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Abstract 

Carbon nanotube thin films provide the capability to rapidly oscillate their surface temperature on time 

scales less than 10 nanoseconds. This unique feature allows them to be used as a thermophone, or 

thermoacoustic heat engine. As the surface of the film is rapidly and periodically heated by an electrical 

input signal, the surrounding air expands and contracts with the periodic heating to create a propagating 

acoustic wave. This type of loudspeaker is solid state with no moving parts and lightweight because there 

is no need for heavy magnets. In this paper, a coaxially configured thermophone will be discussed with 

applications in active noise control in pipes and ducts. Design parameters will be discussed as well as 

preliminary active noise cancellation data. Commercialization technical challenges will be presented. 

1 Introduction 

Recent technological advancements have allowed for revolutionary changes to noise abatement methods 

within pipe and duct systems. The implementation of active noise control, or the cancellation of sound 

through destructive interference, has removed the restriction of using purely passive sound absorption. 

However, the implementation of these active systems has been inhibited due to the strict requirements 

imposed by the traditional moving coil loudspeaker. Moving coil loudspeakers are heavy and sensitive to 

temperature, which makes installation into existing pipe and duct systems, such as automotive exhaust pipes, 

a significant challenge. This challenge has sparked the development of a revolutionary new loudspeaker 

technology to create a lightweight, solid-state, and flexible loudspeaker, known as the carbon nanotube 

(CNT) thermophone, or CNT loudspeaker. The CNT thermophone does not operate on a velocity boundary 

condition, like the moving coil loudspeaker, but rather on a temperature boundary condition, using rapid 

fluctuations in temperature to create an acoustic wave. These flexible and lightweight loudspeakers provide 

significant improvements towards the commercial design and implementation of active noise control 

systems.  

2 Carbon nanotubes 

2.1 Carbon nanotube definition 

Carbon nanotubes (CNTs) were first discovered in 1991 by Sumio Iijima, a Japanese physicist, who found 

that hexagonally latticed tubes of carbon could be created using an arc-discharge method [31]. These 

allotropes of carbon have been characterized as seamless cylindrical nanostructures and have been the focus 

of a significant amount of research since their discovery, both in application and fabrication [24]. This 

research has led to the discovery of additional fabrication methods, such chemical vapor deposition (CVD) 

and laser ablation [37]. Using these different methods can create CNTs that vary in two key ways. The first 

difference is the number of carbon layers, or walls, present in the nanotube structure, which can range from 
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single-walled carbon nanotubes (SWCNT) to multi-walled carbon nanotubes (MWCNT) [7]. The second 

difference is the alignment of groups of carbon nanotubes, or forests, as they grow on the substrate, which 

can range from randomly aligned to vertically aligned. The CNT forest can also be superaligned, which is a 

vertically aligned forest that is able to be dry-drawn, or pulled, into a thin-film [33]. These CNT thin-films 

are the enabling technology behind the CNT thermophone. Currently, the superaligned MWCNT forests 

needed to create the CNT thermophones are produced exclusively using the CVD production method [48]. 

The CNT forests used to create the CNT thermophones presented are approximately 100 nm tall and 

produced by Nanoworld Laboratories. These CNTs have 7-8 shells with an outer diameter of approximately 

10 nm and an inner diameter of approximately 5 nm [15]. 

2.2 Material properties of carbon nanotubes 

Carbon nanotubes possess exceptional material properties that are desirable in areas such mechanical, 

thermal, and electrical applications. The electrical and thermal conductivity of CNTs are among the highest 

of any known materials, with a thermal conductivity of approximately 2.5 ± 0.5 W m-1 K-1 at room 

temperature and a heat capacity per unit are (HCPUA) of approximately 7.7x10-3 J/m2 K [32]. These 

properties are inversely related to the height of the CNT forest, with shorter forests having higher thermal 

and electrical conductivity. The CNT thin-films also possess exceptional mechanical properties, with a 

tensile strength of approximately 7.9 MPa and a Young’s modulus of 310 MPa, while having a density of 

0.039 g cm-1 [44]. These properties make CNT thin-films a highly applicable and versatile material. 

