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ABSTRACT 

Aerogels are synthetic nanoporous solids composed of up to 99.98% air by volume. Though 

aerogels have found applications in thermal blankets and as energy absorbers, their use in acoustic 

applications has been limited because of their fragility and lack of control over their 

macrostructure. Here, we demonstrate a novel method of 3D printing aerogel-based porous sound 

absorbers with controlled microstructures by combining freeze-casting and extrusion. The 3D 

printing process aligns the particles along the freezing direction and allows the fabrication of 

samples with interconnected and aligned pores. Here, we fabricate cylindrical cellulose 

nanocrystal aerogel bulk absorbers with unidirectional and bidirectional pore alignments and test 

their normal incidence acoustic absorption properties using an impedance tube setup. The printed 

absorbers show significantly high and broadband acoustic absorption properties and thus offer an 

attractive proposition of developing ultra-lightweight sound absorption devices for aerospace 

applications. 

1 INTRODUCTION 

Aerogels are ultralight, nanoporous materials created by replacing the liquid phase of a gel with 

gas, without collapsing the gel solid network. First synthesized by Kistler1, aerogels rely on a 

supercritical drying technique to transform the liquid phase to a supercritical fluid which can then 

be removed as gas, leaving behind the dry solid skeleton of the original wet material1,2. This results 

in a solid material with very high porosity and unique structural and functional properties. Since 

their invention in 1931, aerogels have been synthesized using various materials such as silica, 

alumina, borate, and carbon and other organic materials2. While aerogels provide various 

beneficial properties such as ultra-low density, high surface area, low thermal conductivity, high 

optical transparency, and attractive stiffness- and strength-to-weight properties, their wider 

adoption has been limited due to their brittle nature3. Thus, their application has mostly been 

limited to their use as binding particles to help improve properties of other materials or as fillers 

in varnishes and tire elastomers4. Further, a lack of control over their macrostructure is a significant 
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roadblock towards their adoption for structural applications requiring precise dimensional 

tolerances5.  

Recently, freeze-casting (or ice-templating) has been demonstrated as an alternative aerogel 

fabrication process, which does not require the high-temperature and high-pressure environment 

necessary for supercritical drying6,7. This method involves freezing a colloidal dispersion of 

aerogel precursors within a liquid. During this freezing process, the precursor molecules enter the 

spaces between the growing crystals, after which the frozen liquid is removed through 

lyophilization (also called freeze-drying). Aerogels produced using this technique experience 

significant shrinkage and can cause a non-homogeneous aerogel framework7.  

In this paper, we present the preliminary results from our efforts on utilizing a novel 3D 

printing method that combines freeze-casting with an extrusion process to fabricate aerogels with 

controlled pore alignment. The overall aim is to 3D print aerogel-based sound absorbers with 

controlled porosities and structural topologies that allow their use for multifunctional engineering 

applications. Here, we focus on the fabrication of cellulose nanocrystal (CNC) aerogels with 

unidirectional and bidirectional pore alignments. Cellulose nanocrystals8—primarily derived from 

naturally occurring cellulose fibers abundantly present in cell walls of various plants—are a 

biodegradable and sustainable alternative to fossil fuel-based polymers. We discuss the fabrication 

method and present the acoustic absorption properties of the 3D printed aerogel absorbers with 

unidirectional and bidirectional pore alignments.  

2 METHODOLOGY 

2.1 Sample Fabrication  

CNC aerogel samples are 3D printed by combining the freeze-casting process with extrusion. The 

freeze-casting process aligns the particles along the freezing direction and enables us to fabricate 

aerogels with controlled, interconnected pores forming the microstructure cross-section7. The 

sample fabrication method is detailed below, while a schematic of the printing process is presented 

in Figure 1.  

2.1.1 Suspension preparation 

CNC suspension was prepared by mixing commercial CNC powders in deionized water at a 

concentration of 15 wt%. The CNC powders were obtained from CelluForce, Montreal, Canada. 

The suspension was homogenized using a high-shear probe homogenizer (T18 basic, Ultra Turrax, 

IKA Works Inc., Wilmington, NC, USA) at 6,000 rpm until a clear suspension is obtained. The 

obtained suspension was further mixed using a mixer at 100 rpm to remove the air bubbles inside 

the suspension and produce a homogenous gel. 

