control in Complex Systems
Practical Cases of Medical Imaging Devices
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Noise Control in Medical Imaging Industry

https://new.qq.com/rain/a/20211101A0AQV400 

本文件含有美的集团的保密信息，禁止任何人未经授权以任何形式使用（包括但不限于全部或部分地泄露、复制、或散发）。

https://www.wandong.com.cn/index.php/Show/index/aid/1195 

MRI

DRF

MDR

DSA

CT
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NVH in Medical Imaging Industry – MRI

本文件含有美的集团的保密信息，禁止任何人未经授权以任何形式使用（包括但不限于全部或部分地泄露、复制、或散发）。
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RF Coil
Gradient Coil

Magnet

40Hz 80Hz

120Hz 160Hz

Modified SequenceOriginal Modified Sequence + Acoustic Treatment



NVH in Medical Imaging Industry – MRI
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NVH in Medical Imaging Industry – MRI
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待机/

背景

噪声

序列1 序列2 序列3 序列4 序列5 序列6 序列7 序列9
序列

10

序列

11

序列

12

序列

13

序列

14

序列

15

序列

16

序列

17

序列

18

序列

19

序列

20

序列

22

序列

23

序列

24

平均

值

老机型-原版无吸隔声 61.04 105.21 105.07 109.94 100.12 105.08 101.4 100.49 105.27 107.26 108.1 110.84 112.82 110.84 98.77 107.93 106.01 112.29 108.15 94.44 101.01 95.39 100.9 104.9

新机型-吸隔声改进版 54.83 96.31 93.17 83.22 86.58 97.34 94.64 87.59 91.8 100.03 94.8 101.19 98.28 82.92 92.15 96.39 102.36 97.62 93.36 87.94 96.45 89.04 93.73 93.5

新机型-吸隔声新材料版 53.93 102.61 98.92 83.87 93.51 97.25 98.15 92.26 95.79 103.48 96.1 105.51 100.51 90.3 95.18 97.09 92.47 93.41 94.01 92.36 102.82 92.16 99.97 96.3
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• Foam2 outperforms Foam1 on system-level noise control



NVH in Medical Imaging Industry – CT

本文件含有美的集团的保密信息，禁止任何人未经授权以任何形式使用（包括但不限于全部或部分地泄露、复制、或散发）。
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NVH in Medical Imaging Industry – CT
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机架转速46rpm

机架转速48rpm
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机架转速78rpm

机架转速80rpm
Fz 3Fz2Fz 5Fz4Fz

• Gantry bearing, total number of balls = 400

• Order Analysis

→ Fz = nZ/60 = 80*225/60 = 300 Hz

（n: rotational speed，Z: Broken balls）
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• Gantry bearing, total number of balls = 400

• Order Analysis

→ Fz = nZ/60 = 80*225/60 = 300 Hz

（n: rotational speed，Z: Broken balls）
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• Fan Noise：99Hz, 235Hz, 283Hz, 472Hz（ 2nd 

Harmonic of 235Hz）

• Tube Noise：170Hz（matched cathode rpm），
340Hz（2nd harmonic of 170Hz） - Broken tube

• Gantry resonance：159Hz, 386Hz, 423Hz



Summary

• Noise control on a system level is more complex than optimizing porous

material’s acoustical performance

• Powerful analytical and design tools were developed for us to understanding and

design porous media’s multi-functionality

• Near-field damping of porous sound absorbing material

• Low frequency noise control by granular aerogel

• Tunable sound package design involving 3D printed porous structure

• System-level noise control needs comprehensive and diagnostic understanding

of the system as a preliminary knowledge in order to design good treatments

• To look forward: from material-level to system level “digital twin” model

combining multi-physics (next keynotes)
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Experimental validation of AFR prediction

Fiber Radius [Micron]

Fiber Radius [Micron]
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Coupling of Acoustic Terms with the NFD Model
• TMM / ACM + NFD – based on a harmonic line force-driven, unconstrained panel
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NFD Modeling Key Point

• An example to show wavenumber → spatial domain Fourier transform
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Line force
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−
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• Velocity response spectrum at 𝒙 = 𝟎 of a partially-clamped, 1 mm aluminum panel

➢ NFD model 

➢ COMSOL FEM

➢ Comparison

NFD Model Validation
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Line force
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z

𝑥 = 0
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to clamp the panel

Air half-space

Line force

x

𝑥 = 0
𝑧 = 0

Fixed Fixed

z

Limp porous layer
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x

z
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NFD Optimization on an Arbitrarily-Shaped Vibrating Structure
* SAE Technical Paper 2019-01-1524, (2019)

Line force
Modeling an arbitrarily-shaped structure in commercial software such as COMSOL Multiphysics

x = 0.382 m
x = 0 m x = 1 m

x

z

Adding 5 cm, 10 kg/m3 

polymeric fibers Vehicle floor-pan

Optimizing averaged-damping

in 900-1600Hz, 50-100 rad/m

➢ Optimal solution: fibers airflow resistivity~12000 Rays/m (radius 3.6 𝛍m) *
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Noise Signal Processing for Faulty Part Diagnosis *
* Proceedings of Noise-Con, Paper s76, 2019
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Looking at the Fan Noise and its Disturbance 
from a Hard Drive’s Perspective *

* Proceedings of Inter-Noise, Paper 1809, 2021

* AIAA AVIATION Forum Technical Paper 2021-2313, 2021

Axial 

cooling fan 

modules

PCB area: 

cooling 

target

HDD’s area: 

highly sensitive 

to acoustic 

disturbance

➢ Potential extended application in 

monitoring and controlling UAV / 

UAM noise, which is being 

increasingly focused

Quiet Drones 2022 |  NASA Acoustics Working Group and UAM Noise

Hyundai Launches New Company to Advance Urban Air Mobility: Supernal
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