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ABSTRACT 

 

This dissertation investigates the fundamental behavior of multifunctional materials for 

energy conversion. Multifunctional materials exhibit two or more functional properties, 

such as electrical, thermal, magnetic etc. In this dissertation, the emphasis is on 

understanding the principles for energy conversion from one domain to another (e.g. 

thermal to electrical; or mechanical to electrical) by utilizing nanomaterials and 

nanostructured materials such as carbon nanotubes, shape memory alloy (SMA), and 

flexible piezoelectric materials.  

 

   Carbon nanotubes (CNTs) are known for their unique electrical and thermal 

properties. Development of solid-state suspended CNT sheets having extremely low heat 

capacity per unit area opens an opportunity for utilizing thermoacoustic phenomenon 

(electrical to thermal to acoustic energy conversion) that results in sound generation over 

a wide range of frequencies. Detailed theoretical modeling and experiments were 

conducted for understanding the acoustics generation from multi-wall carbon nanotubes 

(MWNTs) sheets. The sound pressure level (SPL) of CNT-based thermoacoustic 

projector (TAPs) is proportional to the frequency and hence the performance reduces in 

low frequency (LF) region which could be used for noise cancellation, SONAR and 

oceanography applications. Extensive analytical modeling in conjunction with 

experiments were conducted involving structure-fluid-acoustic interaction to determine 

the operational physical behavior of TAPs. Numerical model combines all the controlling 

steps from power input to acoustic wave generation to the propagation in outer fluid 

media. Power input to the computational domain is used to determine the frequency 

dependent thermal diffusive length which governs the generation of TA wave. MWNT 

yarns/fibers/threads were also designed to harvest ocean wave energy (mechanical to 

electrical energy conversion). These yarn-based harvesters electrochemically convert 

tensile or torsional mechanical energy into electrical energy without requiring an external 
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bias voltage. Harvesters were developed by spinning sheets of forest-drawn MWNTs into 

high-strength yarns. 

 

    SMA wires exhibit two unique properties: thermally induced martensite to austenite 

phase transformation and super-elasticity (stress-induced martensitic transformation). 

These properties were implemented for developing the low-grade thermal energy 

harvesters (thermal to electrical energy conversion). More than half of the energy 

generated worldwide is lost as unused thermal energy because of the lack of efficient 

methodology for harnessing the low-grade heat. A systematic study is presented here that 

takes into account all the key steps in thermal to electrical conversion such as material 

optimization, thermal analysis and electrical conditioning to deliver the efficient 

harvester. 

 

   Next using thin sheets of piezoelectric materials, strain energy harvesting from 

automobile tires is studied (strain to electrical conversion. Flexible organic piezoelectric 

material was utilized for transduction in the harvester for continuous power generation 

and simultaneous sensing of the variable strain experienced by tire under different driving 

conditions. Using sensors mounted on a real tire of a mobile test rig, measurements were 

conducted on different terrains with varying normal loads and speeds to quantify the 

sensitivity and self-powered sensing operation. 
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GENERAL AUDIENCE ABSTRACT  

 

This dissertation studies the potential of carbon nanotubes yarns and sheets, piezoelectric 

sheets and shape memory alloy wires for energy conversion applications. Multiwalled 

carbon nanotubes (MWNTs) are known for their unique electrical and thermal 

properties.  Large surface area, solid state self-suspended carbon nanotube sheets having 

extremely low heat capacity per unit area were utilized for design of thermoacoustic 

projectors operating over a wide range of frequencies. Detailed numerical modeling and 

experiments were conducted for understanding the acoustics generation from MWNT 

sheets. Another potential application for MWNT yarns is in ocean wave energy 

harvesting, where these yarn based harvesters convert tensile mechanical energy into 

electrical energy. Harvesters were developed by spinning sheets of MWNTs into high-

strength yarns. 

 

   SMA exhibits unique phase change behavior on mechanical and thermal loading, which 

were utilized for converting low-grade thermal energy into electrical energy. At low 

temperature gradients, where there is lack of methodologies for converting thermal 

energy into electrical energy, SMA wire-based energy harvesters are shown to provide 

ultra-high power density. Extensive experimentation in conjunction with multi-physics 

modeling is conducted to provide understanding of energy losses occurring during the 

thermal to electrical conversion.  

 

   Lastly, this dissertation investigates the mechanical to electrical conversion using 

organic piezoelectric materials. Self-powered strain sensing mechanism for autonomous 

vehicle will provide new capabilities in monitoring the dynamics and allow developing 

additional automated controls to assist the driver performance. 
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Chapter 1 

Background and Objective 

 

Background  

 

Multifunctional materials (MFMs) combine two or more functional properties such as 

electrical, thermal, magnetic etc. MFMs can be found in nature or artificially tailored to 

meet the needs of a particular requirement. Depending upon the system requirements, a 

structurally robust MFM can be developed by utilizing the advances made in the bottom 

up approaches (e.g. nanotubes to macroscale sheets). Altering the nanoscale properties of 

a structurally robust material could provide additional capabilities in sound generation, 

sensing, thermal energy conversion, mechanical energy conversion and energy storage. 

The application of such MFMs can be in many industries such as oil and gas, chemical, 

energy, medicine, electronics etc. [1, 2] 

 

   Nature demonstrates variety of examples for the multifunctional behavior, for example, 

bone, human skin etc. Bones are composites made of different chemicals such as collagen 

and calcium phosphate, that contribute towards various body functions such as muscle 

activity, body structure and support. Similar to bone, our skin also contains many 

components such as receptors, hair follicles, and blood vessels which provides capability 

for many functions [3]. These natural MFMs have evolved through gradual and slow 

biological processes. However, man-made MFMs could be engineered faster to exhibit 

desired combination of properties that meet the specific platform requirements.  

 

   In smart world, in order to obtain enhanced system level efficiency while adding new 

features, MFMs are becoming the choice for product design. The capability of a material 

to respond according to the changes occurring in the nearby surrounding in a relevant 

manner will have direct impact on the system performance. Many systems based on these 

MFMs are being developed to provide dynamic capability in response to changes in 

external stimuli. This provides advantages in reducing size, weight and complexity while 
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improving the efficiency and safety [3]. The other advantages of MFMs are that they can 

be programmed to exhibit specific properties in response to changes occurring in the 

environment, thereby, providing certain level of predictability in the dynamic conditions. 

Inspired by the advances made in understanding and implementing MFMs, this 

dissertation investigates three class of materials that provide unique properties for 

developing new applications.  

 

   Ferreira et al. [1] have discussed the overall cost analysis of the multifunctional 

material systems (MFMS) comprising of all the categories such as MFM, multifunctional 

composites (MFC) and multifunctional structures (MFS). The cost analysis is divided 

into five categories: raw materials, fabrication, assembly, maintenance and non-recurring. 

In terms of raw material, assembly and maintenance, MFMS have advantage with respect 

to their counterpart, since the material components can be combined in a calculated 

manner to achieve particular set of properties that  results in reduction of the overall 

number of parts and thereby improve assembly and maintenance. It is obvious that lesser 

number of parts in the system will simplify assembly and reduce maintenance [1]. The 

major challenge in deploying MFMS is cost due to the complex manufacturing process 

and combination of multiple intellectual resources. Till date manufacturing and material 

fabrication techniques used to design MFMS are expensive and have limited scope in 

achieving the scalability. Recent advancements in 3D printing techniques could provide 

pathway towards manufacturing these complex systems. MFMS involves the core 

competencies from diverse scientific field and therefore requires collaborations and 

expertise from various industry [1]. 3D printing enables that collaboration naturally by 

providing avenue to combine the materials into programmable morphologies.     

 

   We can categorize the MFMs into various groups depending upon their response to 

external input (or stimuli) and functions. For example, piezoelectric material converts 

electrical signal into mechanical output or vice-versa. Shape memory alloy/polymer have 

unique properties of stress generation in response to thermal inputs. Materials such as 

thermoelectric (thermal to electricity conversion and vice a versa), dielectric elastomer 

(electricity to strain), magnetostrictive (magnetic field to mechanical deformation), smart 
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gels (thermal, pH responsive) and photochemical (light responsive) etc. are other classes 

of MFMs or MFMS. Emerging materials such as carbon nanotubes, graphene and other 

carbonaceous nanomaterials are also considered as MFMs because of their high 

mechanical strength and electrical/ thermal conductivity. These materials are already 

exhibiting promising results in energy harvesting and sensing applications.  