2.1.2 Extrusion 

A commercial fused deposition modeling 3D Printer (Airwolf 3D HD2x, Costa Mesa, CA) was 

used to perform the extrusion process. The setup is shown in Figure 1a. The fusing modulus was 

replaced by a customized holder and a pneumatic syringe was mounted on the holder so that its 

movement could be controlled by the 3D printer. The suspension was loaded into the syringe and 

extruded using a high precision dispenser (Ultimus V, Nordson EFD, East Providence, RI). The 

dispenser delivers a controlled air pressure and ensures a continuous flow of the suspension. For 

the unidirectional samples, the suspension was extruded on a cold plate (HCP204SG, Instec, 

Boulder, CO, USA) layer-by-layer to build a 3D scaffold, as shown in Figure 1b. During the 

printing, the cold plate temperature was controlled using liquid nitrogen and cooled from an initial 

temperature of 0ºC at constant rate of 10ºC/min. During the freezing process, the ice crystals 

nucleate from the bottom surface and travel along the temperature gradient. Figure 1d-e present a 
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schematic representation of this process. As the solidification progresses, ice dendrites break 

through the accumulation region and the CNCs are forced to concentrate in the space between the 

ice dendrites.  

 For the bidirectional printing, a combination of Polydimethylsiloxane (PDMS) and aluminum 

wedges with 20-degree angles was assembled to form the build plate, as shown in Figure 1c. Both 

the wedges were 90 mm in length, 50 mm in width, and 18.2 mm in height with the aluminum 

plate being located at the bottom and maintaining contact with the cold plate, while the PDMS 

wedge was situated on top and serves as the actual print surface. This arrangement provides an 

additional temperature gradient along the horizontal direction due to the difference in thermal 

conductivity of the aluminum and PDMS wedges. This difference helps orient the ice crystals at 

an angle to the print surface. The resultant orientation and its relationship with the thermal 

conductivity gradient is currently under investigation. 

2.1.3 Post-Processing 

The frozen samples were then moved to a freezer and maintained at -70ºC for 12 hours to achieve 

thermal equilibrium. The samples were then loaded into a freeze-dry system (Labconco, Kansas 

City, MO) under 0.2 Pa vacuum for a duration of 72 hours to ensure the ice is fully sublimated, 

leaving behind interconnected pores within the aerogel samples, as shown in Figure 1d.   

2.2 Acoustic absorption testing  

The sound absorption coefficient of the 3D printed aerogels was measured using a two-microphone 

normal incidence impedance tube method as prescribed by ASTM standard E1050-199. The 

samples were inserted within a 30 mm sample holder with an acoustically rigid backing. 

Broadband incident plane waves were generated using a loudspeaker driven by a signal generator 

that excites a white noise signal. Two microphones with a fixed spacing, s, were used to measure 

 

Figure 1. Schematic of the 3D printing process. (a) 3D printing setup, (b) Unidirectional sample extrusion, (c) 

Bidirectional sample extrusion, (d) Ice crystal growth under unidirectional freeze casting, and (e) Ice crystal 

growth under bidirectional freeze casting.(CNC - cellulose nanocrystal) 
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the incident and reflected pressures from which the reflection coefficient, R, is calculated using 

Equation 1. Here, H12 is the transfer function between the two microphones as calculated during 

the phase calibration step, k is the wave number, l is the distance between the sample and the 

microphone closest to it.   

 The absorption properties were obtained over a 600 – 6100 Hz frequency range. For 

consistency, all samples were tested at a sound pressure level of 90 dB, as measured at the 

microphone closest to the loudspeaker. For each sample, 150 runs were averaged to account for 

any random noise errors. The sound absorption coefficient α, was then calculated using Equation 

2, where R* is the complex conjugate of the reflection coefficient.  
 