3 Carbon nanotube thermophones 

3.1 Thermophone definition 

The CNT thin-films allow for the creation of a CNT thermophone. A thermophone is a loudspeaker that 

creates sound by rapidly oscillating the surface temperature of a material at acoustic frequencies to generate 

an acoustic wave. This process, known as the thermoacoustic effect, utilizes a temperature boundary 

condition to generate sound, unlike the traditional moving coil loudspeaker, which requires a velocity 

boundary condition. Ferdinand Braun discovered the thermoacoustic effect in 1898 when he passed an 

alternating current through a bolometer [21]. Arnold and Crandall then conducted the first scientific 

exploration of this concept in 1917 when they attempted to create a thermophone using 700 nm platinum 

thin-film [8]. However, this initial attempt was limited by the relatively high heat capacity per unit area 

(HCPUA) of the platinum thin-film, which restricted the frequencies generated to a maximum of 16 Hz. 

Without a viable material to support it, this concept was left untouched for the next 90 years. In 2008, Xiao 

et al. passed an alternating current through a carbon nanotube thin-film and found that the material was 

emitting sound [59]. It was found that the CNT thin-film possessed a HCPUA that was low enough to allow 

for the generation of acoustic frequencies over a range of 1 Hz to 100 kHz. Since this discovery, the 

operation and application of CNT thermophones has been widely researched as an alternative to moving 

coil loudspeakers.  

3.2 Characterization 

Arnold and Crandall were able to derive the physics behind the thermoacoustic effect during their scientific 

exploration using the 700 nm platinum thin-film, which can be seen in Equation 1 [8]. They found that the 

root-mean-square (RMS) sound pressure, P, that a thermophone generates at a distance, r, for a given 

electrical input, Win, is a function of the HCPUA of the material, Cs, the frequency, f, the thermal diffusivity, 

α, the density of the material, ρ0, and the absolute ambient temperature of the surround gas, TK. 

108 PROCEEDINGS OF ISMA2018 AND USD2018



 𝑃 =
√𝛼𝑓𝜌0𝑊𝑖𝑛

2√𝜋(𝑇𝐾 + ∆𝑇)𝑟𝐶𝑠

 (1) 

When Xiao et al. rediscovered this effect in 2008, it was found that the theory proposed by Arnold and 

Crandall was not suitable to predict the response of the CNT thermophone [59]. The initial theory was 

expanded upon to account for the instantaneous heat exchange per unit area between the CNT thin-film and 

the surrounding media due to thermal conduction, which can be seen in Equation 2. In the expanded term, 

𝑓1 = (𝛼𝛽0
2)/(𝜋𝜅2), 𝑓2 = 𝛽0/(𝜋𝐶𝑆), and Δ𝑇 =

𝑊𝑖𝑛

2𝑎𝛽0
= 𝑇𝑓 − 𝑇𝐾. These terms include the thermal 

conductivity of the CNT thin-film, κ, the single-sided surface area of the thin-film, a, and the rate of heat 

loss per unit area of the thin-film per rise in temperature above the surrounding, β0. 
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The CNT thermphone is a non-linear transducer. This non-linearity occurs because the output sound 

pressure level is proportional to the square of the input electrical current, resulting in a doubling of the output 

frequency compared to that of the input frequency [2]. The non-linear response creates a noticeable 

distortion if not properly compensated for. The non-linearity can be offset using two prominent signal 

processing techniques that have been developed. The first method involves adding a direct current (DC) to 

an alternating current (AC) in a method known as DCAC and can be seen in Equation 3. The second method 

requires the amplitude modulation of an alternating current, in a method known as AMAC and can be seen 

in Equation 4. Although these methods can negate the non-linearity, they do require additional input power 

to the CNT thermophone. The DCAC method generates a sounds pressure level, P, as a function of time 

that is dependent on the peak amplitude of the signal, A, the DC offset provided, B, and the frequency of the 

signal, ω. The AMAC method alters the input voltage of the signal, V, as a function of time, which is squared 

because of the non-linearity. This method is dependent on amplitude modulated signal, AM, the amplitude 

of the carrier signal, AC, the frequency of the modulated signal, FM, and the frequency of the carrier signal, 

FC [19]. 