 

   Another interesting development in the community has been on integration of MFMs 

into a composite MFM that provides additional capabilities. These materials are being 

developed for actuation, sensing, energy harvesting and storage. For example, researchers 

have combined the power producing features of the fiber composites [3, 4]. Each fiber 

was converted into individual battery by coating the cathode and anode layers along with 

electrolyte. This concept of making the fiber a multifunctional material and utilizing its 

surface area as compared to that of foil of a thin film battery helped in generating greater 

energy output. Piezoelectric material, mentioned earlier, is utilized for all the purposes 

such as actuation [5], sensing [6] and energy harvesting [7]. The inverse piezoelectric 

effect (converting electricity into mechanical response) is the primary basis of using it as 

actuation device. Conventional PZT ceramics (used as actuator) are often bulky and 

heavy and cause the high stress generation on integrating with the MFMS. Therefore, 

efforts have been made towards fabricating the nanofiber, and nanorod/wire based 

piezoelectric materials [8]. By using the direct piezoelectric effect, piezoelectric materials 

are heavily used for sensing purposes such as structural health monitoring, tire-road 

interaction sensing, fluid flow sensing etc. In addition, their use in scavenging stray 

energy from nearby surrounding (or changing one form of energy into other) is gaining 

momentum. The development of the Internet of Things has accelerated the design and 

development of low-power sensor systems. Self-powered sensors that can collect and 

transmit data without any need for external power supply are highly desirable. 

Piezoelectric MFMs are widely used to harvest mechanical energy. Several piezoelectric 

materials, such as PVDF, ZnO, and other lead-free piezoelectric materials have been used 

to develop the nanogenerators for energy harvesting. Apart from piezoelectric materials, 

various bioinspired MFMs or MFCs are being developed for the above mentioned 

sensing, actuation and energy harvesting applications.  
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   Shape memory alloy (SMA) and polymers are the another type of functional materials 

that have wide range of application for actuation [9], sensing [10] and energy harvesting 

[11]. SMA generates stress due to phase transition on applying the thermal gradient. 

Design of SMA-based MFMs has evolved significantly over the past few decades. 

Several industries such as medical, aerospace, and robotics etc. utilize SMA-based MFMs 

for various electrical, thermal or stress activated actuation. Carbon nanomaterials are 

another important category of MFMs that are gaining importance across the globe. This is 

because of their extraordinary mechanical, thermal and electrical properties. Carbon 

nanotubes (CNTs), graphene, carbon nanofibers are different forms of carbon-materials 

with significantly different properties. CNT-based twisted yarns are utilized for 

converting mechanical energy into electrical energy [12] through electrochemical 

process. Similarly, graphene sheets are also used for many purposes such as sensing and 

energy harvesting [13]. In addition, these nanomaterials are utilized dopants to the exiting 

material in order to add new capability. For example, in aircrafts we need a higher 

electrical conductivity polymer arts to transfer the electricity from thunder. Researchers 

have studied the polymer matrix nanocomposite filled with carbon based materials for a 

possible replacement of existing polymer matrix [1, 14].  

 

   Various other MFMS are also very important in terms of delivering the different 

functions for addressing the important needs. For example, thermoelectric, 

magnetosctrictive, dielectric elastomers materials are also used for different purposes 

such as thermal energy harvesting [15], magnetic energy harvesting [16] and mechanical 

actuations respectively [17]. This brief outline to the MFMs/MFMS only scratch the 

surface of the various ideas, concepts, demonstrations and scientific understanding 

developed so far. This is indeed a very growing field and has impact in almost all the 

field of research where materials play the primary role in systems functionality.  

 

   In the light of importance of MFMs, this dissertation demonstrates the utilization of few 

key multifunctional materials such as nanotube materials, shape memory alloy and 

piezoelectric material to understand the physics of various type of energy conversion and 

achieve some of the important applications such as energy harvesting, sensing and 
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actuation in various domains. Figure 1, shows the schematic diagram which describes the 

broader fields such as sensing, actuation and energy harvesting. As we have seen from 

above discussion that to give the solutions for mentioned fields, we require a lot of efforts 

(or may be not possible in many cases) if unifunctional materials are utilized. Therefore, 

in this work, the study based on different MFMs were developed and addressed the 

sensing, energy harvesting, and actuation problems. Along developing the study, various 

analysis and discussions are included to demonstrate importance of this work and its 

standing with respect to current state of the art technologies.  

 

   Carbon nanotubes based sheets and yarns were used for actuation (acoustic generation 

by actuating plates) and energy harvesting, respectively. CNT thin self-suspended dry 

sheets (a type of MFM) were utilized to convert electrical energy to thermal to acoustic 

pressure wave (thermoacoustic). These pressure waves then used to actuate the isotropic 

plates surrounding it, and produce the vibration. The vibrating plate then produced the 

vibro-acoustic sound. Further, CNT sheets are twisted to produce yarns and used to 

convert the ocean wave mechanical energy directly into electrical energy.  
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Figure 1: Schematic showing the potential of MFMs for achieving the goals of sensing, 

actuation and energy harvesting. Three main multifunctional materials: SMA, 

piezoelectric materials and CNTs are chosen to achieve the above mentioned goals.  

   SMA materials, as described above, are very effective in converting mechanical 

response on thermal loading. SMA based wires are utilized to develop systematic study 

for efficient thermal to electrical energy conversion. An ultrahigh electrical power density 

has been demonstrated which is enough to power various sensors. Moving forward, 

another MFM, PVDF material has been utilized to develop the self-powered sensing 

solution for the tires. This is an attempt to make the tire intelligent and prepare it for the 

next generation autonomous vehicle. This is the study which demonstrate the real field 

application of used MFMs.  

 

   This work, hence, uniquely position the different MFMs to solve the existing 

challenges of acoustic generation (by actuation), ocean energy harvesting (mechanical to 

electrical energy conversion), thermal energy harvesting (thermal to electrical energy 

conversion), and sensing of vehicle parameters.  

 

Dissertation Objectives 

 
   The primary objective of this dissertation is to understand the basic physics of energy 

conversion mechanisms for a selected group of MFMs with fiber or sheet like 

morphology (carbon nanotube yarns and sheets, shape memory alloy wires, and 

piezoelectric polymer thick films). Based upon this understanding, the secondary 

objective is to demonstrate the application of these selected MFMs in sound generation, 

energy harvesting and sensing.  

 

   MFMs based devices and systems have emerged as a prominent research field and 

growing at rapid pace. A diverse range of applications (as described in background 

section) utilize these materials as energy harvester and sensors for structural health 

monitoring in automotive industries, medical field etc. This rapid progress in the 

establishment and deployment of MFMs requires investigations across a wide spectrum 
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of topical areas. There is need to develop fundamental understanding and new ideas 

which could help in translation of these materials. In addition to material uniqueness, 

MFM based systems also require various strategies such as system modeling, design and 

fabrication for the final product to be used for different energy conversion. This 

dissertation addresses these needs and provides physics of energy conversions utilizing 

the selected MFMs with special form factor. Key aspects of this dissertation are:  

ü Investigate the fundamentals and challenges from materials to experimental 

prototype for energy conversion.  

ü Demonstrate functional devices and determine their performance parameters 

under realistic boundary conditions 

ü Conduct thorough material investigations, mathematical or numerical modeling, 

and design new experimental techniques to quantify the behavior of MFMs for 

energy harvesting and sensing purposes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Energy conversion methods by using different MFMs  
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   This dissertation addresses variety of energy transformation techniques using CNT, 

SMA and piezoelectric materials. Figure 2 shows the schematics of energy conversion. 

Carbon nanotubes based solid thin sheets were used to convert electrical energy to 

thermal wave and then acoustics (mechanical energy). CNT based yarns and piezoelectric 

materials were investigated to convert mechanical energy (from ocean wave or vehicle 

road interactions) to electrical energy. Memory materials were discussed to develop the 

low grade thermal waste recovery device to produce electrical energy. 

 

In the following sections, scope and impact of different chapters based on MFMs will be 

discussed briefly. 
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Chapter 2 and Chapter 3 

 

   Carbon nanotube (CNT) sheets provide the opportunity to develop ultralight, miniature, 

and flexible sound sources operating over wide frequency domain using thermoacoutic 

(TA) phenomenon. Based on sheets the TA transducers were developed. Figure 3 shows 

the important parameters and operational steps which could be optimized for better 

efficiency.  

 

    

 

 

 

 

 

 

 

 

 

 

Figure 3: (a) Different parameters important for designing the better thermoacoustic 

projectors, (b) various steps of thermoacoustic projector (open sheet TA generation, 

vibration and vibro-acoustic).  