3 RESULTS AND DISCUSSION  

A 3D printed CNC aerogel sample is shown in Figure 2a. Figures 2b-e show the SEM images of 

a unidirectional sample. The images taken from the top surface of the sample (Figure 2b and 2c) 

show a random and non-uniform pore distribution, while the images taken from the sides (Figure 

2d and 2e) show uniform pores that are aligned along the vertical direction. This difference in the 

horizontal and vertical pore alignments is due to the effective horizontal and vertical temperature 

gradients along the sample. The uncontrolled temperature gradient in the horizontal direction 

results in the random growth of ice crystals in that direction. On the other hand, the temperature 

gradient varies more uniformly along the vertical print direction and results in a more uniform 

porous structure that is aligned along the temperature gradient. For the bidirectional samples, a 

temperature gradient is created along the horizontal as well as vertical directions, which leads to 

orienting the pores at an angle to the print surface. Unfortunately, we were not able to obtain SEM 

images of the bidirectional samples due to campus closure and restrictions enacted due to the 

COVID-19 pandemic.    

 

Figure 2. Unidirectional 3D printed CNC (cellulose nanocrystal) aerogel. (a) 3D printed sample, (b) &(c) SEM 

images of top surface, (d)&(e) SEM images of side surface 

 𝑹 =
 𝒆−𝒋𝒌𝒔 + 𝑯𝟏𝟐

𝑯𝟏𝟐 − 𝒆−𝒋𝒌𝒔
 𝒆−𝟐𝒋𝒌(𝒍+𝒔)   (1) 

 𝜶 = 𝟏 −  𝑹 × 𝑹∗ (2) 
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(a) (b) (c) 

Figure 3: Acoustic properties of 12.7 mm thick unidirectional 3D printed Aerogel samples: (a) Absorption 

coefficient (b) Normalized surface resistance (c) Normalized surface reactance. 

 

(a) (b) (c) 

Figure 4: Acoustic properties of 25.4 mm thick unidirectional 3D printed Aerogel samples: (a) Absorption 

coefficient (b) Normalized surface resistance (c) Normalized surface reactance. 

 

 
(a) (b) (c) 

Figure 5: Acoustic properties of 12.7 mm thick bidirectional 3D printed Aerogel samples: (a) Absorption 

coefficient (b) Normalized surface resistance (c) Normalized surface reactance. 

 

 The sound absorption coefficients and surface impedances measured for the unidirectional and 

bidirectional CNC aerogel samples are shown in Figures 3-5. The primary focus of these 

measurements was to demonstrate process repeatability and establish the baseline properties of 3D 

printed CNC aerogel samples. For the unidirectional case, two different sample thicknesses were 

tested; the results from the 12.7mm sample are shown in Figure 3 and the results from the 25.4 

mm sample are shown in Figure 4. Four different samples of each thickness were printed 
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separately. Though we notice minor differences in the normalized surface resistance for the 12.7 

mm thick samples, the overall behavior of the samples is observed to be similar and within 

expected experimental error bounds—demonstrating a high-degree of process repeatability. 

Further, as expected, an increase in sample thickness results in higher absorption and reactance 

values.  

 Figure 5 shows the acoustic properties measured for the bidirectional samples of 12.7 mm 

thickness. Again, four samples were fabricated and tested to ensure process repeatability. As 

mentioned previously, the temperature gradients along the horizontal and vertical directions cause 

the pores to align at an angle to the print surface normal. Thus, the pores in this case are not aligned 

along the incident plane wave direction as is the case with the unidirectional samples. It is observed 

that this results in a higher sound absorption coefficient for the bidirectional samples; in fact, the 

12.7 mm bidirectional samples provide greater absorption than the 25.4 mm unidirectional 

samples. Comparing the specific acoustic resistance of the unidirectional and bidirectional samples 

shows that the pore orientation results in higher acoustic energy dissipation due to thermoviscous 

losses in the bidirectional samples. Thus, controlling the microstructural pore angles is an effective 

way of increasing the broadband sound absorption properties of 3D printed CNC aerogels.  

4 CONCLUSIONS 

In this paper, preliminary results from our work on fabricating 3D printed CNC aerogel bulk sound 

absorbers were presented. A method to control the pore orientation was demonstrated and utilized 

to 3D print unidirectional and bidirectional samples. While both samples show high broadband 

sound absorption behavior, it was observed that the bidirectional sample provides greater 

absorption as compared to the unidirectional samples. Our current work is focused on 

characterizing the pore angles created due to the bidirectional thermal coefficient gradients. This 

understanding will help us provide further control over the printed pore angles and allow the 

fabrication of aerogel bulk absorbers with tailored acoustic properties. Further work will focus on 

controlling the pore angles and printing aerogel samples with controlled micro- as well as 

macrostructural features.  
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