 𝑃(𝑡) ≈ 𝐵2 + 2𝐵𝐴 sin(𝜔𝑡) + 𝐴2 [
1 − cos(2𝜔𝑡)

2
] (3) 

 𝑉(𝑡) = (1 + 𝐴𝑀 cos(2𝜋𝐹𝑀𝑡)) ∗ 𝐴𝐶 sin(2𝜋𝐹𝐶𝑡) (4) 

3.3 Open-air efficiency 

A CNT thermophone in open air has a lower overall efficiency compared to that of a moving coil 

loudspeaker. Bouman et al. found that the overall efficiency of an open-air CNT thermophone is between 

1.2 E-6 and 1083E-6 percent. These values were found using a 72 Wrms input signal [19]. A moving coil 

loudspeaker typically has an efficiency near one percent. While traditional moving coil loudspeakers are not 

very efficiency, the CNT thermophones are multiple orders of magnitude lower in efficiency. Xiao et al. has 

developed a theoretical model to find the true efficiency of an open-air CNT thermophone, η, which can be 

seen in Equation 5 [59]. The true efficiency is the ratio of acoustic output power to the electrical power input 

to the system. The theoretical model utilizes the sound power, Π, the total input power, Pinput, the frequency, 

f, the density of the surrounding gas, ρ0, the speed of sound in the gas, c, the specific heat of the gas, CP, the 

ambient temperature, T0, and the mean temperature of the thin-film, Ta. 

 𝜂 =
𝛱

𝑃𝑖𝑛𝑝𝑢𝑡
=

𝜋𝑓2𝑃𝑖𝑛𝑝𝑢𝑡

2𝜌0𝑐𝐶𝑃
2(𝑇0 + 𝑇𝑎)2

 (5) 

ACTIVE VIBRATION CONTROL 109



3.4 Enclosed efficiency 

Aliev et al. later discovered that a CNT thermophone can be encapsulated to increase the overall efficiency, 

however the previously determined efficiency was no longer accurate [2]. The encapsulated efficiency can 

be seen in Equation 6. It was found that operating the CNT thermophone at low frequencies resulted in 

higher efficiencies. The developed model incorporates the resonant quality factor of the vibrating surface 

enclosing the thermophone, Q, a correction factor to account for the gas in the enclosed cavity, γ, and the 

speed of sound of the gas, υ. It was determined that the encapsulated CNT thermophone could reach greater 

efficiencies in different environments. Efficiencies of 0.3% were attained when operated with air as the 

surrounding media, and 1.5% when operated underwater. 

 𝜂 =
(𝛾 − 1)2𝜌𝑎𝑖𝑟𝑄2

2𝑓2𝑉2𝜐𝑔
𝑃ℎ (6) 

3.5 Thermophone fabrication 

CNT thermophones can be fabricated in a relatively simple manner. The core thermophone consists of the 

CNT thin-film suspended between a set of electrodes to the provide the input signal, a combination of 

alternating and direct current. The CNT thin-film must be dry-drawn from a CNT forest onto the electrodes, 

which are typically copper. The thin-film is then densified to the electrodes using denatured alcohol to secure 

the connection [14]. This process is depicted in Figure 1. The flexible and stretchable nature of the CNT 

thin-film allows for thermophones to be created using either free-standing CNT thin-film or the thin-film 

can also be supported on an underlying base material with embedded electrodes. The supporting material 

must be able to withstand the high temperature of the CNT thin-film during operation while also being 

electrically insulating to preserve the circuit being created. Traditionally, this material has been Teflon ® 

PTFE. These fabrication techniques have allowed for the creation of a variety of free-standing and supported 

CNT thermophones in complex geometries previously thought to be unattainable given the restrictions of 

the moving coil loudspeakers. Figure 2 depicts both the free-standing and supported CNT thermophones as 

well as the various geometries that have been attained. 

 

  

Figure 1: Dry-drawing process of CNT thin-film used to create planar CNT thermophone 
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Figure 2: Free-standing and supported CNT thermophones created in planar, cylindrical, and spherical 

geometries 

3.6 Modeling 

A significant amount of research has been focused on creating a multi-physics 3-D model of CNT 

thermophones. Asgarisabet et al. has created a model aimed at predicting the operation of the CNT 

thermophone as it transitions from the electrical domain to the thermal domain to the acoustic domain with 

a high amount of accuracy [11]. This model has been created using the COMSOL Multi-Physics software 

with the AC/DC (Joule Heating), thermoviscous and pressure acoustic modules. The analytical models 

presented in Equations 1-6 are necessary to properly obtain the surface temperature variations of the CNT 

thin-film as the current is applied, which is then converted to pressure changes in the surrounding media 

that then produces the acoustic waves. The model that has been created has been validated using results 

from the analytical models and with experimental data, which can be seen in Figure 3. Understanding this 

model will allow for future ease in optimizing thermophone designs. 