   A unique feature of TA transducers is the synchronization of various physical effects 

(vibration dynamics, thermal transport, and molecular dynamics) for achieving high 

acoustic pressure. The sinusoidal heating of the adjacent gas by the CNT sheet generates 

the thermoacoustic pressure wave which drives the end plates resulting in sound pressure 

wave generation in the surrounding fluid domain. Since the input electrical power is 

converted into acoustic pressure through multiple intermediate steps, a multilayer model 

was developed in order to include all physical effects, namely: (i) an electrical AC input 

drives the CNT sheet resulting in a pressure pulse within the closed system, (ii) this 

internal pressure acts as the driving force for the vibrating plate of the encapsulated TA 

(a) 

(b) 
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projector, and (iii) the vibrating plate generates an acoustic pressure wave in the outer 

fluid medium. This comprehensive thermo-vibro-acoustic model provides the 

fundamental foundation needed for a parametric study of the TA performance. After 

modeling, devices are fabricated and tested systematically tested for vibration and 

acoustics in air and water medium.  

 

Chapter 4 

 

   In renewable resources domain, water wave or ocean (blue energy) is a big source of 

kinetic energy which is getting attention since few decades. Our globe has two third of its 

surface covered with ocean and other water bodies. These oceans have a large potential 

of energy in the form of tidal energy, ocean waves, ocean currents and ocean thermal and 

salinity gradients [18, 19]. A research predicts the theoretical energy of around 7.4 x 1021 

J available per year from the ocean in different forms, which should be enough to fulfill 

present and future needs of the energy [18]. Water wave available in Deep Ocean is very 

attractive aspect for energy scavenging, since it is available all day and night, predictable 

and mostly independent of weather condition unlike solar or wind. Thus, ocean wave 

harvesting indeed is a good opportunity to meet the global need of energy. 

 

   To provide the solution for ocean energy harvesting another MFM- CNT yarn was 

utilized. This chapter provides the first systematic study of wave energy harvesting based 

on multiwall nanotubes (MWNT) twisted and coiled yarns. This technology of converting 

mechanical energy directly to electrical energy is discovered recently by our group [12]. 

Since it generates energy from twists, thus was called ñTwistronò.  This is the 

electrochemical method which because of change in its capacitance can convert 

mechanical to electrical energy. In this study different yarns were fabricated and a wave 

generator was designed to run the experiments similar to the ocean wave environment. In 

all the experiments real ocean water (or 0.6 M NaCl for tank tests) was used to 

demonstrate the feasibility of the device in real ocean condition. A theoretical framework 

was developed and empirical relationship was deduced to predict the voltage and 

compared with the experimental outcomes. 
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Chapter 5 

 

   Lawrence Livermore National Laboratoryôs recent study (2015) shows that, about 59.1 

quadrillion BTU of energy is rejected to the surroundings in the form of waste heat 

energy [20].  Most of the rejected thermal energy is classified as low-grade waste heat 

(hot-side temperature less than 230oC). SMA based thermal engine provides 

transformative pathway to harness the abundant low grade heat currently discarded in 

ambient as waste, thereby not only providing cost-effective electricity generation but also 

reducing environmental impact. Practically, SMA engine can be deployed at any location 

where only moderately high temperature (>60oC) fluid is available (e.g., exhaust and 

water pipes). 

 

   SMAs, explained as unique MFMs, exhibit thermally induced martensite to austenite 

phase transformation and super-elasticity (stress-induced martensitic transformation). 

Employing these two characteristics, a thermal engine demonstrated for harnessing waste 

energy through all modes of heat transfer: convection, conduction, and radiation. Figure 

4(a) shows the different phase changes of SMA material on applying mechanical loading 

and then thermal loading. Initial SMA phase, martensite, goes into de-twinned martensite 

and on giving the heat energy above the forward transition temperature, it converts into 

austenite. The initial phase regained my cooling this MFM below the reverse transition 

temperature. Figure 4(b), (c) and (d) show the two pulley design and steps of converting 

thermal energy into electricity. Due to phase transition of SMA wire on thermal input, 

strain develops inside the wire (contracts), and produces the torques in pulley (due to 

contact friction between wire and pulley). This torque then turns the pulley and attached 

generator and produces the electricity. A detailed analysis on SMA wires were conducted 

before utilizing in the two pulley system.   
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Figure 4: (a) Different phase changes of SMA material on applying mechanical loading 

and then thermal loading, (b) the two pulley design with SMA wire, (c) &(d) steps of 

converting thermal energy into electricity 

 

Chapter 6 

 

   For the safe and reliable driving these days, vehicles require a large number of sensors 

and high rate of wireless data transfer to update the information about the surrounding to 

the driver. These sensors and data transfer requirements are increasing the power 

requirements rapidly. There is a tremendous amount of study taking place in both 

academia and industry to provide devices, systems, and techniques that lead to energy 

efficient self-governing automobile environment. For any vehicle, tire is the most 

important part and it connects the inner vehicle environment to the outside environment 

(such as road etc.). In order to develop the autonomous vehicle, it is very important to tap 

the tireôs potential and attempts should be made to make an intelligent tire.  

(a) 

(b) 
(c) (d) 
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   In present work, attempts have been made to provide a cost-effective solution to above 

mentioned issues and demonstrate a self-powered sensor based upon an organic 

piezoelectric material (an MFM). A low value of elastic modulus ensures the high strain 

development in this piezoelectric patch, which is one of the important parameters for 

strain sensors. The high-power density and high temperature (up to 90oC) stability of 

organic piezoelectric based harvester is realized for this purpose. Further, energy 

produced under normal tire condition are used to demonstrate to power various LEDs and 

wireless systems. This provides an estimate for the power needed to develop efficient 

wireless data transfer and power management. In order to understand the dynamics of the 

tire during rotation under load, a mathematical model was developed and used to evaluate 

various key parameters such as radial and tangential displacement of the tire, and voltage 

from a flexible piezoelectric sensor. After mathematical analysis, piezo patch was 

integrated in a tire mounted in a mobile test rig. The tests were performed on different 

types of roads (under variable wheel loading) to demonstrate the sensing capabilities. 

These experimental results were also validated qualitatively (voltage trend with 

velocities) through analytical modeling [7].  
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Chapter 2 

Understanding the Low Frequency Carbon Nanotube Thermo-Acoustic 

Sonar Projector by Numerical Modeling 

 

 

Abstract 

 

Carbon nanotube (CNT) sheets exhibiting extremely low heat capacity have provided the 

opportunity for development of thermoacoustic projectors (TAPs) for a wide range of 

frequencies (1- 105 Hz). The sound pressure level (SPL) of CNT-based TAPs is 

proportional to the frequency and hence the performance reduces in the low-frequency 

region. Comprehensive validated model is presented involving structure-fluid-acoustic 

interaction that shed light on the physical behavior of CNT-based TAPs. The numerical 

model incorporates all the controlling steps from input electrical power to vibro-acoustic 

wave generation in outer fluid media. Further, using model, the impact of different 

parameters on TAP performance has been studied. 

 

Keywords: Thermoacoustic; SONAR; Thermal diffusive length; Carbon nanotubes. 
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Introduction  

 

Carbon nanotube (CNT) sheets provide the opportunity to develop an ultralight, 

miniature, and flexible sound sources operating over wide frequency domain using 

thermoacoustic (TA) phenomenon. There are inherent advantages in using TA 

phenomenon as compared to electrical loudspeakers and piezo transducers [2, 3]. In 

CNT-based TA projectors, applied AC current creates a thermal wave in the surrounding-

fluid due to the low or negligible thermal mass of the CNTs. This thermal wave causes 

the expansion and contraction of the surrounding gas and results in the generation of an 

acoustic wave. Arnold et al.[4] provided an early model describing the TA phenomenon 

and underlying physics by using a very thin strip of platinum. Recent discovery and 

development of CNT sheets exhibiting extremely low capacity [5] provide practical 

thermoacoustic material. Xiao et al. [6] demonstrated a CNT speaker in an air 

environment and quantified the sound spectra emitted by multi-walled carbon nanotube 

(MWNT) sheets at different frequencies. Aliev et al. [7] extended the analysis to the 

water medium and revealed underlying physics governing the frequency dependent 

behavior. Aside from CNT sheets, other nanostructures such as graphene, indium tin 

oxide (ITO), aluminum film and suspended metal wire have also been demonstrated as 

acoustic sources [8-16]. Aliev et al. have presented several alternative materials (MWNT 

sponge, graphene sponge, gold/ poly(acrylonitrile) (PAN) sheet and ITO/PAN sheet) that 

can be synthesized using environmentally-friendly process and exhibit reasonable energy 

conversion efficiency [16]. Building on these prior research, here we present 

comprehensive numerical modeling along with experimental validations of MWNT 

sheets based low frequency (LF) TA projectors. This analysis provides the deterministic 

role of material and structural parameters on efficiency and acoustic power generation 

and guides towards the development of efficient transducer. 

 

   The transducer structure used in our model and experiment is based on a prior study 

[7]. In this design, a MWNT sheet is suspended between two flexural plates and sealed 

from the edges by a silicone rubber gasket, as shown in Figure 1(a). The compartment 

formed between the two plates is filled with a gas such as Xe, Ar, air etc. This transducer 

design resolved two major problems: (i) enhanced the output of the CNT-based device at 
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lower frequencies by using a resonant condition, and (ii) provided protection for the CNT 

sheet under the high power operation in underwater conditions (avoid collapsing of the 

CNT sheet) [1, 17]. Our detailed validated model results presented here extend to 

encapsulated devices incorporating more realistic conditions, such as fluid loading (or 

added mass), elastic edges boundary conditions, revealing the effects on the acoustic and 

vibration performance of the device which has not been covered in prior efforts [18-21]. 

 

   A unique feature of TA transducers is the synchronization of various physical effects 

(vibration dynamics, thermal transport, and molecular dynamics) for achieving high 

acoustic pressure. The sinusoidal heating of the adjacent gas by the CNT sheet generates 

the thermoacoustic pressure wave which drives the end plates resulting in sound pressure 

wave generation in the surrounding fluid domain. Since the input electrical power is 

converted into acoustic pressure through multiple intermediate steps, we developed a 

multilayer model in order to include all physical effects, namely: (i) an electrical AC 

input drives the CNT sheet resulting in a pressure pulse within the closed system, (ii) this 

internal pressure acts as the driving force for the vibrating plate of the encapsulated TA 

projector, and (iii) the vibrating plate generates an acoustic pressure wave in the outer 

fluid medium. This comprehensive thermo-vibro-acoustic model provides the 

fundamental foundation needed for a parametric study of the TA performance. Through 

this model, we computed the realistic behavior of a device in both air and water loading. 

 

General description, problem statement and numerical approach 

 

   Figure 1(a) shows the schematic of the working principal of encapsulated TA projector 

based on MWNT. An electrical signal is given to the MWNT through electrodes, which 

produce TA modulated pressure in the chamber between the isotopic plates (marked with 

red arrows in Figure 1(a)). This conversion is facilitated due to the extremely low or 

negligible thermal mass of the CNT. Further, TA pressure (at variable frequency) is used 

as a forcing function for plate vibration, and this vibration then produces the sound 

pressure wave, having maximum pressure at the resonance of the system. As we could 

see from the process of electrical to vibro-acoustic conversion, each physical step is 
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extremely sensitive and a small variation in any of the steps could result in a significant 

change in the final output. This generates a need for investigation of each physics and its 

impact on the final outcome. To solve the above-mentioned multiphysics problem we 

proposed a numerical modeling concept which divides the problem into three layers:  

 

Layout of complete modeling of TA device through different layers of physics 

 

   Figure 1(b) provides a schematic of the multilayer model that incorporates the physics 

of the device as follows: 

 

Ç 1st Layer 

Å This is the first physics of TA projector, which involves TA 

generation from electricity. We investigated this phenomenon 

separately as an open system (no plates are introduced), as shown 

in schematics of layer 1 in Figure 1(b). The goal is to make sure 

that TA generation through this physics is accurate since this is one 

of the most important inputs for further physical phenomenon.  

Å The primary purpose is to quantify energy dissipation from the 

MWNT sheet and evaluate its impact on the generation of the 

pressure wave. 

Å Develop an understanding of TA wave generation in different 

gaseous media and verify and validate with theoretical and 

experimental results.  

Å Analyze the spatial distribution of pressure and input for the 2nd 

and 3rd layers 

Ç 2nd Layer: 

Å Verified and validated TA pressure in the above step is now used 

as force function for the plate vibration in the encapsulated device 

(closed system), as shown in schematics of layer 2 in Figure 1(b). 

Å Develop an understanding of vibrational characteristics of a device 

in the air for more realistic boundary condition i.e. elastic 

foundation at the edges. 
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Figure 1: (a) Schematic of the complete encapsulated device showing the electrical input 

to the vibro-acoustic (b) Multilayer modeling layout for TAP and corresponding 

schematics for each layer.  
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Ç 3rd Layer: 

Å Based on the inputs of the above layers, we investigated the vibro-

acoustic generation in the surrounding environment (air and water) 

of the encapsulated device (schematic of layer 2, Figure 1(b). This 

layer shows the integrated device model which includes the 

physics from the above model   

 

Theoretical description for computational analysis 

 

Layer 1: Thermoacoustic modeling (open system) 

   The goal of this layer is to investigate the TA wave generation and heat transfer 

analysis from CNT sheets in an open system. This step is foundational for the next layers 

of modeling for an encapsulated device. According to literature [22, 23]  and considering 

the fact that MWNTs retain negligible heat, all the input sinusoidal current I for a given 

CNT resistance R at a frequency w/2 (heating twice each periodic cycle) (Eq.1) is 

converted into thermal power output ( ) by Joule heating of the nearby surrounding.  

 

   This periodic electric power will result in heating of the surrounding gas on a temporal 

basis and thereby generate a pressure variation in the form of TA waves. Considering the 

near field TA pressure as a planar wave, the general form of time-dependent equations 

[22, 23] showing thermo-acoustic coupling are given by Eq. 2 and 3 as: 

 

  (2) 

  (3) 

where ar= gas density, a=thermal diffusivity, g= /p vC C (heat capacity ratio of gas), aT  

and aP  are ambient temperature and pressure. The overall heat balance including the heat 

production and heat loss through the thin film of CNT can be written as: 

                                             (1) 

     

 

 



22 

 

2i t

H H a h
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dt dx

w r- = -                                     (4)     

where ar= gas density, V =volume of CNT film, hC = heat capacity (in this case=0), S= 

flat area of CNT film, and k = thermal conductivity of the surrounding fluid. In a prior 

study [24] it was shown that the contribution of convective heat transfer and radiative 

heat transfer is comparatively less than the heat conduction from thin film to the 

surrounding fluid. Therefore, only conductive heat loss is considered in our analysis. 

Layer 2: Structural vibration 

   This layer includes the basic equation of structure which was solved in a computational 

framework. The equation of the structure separating the inner domain and outer domain is 

written as [25, 26]: 

2

,.l lm n vu Frw s- -Ð =                                                       (5) 

Where ris density, w is vibrating frequency, lu is structural displacement,  ,lm ns  is 

stress tensor within the structure and vF  is body force. The above equation derived from 

Newtonôs 2nd law of motion. Strain (e) and stress at respective boundaries can be 

represented as below 

, .

1
( ) ( )

2
no n o o nu u ue = +                                                        (6) 

1
( ) |lm m s e s lu n F p ns = -                                                        (7) 

'( )lm m s lu n F Pns = +                                                           (8) 

Where P is internal pressure (TA), F  surface force, n  is a normal vector and ep  is 

pressure in the external domain (outside the structure).  

Layer 3: Acoustics in outer medium  

Sound pressure in the external medium can be solved through Neumann problem using 

Helmholtz equation below:  

                         
2 2

e ep k p SÐ + =     and      
2

2

2
k

c

w
=                                                        (9) 

2 .e
e

p
p u n

n
w

µ
=

µ
                                                                 (10) 

Where c is the sound velocity and S is the external sound source.  
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Experimental 

 

Samples fabrication for validating the open system modeling (layer 1)  

   MWNT forest was synthesized by chemical vapor deposition (CVD). Highly oriented, 

non-densified MWNT sheets having thicknesses of about 18-20 µm were pulled from 

these forests using dry-state technology [27]. The optical transparency of one sheet is 

around 85-89%. For the open system experiments, we fabricated two single sheet 

samples: a small sample with dimensions of 1.65×2 cm2 and resistance around 511 Ý; 

and a larger sample with dimensions 18×3.2 cm2 and resistance of 3600 Ý, where the 

first dimension is the CNT orientation direction and the indicated resistance is for this 

direction for all described results, unless otherwise indicated. Copper electrodes were 

used for suspending the sheets and providing electrical voltage input.  

 

Experimental setups for model validation  

   For the open sheet acoustic measurement, we used a microphone (B&K 4138) having a 

sensitivity of 52.4 mV/Pa. 

 

Numerical results and discussion  

 

   A comprehensive finite element method (FEM) model (using the above governing 

equations) and results for our TAP which describes the phenomenon proposed in all the 

modeling layers is presented. Starting with thermal power input (equation 1), a detailed 

study was conducted using COMSOL v5.3 for the thermoacoustic to vibro-acoustic 

generation. 