 

 

Figure 3: Comparison between COMSOL model, theoretical, and experimental data [11] 
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4 Coaxially configured CNT thermophone 

4.1 Pipe and duct active noise control 

The lightweight, flexible, and conformable nature of the CNT thermophone make it the ideal replacement 

for a moving coil loudspeaker in applications where weight and the restrictions of the moving coil 

loudspeaker are of concern. These features provide great benefit to active noise control systems within pipes 

and ducts. Most notably, pipe and duct active noise control is found in automotive exhaust systems as a 

supplement to the traditional passive muffler. However, this technology could also be used in heating, 

ventilation, and air conditioning (HVAC) systems to reduce the noise generated by the air handling unit, 

which can travel throughout the building, and has also been traditionally abated using passive methods. 

These active systems measure the incoming sound from the source using a microphone, then the speaker 

injects the same waveform back into the system with a 180-degree phase shift. This creates destructive 

interference, which lowers the amplitude of the acoustic wave. In vehicles, the use of moving coil 

loudspeakers within these active systems creates a challenge in designing them into the vehicle 

undercarriage. These loudspeakers are heavy due to the magnets required and must also be offset from the 

exhaust pipe to avoid high temperatures. To create this offset, the loudspeaker is isolated using a branch 

pipe angled off the exhaust pipe [4]. The need for this branch pipe system can be eliminated using a CNT 

thermophone in place of the moving coil loudspeaker. The flexible nature of the CNT thin-film allows for 

a coaxial speaker to be created, meaning that it can fit directly in-line with the given pipe or duct system. 

Additionally, the coaxial CNT thermophone allows for better generation of plane waves inside the pipe or 

duct opposed to the angle branch pipe, improving the overall performance of the noise cancellation.  

4.2 Coaxial design benefits 

The coaxial CNT thermophone provide three key benefits over the traditional passive pipe and duct muffler 

systems. First, the CNT thermophone allows for a significant reduction in both weight and volume. The 

lightweight and flexible CNT thin-film allow for compact designs that can reduce size by up to 80% 

compared to passive mufflers. Second, the coaxial thermophone does not obstruct airflow through the 

system. Passive mufflers force the airflow through resonant chambers and fibrous material that generates 

backpressure on the source. This backpressure will lower the overall performance of the system, requiring 

additional energy to overcome and reducing overall efficiency. Third, the coaxial CNT thermophone can 

adapt to changing acoustic environments unlike the passive muffler that can only be tuned to a specific 

operating condition. Given these benefits, the coaxial CNT thermophone can provide a competitive 

alternative the passive muffler. 

4.3 Prototype development 

An initial proof of concept coaxial CNT thermophone was designed, fabricated, and tested by Prabhu et al. 

to understand the potential benefits this technology could provide in active noise control systems [45]. The 

coaxial CNT thermophone was designed to optimize the resistance so that it matched that of a commercial 

amplifier. The theoretical resistance was 1.53 Ω, however in testing the resistance was found to be 1.98 Ω. 

The discrepancy in resistance is attributed to a difference in the total area of CNT thin-film. The design 

consisted of three rings, each containing six copper electrodes that were secured using Teflon ® PTFE end 

caps. Five layers of CNT thin-film were then wrapped onto the copper electrodes through the dry-drawing 

process. This process started with the inner most ring, and as the thin-film was applied the copper electrodes 

were inserted to begin the next ring until all three rings had been completed. A transparent cover was then 

placed over the thermophone to provide protection. A second-generation prototype was also created with 

several improvements over the initial prototype. Most notably, an aluminum shielding was used along with 

an internal slotted pipe with a Kapton coating. This coating was used to protect the CNT thin-film from the 
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airflow, which could easily destroy the CNT, while also remaining acoustically transparent. The initial and 

second-generation proof of concept coaxial CNT thermophones can be seen in Figure 4. 