 

Layer 1: Thermoacoustic in open system  

 

   In this section, results of thermoacoustic generation by CNT sheet is discussed. Since 

the heat capacitance of the porous CNT sheet is negligible, it is modeled as a very thin 

layer of surrounding fluid (such as Air, Ar, and Xe), approximately 18 µm thick, with the 

different area that serves as the volumetric heat source for thermal wave generation. 

Mesh sensitivity is shown in Figure 2(a). The cross-section of the fluid domain length for 
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this first layer of modeling is shown in Figure 2(b). A spherical fluid domain surrounding 

the MWNT sheets is truncated with a 0.1m perfectly matched layer (PML) for acoustic 

propagation. Figure 2(c) shows a qualitative depiction of the thermal wavelength during 

TA generation. It is evident from the images that an increase in frequency results in a 

decrease in the thermal diffusion length ( /l fa p= ,a- thermal diffusivity, andf -

frequency). The thermal diffusion length represents the heat distribution from the heat 

source at a particular frequency in nearby space and determines the propagation 

characteristic of the TA wave. Material properties are shown in Table 1.  

Figure 2: (a) Mesh sensitivity test results, (b) Modeling domain for thermoacoustic (TA) 

evaluation, (c) thermal diffusive length generation at different frequencies 

 

Material properties [1]: Table 1 

 

 Air  Argon Xenon 

Molar mass ï M (g/mol) 28.9 39.95 131.3 

Heat capacity- Cp (J/kg/K) 1006.3 521.5 158.3 

Density - ɟ (kg/m3) 1.184 1.634 5.369 

Sound speed- v (m/s) 343 320 169 

 

 

 

(a) (b) (c) 
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   Using the numerical model, a series of parametric studies (different surrounding gases, 

CNT sheet length, and width) were conducted to evaluate the qualitative and quantitative 

characteristics of the TA wave. We started the numerical analysis with a smaller sample 

of 1.65 x 2 cm2 and conducted frequency sweeps (100-10,000 Hz) at a fixed input power 

of 1 W in air domain to obtain the frequency response as shown in Figure 3(a). With the 

increase of frequency, we obtained a linear trend of sound pressure level (SPL). For 

verification of the numerical model, results are compared with the analytical model [1] 

and found to be in a close match. Further, the results from our model are compared with 

the experimental results for similar sample and condition and a close agreement is 

obtained. The maximum error was less than 5%. The deviation of experimental results at 

a few frequencies can be explained by the fact that in a real situation there is non-uniform 

heating between MWNT and electrodes, while in our model the heat capacity of the CNT 

sheet was taken to be zero. The sample size considered here has a Rayleigh Distance 

(RD) of ~1 cm (surface area/wavelength) at the maximum frequency used in the analysis. 

Therefore, measurement, numerical evaluation, and analytical values at a distance of 3 

cm may be considered in the acoustic far field, where pressure waves start spreading as a 

spherical wave. Our modeling results capture the trend where on increasing frequency, 

SPL also increases when the input power is fixed (as we observed in measured values).  

 

   After analysis of smaller sample, we investigated the acoustic behavior of large surface 

area sample (18 cm x 3.2 cm). Figure 3(b) shows the comparative results. We measured 

the pressure vs frequency trend for two distances (3 cm and 30 cm) to understand the 

structural contribution (surface area) of MWNT sheet towards sound generation. With 

reference to RD, we can safely consider 3 cm as near field and 30 cm as far-field zones 

across the frequency range considered here. In near field, we observed that the numerical 

and experimental values are in close agreement above 200 Hz. Below this frequency 

range, our model is over predicting sound pressure level. Since at low frequency the 

wavelength of the system is large, there is more contribution of dimensions in near field 

zone. It can also be observed that our modeling results and experimental results are below 

the theoretical line, this is because theory is valid for the domain where acoustic wave 

from the source starts spreading as a spherical wave. This theoretical result matched 
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qualitatively and quantitatively in above mentioned case because sample dimension was 

small and it behaved like a point source as the distance increased. After evaluation of 

sound pressure in near field, we conducted the comparative study at 30 cm (potentially a 

far field) and found that theoretical, experimental and numerical results are in close 

agreement. This shows that at long distance the contribution of sound source dimension is 

less and source starts acting as a spherical acoustic source. Inset image of Figure 3(b) 

shows the long MWNT sheet and experimental setup.  

 

Figure 3: (a) Sound pressure level (SPL) in air with increase of frequency. Inset images 

show the experimental setup. CNT sheet used for experiment and modeling has 

dimension: 1.65×2 cm2.All  the results are shown for power: 1W and at distance: 3 cm, (b) 
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SPL in air with increase of frequency for the large MWNT sample. Inset images show the 

experimental setup. CNT sheet used for experiment and modeling has dimension: 18×3.2 

cm2. All  the results are shown for power: 1W and at distance: 3 cm and 30 cm, (c) Sound 

pressure level (SPL) comparison of modeling with literature values [1], (d) SPL in air 

with increase of power.  

   Next, we compared the pressure generated by power sweep in open system at a fixed 

frequency boundary condition. As a first step, SPL was calculated at 1540 Hz for 

different input power and compared with experimental results published by Aliev et al. 

[1] (Figure 3(c)). As can be seen from Figure 3(c), experimental results are in close 

agreement with modeling trend for a fixed power in the different fluid environment. 

Figure 3(d) shows the detailed comparison of numerical, experimental and theoretical 

results of small sample for power sweep. The figure confirms the validity of our model 

and illustrates the perfect linear trend with 6 dB/octave increase. All the numerically 

solved pressure value were recorded at 3 cm above the MWNT sheet for validation. 

 

   Once the 1st layer model was validated using experimental and theoretical results, a 

detailed thermoacoustic analysis for open system was conducted as a function of 

frequency with different parameters such as various MWNT surface area, variable 

distance, and different surrounding mediums. Figure 4(a) shows the comparison of SPL 

in different gas medium such as air, Ar and Xe for 5 cm x 5cm MWNT. We obtained 

trends similar to the experimental results shown elsewhere [1]. These results reinforced 

that Xenon is the better medium for TA wave propagation. Figure 4(b) shows the 

frequency response results at variable distance and different surrounding medium for the 

MWNT of dimension 15 cm x 15 cm. The detailed spatial pressure distribution is shown 

in Figure 4(c). Also, it can be seen from the inset image (Figure 4(c)) that the PML is 

completely absorbing the incoming acoustic wave and there is no reflection to the 

acoustic domain. 
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Figure 4: (a) Numerical and theoretical SPL in air, argon and xenon with increase of 

frequency for 5×5 cm2 sheet, (b) comparison of SPL in air and argon gas for 15×15 cm2, 

(c) Numerical and theoretical SPL for 15×15 cm2 in air at different distance of 3 cm,20 

cm and 40 cm. Inset image shows the spatial pressure variation, (d) Numerical and 

theoretical SPL in air, argon and xenon with increase of power for 5×5 cm2 sheet, (e) 
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numerical and theoretical SPL for 15×15 cm2 in air and argon at different distance of 3 

cm and 20 cm, (f) SPL with increase of distance at different frequencies. Raleigh distance 

(R.D.) is shown by a green vertical dashed line.  

 

Figure 5: (a) TAP used for layer 2 and 3 results and other parametric analysis, (b) 

Simulated frequency response of the vibrating plate in 2nd layer modeling, (c) Simulated 

velocity profile across the diagonal of the TAP shown in Figure 2(a).   
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 Material properties of elastic materials: Table 2 

 

 

Al  Glass 
Carbon 

fiber  

Density - ɟ (kg/m3) 2700 2230 1650 

Young modulus (Pa) 70e9 64e9 90e9 

Poissonôs ratio 0.33 0.2 0.3 

   

   Figure 4(d) shows the numerical calculated SPL vs theoretical line in different gas 

surroundings for 5cm x 5cm sheet. Figure 4(e) shows modeling results for argon and air 

medium for a sheet of dimension 15cm x 15cm. In Figure 4(f) we show the SPL variation 

of MWNT sheet (15 cm x 15 cm) for different distance and frequencies. It is being 

observed that for relatively higher frequency (1000 Hz) the RD is showing a true 

representation of transition of near to far field since results are following the 6 dB decay 

in SPL on doubling the distance after that point. Similar trends were not observed for 

lower frequencies because structural effects (source dimensions) play an important role in 

the sound generation in near field. This could be explained by the similar example of 

rigid circular piston having radius óaô, radiating into near space. For low frequencies (ka 

<1), the far field distance along the axis is highly dependent on the radius of radiating 

piston and starts beyond ó2aô.[28]  

 

   The above investigation, which involves the evaluation of TA pressure near the large 

surface area MWNT, was extremely important.  As discussed in our Figure 1(a), in next 

layers of modeling, the open sheet will be encapsulated by isotropic plates which will be 

separated by a small distance (in the near field) from the MWNT sheet. Therefore, we 

need the correct near field pressure as the driving force at the surface of encapsulating 

plates for further accurate modeling outcomes. Numerical analysis has a clear advantage 

over basic analytical solutions in evaluating the near field TA pressure for different 

MWNT sheets.  

 

Layer 2: Isotropic plates encapsulation and vibration analysis 
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   In the first layer of the model, we characterized the thermoacoustic wave motion in 

open fluid domain. However, dynamics will change if the TA wave generating heat 

source becomes confined inside a resonating structure where the gas volume of the 

chamber also changes with vibrating plates. In the 2nd layer of modeling, we evaluated 

the vibration characteristics of the plates (driven by TA wave) of an encapsulated glass 

device shown in Figure 5(a). The experimental acoustic performances of the device are 

already demonstrated in previous work [24]. Since we already explained that the 

encapsulated device contains the silicone rubber gasket as the boundary sealing, we have 

also introduced the similar elastic edges (instead of clamped-clamped or simply 

supported) boundary condition having spring effect to mimic the real experimental 

conditions. We kept the other simulation inputs similar to the experimental analysis as 

described in the literature [24]. Figure 5(b) shows the frequency response of the deviceôs 

plate velocity at a power input of 1W. We observed only one peak (at around 748 Hz) in 

the frequency range considered here.  The normalized velocity profiles have also been 

shown at different frequencies in Figure 5(b) to illustrate the dynamic behavior of the 

plate. We can observe a significant change in surface velocity profile across the 

frequency spectrum. Figure 5(c) shows the quantitative velocity comparison of the points 

along the diagonal of the device (inset image) at three frequencies. At resonance 

frequency, we observed the maximum velocity amplitude ~ 3.7 mm/s. Figure 5(c) also 

illustrates the visible effect of the elastic edges boundary condition, and we observe the 

velocity of ~1 mm/s at the resonance frequency. This is worthwhile to mention that, the 

soft edges (silicone rubber) are important for our device design, since, it helps in better 

vibration of the plates (compare to simply supported condition) at lower frequencies. 

Table 2 shows some of the material properties used (or will be used late) for simulations. 

 

Layer 3: Isotropic plates encapsulation and vibration analysis 

   Before starting the discussion for layer 3, it is important to mention that layer 2 and 3 of 

the model are fully coupled, and through our FEM model we computed the coupled 

behavior of the TA, vibrating structure and outer fluid acoustic wave and considered the 

impact of each physics on each other for final results evaluation. For clarity, we have 

described the results separately. 
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     In this layer, we discuss the sound pressure wave generated by encapsulated device 

discussed in layer 2. The structural dynamics and the TA interact with each other to 

produce acoustic waves outside the encapsulated device, i.e. a vibro-acoustic wave driven 

by TA wave. Figure 6 shows the schematic of vibro-acoustic modeling which represents 

the normal incident of TA wave on plate and spherical sound wave generation in the 

outer medium. We assumed no acoustic transmission through the isotropic plate at its 

resonance, since there is a large impedance mismatch between chamber filled gas and the 

plate [29].  

 

   The results from this layer of the model were validated through systematic 

experimental results published by Aliev et al.[24].  Figure 7(a) shows the frequency 

sweep of the device for sound pressure calculation at power input of 1W. Similar to the 

vibration results we observed one peak (at around 748 Hz) in the frequency range 

considered here. We ran simulations for different damping ratios and found that 

for ɕ=0.03, the simulation results match closely with the experimental results. The inset 

image shows the frequency response of projector for different damping. Figure 7(b) 

shows the comparison of results when the device was made more rigid 

by constraining the soft edge boundary conditions through clips (shown in Figure 5(a)). 

Due to this constraint, the spring constant of the device increased and hence frequency 

was increased. We simulated this condition by increasing the spring stiffness of 

the silicone edges. Results show close agreement of experimental and modeling results at 

ɕ=0.03. Inset image of Figure 7(b) shows the zoomed frequency range. Further, 

we calculated the pressure vs distance relationship for three different frequencies from 

our model. Figure 7(c) shows that the pressure decreases linearly (in log scale) after 

the Raleigh distance (i.e. ~5 cm), and hence confirms the 1/r decay of far-field pressure 

with respect to distance away from the device. Figure 7(d) shows the experimental results 

that validated the model prediction of normalized pressure. In this case, the 

normalization is done by dividing the pressure with input power. Due to the limitation of 

our FEM model we could not get the well-matched results for the higher power input to 

the device. At higher power input, due to excessive heat accumulation with the 

encapsulated chamber, the device no longer behaves linearly. Adding more physics to our 
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FEM model could make it more complex and we considered it beyond the scope of this 

work. However, we demonstrated good agreement of results up to 40W of power input.   

 

 

Figure 6: Schematic showing vibro-acoustic layer of modeling.  
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Figure 7:(a) comparison of experimental and modeling frequency response of the glass 

projector, (b) Experimental and modeling results comparison on increasing the 

deviceôs stiffness, (c) Pressure vs distance calculation for three different frequencies, 

(d) pressure/ power vs power plots for experimental and modeling results. 

Analysis of parameter space from integrated model  

   In this section, using our validated model, we investigated the important parameters 

such as chamber fluid loading, external water loading, internal static pressures, chamber 

volume variation, different plate materials etc. which could be important for the efficient 

device design.  We created the numerical experiments on the same glass device and filled 

the encapsulating chamber with different gases or fluid such as Xe, Ar, and water. Figure 

(a) (b) 

(c) (d) 
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8(a) illustrates the effect of different gas on device performance. We can observe that Xe 

filled device operates at a higher resonance frequency, around 16% higher than argon and 

air-filled device. In all the cases the outer fluid medium is air. Also, through results, we 

can observe a marginal increase of frequency in the argon filled device compare to the air 

filling. The reason for this effect could be attributed to the change in density of the filling 

gases, which eventually cause the additional aerodynamic spring effect (or add more 

stiffness) to the system during vibration. Higher density gases could produce higher 

additional spring effect, which increases the overall frequency. Similar trends of 

increasing frequency with cavity density were also observed by Dowell et al. in their 

work [30]. Interestingly, with an increase in the density of filled gases, fluid loading (or 

added mass) effect also increases. However, Xe, Ar, and air will be considered as weak 

fluid loading, though the effect cannot be neglected completely. Figure 8(a) shows the 

frequency response of the device filled with water as well. Here we could see the 

significant decrease in resonance frequency in comparison to the gas-filled device. This 

can be explained by the fact that, since the density of water is extremely high than the 

other gases, the impact of fluid loading will be more pronounced than the additional 

stiffness provides by the camber fluid. We also compared the pressure response of 

different filled devices qualitatively. It can be observed further, although there is 

negligible difference in the pressure output for the gas-filled device at their respective 

resonance frequency (similar to Aliev et al.[1]), a significant decrease in pressure of 

water filled device is observed (around 4 times). The actual sound generation of liquid 

filled devices could be worse because MWNT sheets get collapsed in the liquid 

surroundings. This is the limitation of our FEM model, that we do not include structural 

damage of the CNT sheet. 

   Further, to investigate more about the filled devices, we simulated the air-filled device 

and the liquid filled device under the water loading. In this case, the outer medium of air 

is replaced with water (with added mass effects). As expected, Figure 8(b) shows the 

lower resonance frequency of liquid filled devices comparing to air-filled device. 

However, this is interesting to note that the difference in pressure output between the two 

devices has decreased compared to the case when the outer medium was air. The 
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reduction of sound pressure is ~ 2 times. This could happen because of a better 

impedance match of water filled devices in the water surrounding than air. For simplicity, 

we kept the glass device dimensions same for current and future analysis until mentioned 

separately. However, the conclusion of the analysis would remain the same for other 

device dimensions if containing isotropic plates. 