 

 

Figure 4: Initial (top) and second-generation (bottom) proof of concept coaxial CNT thermophone 

prototypes 

 

4.4 Prototype validation 

After the coaxial CNT thermophone had been fabricated, initial testing was needed to quantify the noise 

cancellation capabilities of the system compared to that of a passive muffler, which cancels approximately 

30 dB of adverse noise [46]. Initial test data has shown that sound pressure levels of up to 125 dB were 

achieved inside the test pipe using an input power of 200 W. The noise cancellation capability was then 

tested using pure tones in the pipe at one-third octave frequencies. The phase of the output of the CNT 

thermophone was manually adjusted to cancel the sound being generated using destructive interference. The 

preliminary data achieved from this test can be seen in Table 1. Throughout this test an average reduction 

in sound pressure level of 12 dB was seen. This cancellation is expected to improve with the use of an active 

noise control algorithm. The test setup used to perform these tests can be seen in Figure 5.  
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Figure 5: Exhaust pipe test setup to acquire preliminary coaxial CNT thermophone noise cancellation data 

[45] 

 

 

Frequency 

(Hz) 

Sound Pressure 

Level in Pipe 

(dB re 20μPa) 

Sound Pressure 

Level Reduction 

(dB re 20μPa) 

50 111 15 

63 112.6 10 

80 114 10 

100 115.9 10 

125 119.2 12 

160 124.3 10 

200 134.6 10 

250 126.3 10 

315 111.8 25 

400 128.4 10 

500 115.7 10 

100 114.3 10 

Table 1: Manual noise cancellation results of pure tones over one-third octave band [45] 
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4.5 Commercialization technical challenges 

Although the proof of concept prototype has shown promising preliminary active noise cancellation data, 

there are still many hurdles that must be overcome in the path to commercializing this promising technology. 

The main challenges that must first be understood are the durability of the CNT thin-films, providing a 

sufficient level of noise reduction can be seen on a real-world source, and ensuring that the CNT 

thermophone can be produced at a cost competitive rate. The passive systems that have been used in vehicle 

exhaust systems and HVAC systems are expected to last for 100,000 miles and 20 years respectively, 

therefore a viable replacement must be able to meet or exceed these expectations. Currently, the coaxial 

CNT thermophones have been operated for minutes at a time. A comprehensive durability study is needed 

to understand the thermal cycling of the CNT thin-film, as the surface temperatures reach upwards of 300°C 

during operation. Traditionally, passive muffler systems are expected to abate roughly 30 dB of adverse 

noise in the exhaust system, whereas the coaxial CNT thermophone was able to cancel 12 dB of noise on 

average in preliminary testing. This must also be improved to remain competitive in the market. Finally, the 

production of the CNT thermophone must also be financially viable. Currently, most of the cost to producing 

CNT thermophones comes from the CNT forests. To meet the high demands of creating a commercial 

product, the CNT forests must be produced in a large enough quantity and at a competitive price. If these 

three challenges can be dealt with, then the path towards commercialization becomes a much more attainable 

goal.  

5 Conclusions and future work 

The introduction of the CNT thermophone has revolutionized loudspeaker design and implementation. No 

longer restricted to moving coil loudspeakers, the CNT thermophone provides a loudspeaker that is 

lightweight, flexible, and contains no moving parts. The thermophone operate using the thermoacoustic 

effect, which generates acoustic waves using rapid fluctuations in temperature to alter the pressure in the 

surrounding media. The CNT thermophone is enable by CNT thin-film which has a heat capacity low 

enough to allow for frequencies over a range of 1 Hz to 100 kHz to be generated. The enabling material is 

lightweight, flexible, and stretchable, which allows for complex and unique speaker geometries that were 

impossible using moving coil loudspeakers. These features have allowed for the development of a coaxial 

CNT thermophone that can fit directly in-line with a pipe or duct, which can provide active noise control to 

the system using destructive interference.  

The initial proof of concept prototype coaxial CNT thermophones show great promise and benefit compared 

to the passive muffler systems, however there are still many challenges that must be overcome. Moving 

forward there are plans to conduct an in-depth durability study on the second-generation proof of concept 

prototype to gain a better understanding of how the CNT thin-film withstands both external vibration and 

extended thermal cycling. Additional work will also be done to design and fabricate a thermophone that is 

optimized to a specific engine to understand the potential noise cancellation in a real-world scenario. Finally, 

further discussion and planning is being conducted into making CNT thermophones more financially viable. 

Understanding and adapting to these challenges will improve the effort to commercialize the CNT 

thermophone and create a viable product. 
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