Figure 8:(a) Frequency response of TAP having different internal fluid loading in air 

medium, (b) comparison of air-filled and water filled device in water medium, (c) 

frequency response of TAP with different internal pressure in air surrounding, 

(d) frequency response of TAP with different internal pressure in water surrounding. 
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Figure 9: (a) frequency response of several devices made of Aluminum, glass, and carbon 

fiber (CF) plates under two category of plates separation: 1 mm and 2.5 mm. The effects 

of air and water loading are calculated through numerical analysis, (b) Acoustic pressure 

decrease in air and water with the increase of separation (frequency also decrease with 

the increase of separation) 

 

(a) 

(b) 
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   Next, we investigated the impact of the different internal static pressure of air-filled 

glass device (same device used in layer 2-3) in sound generation and structural behavior 

in air/water surroundings. Due to the limitation of our FEM model, which could not 

capture molecular physics, we confined our study to the pressure range belongs to the 

fluidic regime. Aliev et al.,[1] discuss the impact of static pressure increase in a rigidly 

closed chamber and found no major change in TA pressure. However, in our simulation 

results for the vibrating device in Figure 8(c) and Figure 8(d), we observed the significant 

change in device resonance frequency and pressure wave generation in both air and water 

medium. With the increase in internal pressure (0.1 atm to 11 atm), our resonant system 

becomes stiffer which causes the shift in resonance frequency of the device. Moreover, 

an increase in internal pressure increases the in-plane tension within the vibrating plate 

which could reduce the vibrating amplitude of the plates and hence a reduction in 

pressure output is observed. At high internal pressure (6 or 11 atm), our simulations 

results (Figure 8(c)) show the negligible sound pressure generation in air surrounding. 

However, under the water loading (Figure 8(d)), we observe a significant sound pressure 

in water medium even at higher internal pressure such as 6 atm.  

   Now we utilized the model to predict the behavior of different dimension TA 

projectors. We developed the numerical model for various devices based on aluminum 

(Al), carbon fiber (C.F.), and glass plates. In all the devices, we kept the plates dimension 

as 15 cm ×15 cm × 0.08 cm, and used the Ar gas in the encapsulated volume. In the first 

set of devices, the separation between Al, C.F., and glass was kept at 1 mm, while in the 

2nd category the separation was extended to 2.5 mm. The separation between the plates 

was provided by silicone rubber. Figure 9(a) shows the calculated results for different 

devices. It can be observed from the results that the devices having less separation (1 

mm) between the plates have higher resonance frequencies. The lower thickness of 

silicone strip used here made the system relatively rigid (highly stiff) and increased the 

resonance frequency in comparison to 2.5 mm separation. Further, results illustrate that 

Al-plate based device has a lower frequency compared to other considered materials. 

Numerical experiments provided the quantitative effect of separation on the deviceôs 

resonance frequency. It was also found that Al is a good choice for device fabrication (for 
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low frequency). In the case of water, we observed the frequency shift compared to that of 

air because of added mass on the plate structure. In water, peak frequencies 

corresponding to 151Hz and 230 Hz were calculated for 2.5 mm and 1 mm separation Al-

devices respectively. All the pressure values are shown in arbitrary units since the 

damping coefficient is not used in any of the simulations. Further, with one such device 

(Al-plate and argon filled), we investigated the effect of plate separation on sound 

pressure generation and frequency shift. Figure 9(b), illustrates the decrease in sound 

pressure and frequency in air and water, on increasing the separation of encapsulating 

plates. By increasing the separation, we introduce the more flexible boundary condition 

of silicone rubber because of which the frequency decreased in both air and water 

medium. Also, due to the increase in separation between MWNT sheet and plate, the TA 

pressure will exert relatively less force on the plates which results into a decrease in 

vibro-acoustic output.  

   In summary, we developed the first comprehensive model for the MWNT-based TA 

projector that takes electrical power as an input and provides the acoustic pressure output 

in outer fluid media. This model provides a deeper understanding of the various layer of 

physics involved in the operation of low-frequency thermoacoustic SONAR projector.  

 

Conclusion  

 

   This study provides a first comprehensive numerical model of MWNT sheet based 

acoustic transducer, targeting low-frequency response in water. An integrated multilayer 

model was developed to predict the performance of the TA transducer under different 

fluidic environments. All modeling results were verified and validated through analytical 

solutions, results reported in the literature and systematic experiments. The study for an 

open system, having different sheet dimensions and surrounding mediums, was used to 

calculate the TA SPL distribution. Further, the effects of different sample dimensions on 

SPL (in the near and far field) were studied through modeling along with experimental 

validations. Following the open system modeling, we developed the vibro-acoustic 

model, and investigated the key parameters such as chamber filling, internal pressure, 

chamber volume etc. and their effects on LF TA projector device functioning.  
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Chapter 3 

Understanding the Low Frequency Carbon Nanotube Thermo-Acoustic 

Sonar Projector by Experimental Analysis 

 

Abstract  

 

The ability of continuous sound generation across the wide range of frequency spectrum 

by an acoustic source, which is ultra-light and flexible and has no vibrating parts, 

provokes a lot of interest of the acoustic community. In this method of acoustic 

generation, electrical input is converted into thermal wave through micron thick carbon 

nanotubes (CNT) and produce thermoacoustic. However, at the lower frequency, open 

sheet CNTs have very low sound pressure levels and acoustic efficiency. In addition, 

operating at high electrical power input, the nanoscale thick CNTs are very sensitive to 

the environment and need some protective covering in an inert environment. In this work, 

two thermoacoustic high-power low-frequency (LF) devices (<180 Hz) are demonstrated 

that provide a systematic understanding of efficiency and power variation in both air and 

water medium at lower frequency regime.  

 

Keywords: Nanotubes, Low-frequency, Acoustics  
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Introduction  

 

Thermoacoustic (TA) sound generation shows the potential of addressing the low-

frequency domain for ultra-thin, light weight and flexible speakers and sonar devices [1].  

Recent studies on TA sound generation using carbon nanotubes (CNTs) sheets and 

alternative nanostructures have shown that the sound pressure is proportional to the 

applied frequency [2]. The extremely small heat capacity per unit area of a thin sheet 

CNT gives a wide frequency response and produce a higher sound pressure at high 

frequency. However, in the low-frequency region, where the utility of SONAR projectors 

is more, sound pressure level is extremely low (shown in the previous chapter). For the 

open CNT sheet operation, the other drawbacks such as mechanical strength and 

environmental sensitivity at higher temperatures also prevail. Keeping these limitations in 

mind, in this study we demonstrate the encapsulated device for low-frequency sound 

generation. 

 

   Decarpigny et al. [3] have discussed the need for low-frequency acoustic devices (100-

3000 Hz) in the field of SONAR and oceanography while explaining the challenges with 

piezoelectric and magnetostrictive low-frequency devices. Dubus et al. [4] have discussed 

the limits of hydroacoustic, variable reluctance and piezoelectric projectors illustrating 

how the lowering of frequencies increases the dimensions/volume or weight of the 

device. Aliev et al. [5] provided a breakthrough in demonstrating low-frequency MWNT 

sheet based projectors that exceeded the weight/dimension limits of alternative materials. 

In their design, a MWNT sheet was suspended between two flexural plates and sealed 

from the edges by a silicone gasket. The compartment formed between the two plate was 

filled with different gases such as Xe, Ar, air etc. This transducer design was extremely 

effective and solved two major problems: (i) it enhanced the output of the CNT-based 

device at lower frequencies by using a resonant condition, and (ii ) provided protection for 

the CNT sheet for the high input power operation in underwater harsh conditions (to 

avoid collapsing the CNT sheet) [6, 7]. We build on these studies, and utilize them to 

improve the robustness of the lightweight, high power and low frequency (LF) sound 

projector (<180 Hz underwater).  
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   In this work, two low frequency encapsulated devices were fabricated based on CNT 

sheets. Then, we performed extensive experimental analysis for closed systems in 

different thermodynamic regimes. A series of measurement techniques were developed 

for laboratory-scale characterization of the acoustic performance of LF TA devices over a 

wide range of frequency under varying power and loading conditions in both air and 

water medium. Vibrational characterization of TA device in both air and water media was 

conducted and a relationship between the generated acoustic pressure and vibration 

modes was established. A unique feature of TA transducers is the synchronization of 

various physical effects (vibration dynamics, thermal transport, and molecular dynamics) 

for achieving high acoustic pressure. The sinusoidal heating of the adjacent gas by the 

CNT sheet generates the thermoacoustic pressure wave which drives the end plates 

resulting in sound pressure wave generation in the surrounding fluid domain. 

 

Experimental  

 

Fabrication 

   Two resonant encapsulated devices based on free standing highly aligned MWNT 

sheets were fabricated to demonstrate the low-frequency applications.  

Device #1 consists of three layers of MWNT sheets attached to the interdigitated 

electrodes and suspended between two equally thick (.81mm) square aluminum plates 

having dimensions 6òx6ò. The enclosure between two plates was sealed by soft 3 mm 

wide silicone strips with a thickness of 1.38 mm. This helped in providing an effective 

free boundary condition for plate vibrations. The measured overall impedance for this 

device was 60 Ý. Schematic is shown in Figure 1(a). 

Device #2 is composed of three layers of MWNT sheet (attached to the 

interdigitated electrodes) suspended between two square aluminum plates having 

dimensions of 6òx6ò. The top, radiating plate and bottom base- plate thicknesses were 1.8 

mm and 3.4 mm respectively. A soft seal was used between the two plates. The enclosure 

between two plates was sealed by soft 3 mm wide silicone strips with thickness of 2.8 

mm. The input impedance of the overall system was 50 Ý. For the better heat dissipation, 

a fin structure was introduced which helped in heat removal from inside at higher power 

of operations (shown in Figure 1(b)).  
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Figure 1 :(a) and (b) schematics of two different encapsulated device .
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Figure 2: (a) Schematic of vibrational characterization experimental setup, (b) Anechoic 

chamber experimental setups for sound pressure measurement in air.  
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Figure 3: Underwater vibration and acoustic measurement setups 
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Experimental characterization 

 

   For the encapsulated device, Figure 2 shows the schematic diagram and actual images 

of the experimental setup used for vibration and acoustics characterization in the air 

medium. A PSV-500 2D laser scanning vibrometer was used for measuring the vibration 

characteristics of the encapsulated device (Figure 2(a)). An inbuilt function generator and 

acquisition system was used for sending the input and receiving the signals respectively. 

We used the high-speed bipolar amplifier (HSA 4052) for amplifying the input signals to 

the device.  

 

For the acoustic measurement in the air we placed our device in full anechoic chamber. 

The purpose of the chamber was to avoid any reflection from the walls even at high 

power input to the device. Figure 2(b) shows the experimental setup for the TA projector. 

The chamber used here has cut off frequency of 100 Hz. The device was installed on a 

rotary platform which was allowed to rotate at every 5o through a controlling unit. The 

sound pressure was recorded through the microphone at 1 m of the distance. 

   For the underwater measurements, an experimental setup was developed in a tank 

(dimensions: 72ò Ĭ 36ò Ĭ62ò), to understand the acoustic behavior of the device and the 

impact of water loading on vibration. Scanning head and single point vibrometers 

(Polytec PDV-100) were simultaneously used to measure the plate velocity. A 

hydrophone (Brüel & Kjær 8103) was placed above the device surface to capture the 

underwater acoustic pressure. A Kistler type 5010 signal conditioner was used to 

condition the signal coming out of the hydrophone. Figure 3 shows the water tank setup. 

 

Results and discussion  

 

   In the previous chapter, through the model, it has been indicated that Xenon is better 

gas than Argon and air for achieving better transduction of TA wave in an open system. 

For the closed system (encapsulated devices), sound pressure is independent of gas 

properties other than g. Argon is a more cost-effective choice and thus utilized in 

developing practical devices. The efficiency of the encapsulated device is given by Eq. 

(1) [4] which indicates that the efficiency is inversely proportional to f2. The efficiency of 
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the device when driven near resonance can be enhanced by improving the resonance 

quality factor of encapsulating plates.  

Figure 4: (a) Frequency response of device 1, (b) mode shapes in air, (c) Input at half of 

the output frequency, (d) displacement profile across x and y-axis. 
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where gis the heat capacity ratio,Q is the quality factor of vibrating plates, gv  is the 

speed of sound , V is the encapsulated volume, airr  is density of air, hP  is power input, 

and f is operating frequency. 

 

   We fabricated two devices having different edge boundary conditions. A complete 

experimental study of vibration and acoustic experiments was performed on both the 

devices. To avoid any confusion, firstly, we discussed all the vibration and acoustics 

results of device #1 then we analyzed the device #2.  In our previous chapter, 1st layer of 

model helped in deciding the plate separation distance on the basis of the thermal 

diffusion length calculation. The second and third layer of model gave us the 

understanding of plate separation impact on peak frequency change in different 

surrounding medium. The separation is based on three prominent features: (i) the plate 

should be far away from thermal diffusion length, (ii) the peak vibration amplitude 

should not be large enough to touch the suspended CNT sheet (at resonance frequency), 

and (iii) the separation should be close enough such that the acoustic pressure effectively 

drives the encapsulating plates. 

  

   Vibration tests were performed under the boundary conditions: bottom plate fixed. This 

boundary condition was investigated to demonstrate the sound radiation when only one 

plate is vibrating. Experiments were run on the device mounted on a heavy plate. The 

reasons for mounting the device were to suppress the bottom plate vibration, and to allow 

the upper plate to radiate the sound wave in outer fluid media. We used a burst chirp 

signal (10V and 20V) with 70% length. The upper plate was discretized into 49 scanning 

points and each point was scanned by a 2D laser vibrometer to examine the vibrational 

response. 

 

   Figure 4(a) shows the velocity results of the top plate, while the bottom plate is fixed, 

with frequency sweep (up to 6000 Hz by burst chirp). Two dominant peaks at 580Hz and 
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972Hz were identified. Figure 4(b) shows the mode shapes obtained by activating the 

device with sinusoidal input at half of the peak frequency. Due to the double heating 

frequency with each cycle of sine input (Figure 4(c)), half of the frequency was used to 

obtain the desired response. Figure 4(d), shows the x-axis and y-axis top plate vibration 

displacement amplitude. The maximum displacement of around 1.2 micrometers has been 

obtained on providing the 3W of power input.  On visualizing the mode shapes, it can be 

observed that the average velocity/displacement in the 2nd mode shape is more than that 

in the 1st mode. In the 2nd mode, the whole plate is vibrating in the same phase, while in 

the 1st mode the central part and the edges are relatively out of phase. This explains that 

in air medium the maximum output of the device is at 2nd peak frequency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Pressure vs power for device 1 in air medium.  
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Figure 6: (a) Pressure vs distance for device 1, (b) Pressure across the diagonal points of 

device 1 at different power 

(b) 

(a) 
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Figure 7: Directivity of device 1 at two different power input.  

 

   Next, acoustic measurements were conducted at the 2nd peak frequency for a range of 

parameters. Figure 5 shows the acoustic pressure at 3 cm standoff from the device at 

different average power input. The device shows a linear trend with increasing input 

power. However, to the higher power, a non-linearity is observed because of excessive 

heat generation in the small encapsulated chamber. To avoid excessive heating of the 

device we used a large aluminum plate as the bottom plate (for heat dissipation) but still, 

this was effective up to lower power only. Figure 6(a) shows the acoustic pressure with 

variable distance. Pressure in the near field (approximately up to Raleigh Distance (RD)- 

surface area/wavelength of the sound wave, 6.6 cm) was random, but on increasing the 

distance it followed a trend of approximately -6 dB per doubling in distance. It is also 

observed from the experiment that while scanning different points across the diagonal 

(Figure 6(b)), the pressure first increased and then decreased. This shows the symmetry 

with respect to the central line which is similar to the mode shape obtained. All 

experiments in air successfully demonstrate the low-frequency operation (580 and 972 

Hz) of the fabricated device. Clearly, here we show the acoustic generation by resonant 
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behavior at low frequency.  A large gain in acoustic pressure due to a mechanical quality 

factor (Q), shows the merits of an encapsulation resonance over an open device for low-

frequency applications. Further, we measured the directivity of device#1. At ~486 Hz 

(half of the 2nd peak frequency) we gave the sinusoidal voltage to the device and 

measured the sound pressure (which was at 972 Hz) by rotating 360 o. In this experiment, 

the bottom plate was fixed, and only the top plate was allowed to radiate the sound. 

Figure 7 shows the directivity of the device. It can be observed that mostly the device 

showed the uni-directional sound pattern. This figure could also be used to calculate the 

efficiency of the device.  

 

   After characterizing the device in air, experiments were set up for underwater testing. 

Figure 8(a) shows the results for water tank when hydrophone was placed at 3 cm above 

the device. As observed from the pressure-frequency response, the peak frequency for the 

setup was ~167 Hz. Similar behavior of frequency response observed for lowering the 

device inside the water for deferent depth (0,1 and 2 feet). The significant drop in 

resonance frequency in comparison to air can be best explained as the impact of water 

loading. Figure 8(b) shows the resonance mode shapes at 167 and 330 Hz. In contrast to 

the air medium, the first mode shape in water has a higher averaged velocity than the 

second mode. Figure 8(c) shows a comparison of the velocities along the x-axis for the 1st 

mode and 2nd mode of the device operating in air and in water. It is observed that in the 

first mode the velocity in water is slightly more than that in the air, but the opposite trend 

is observed in the second mode. This velocity behavior could be explained by the 

damping effect of the entrained gas in the device and the elastomer support at the edges 

of the device. In the next set of experiments, the relationship between input power and 

output pressure was developed under the water tank acoustic boundary conditions. 

Similar to the previous experiments, power input at half of the peak frequency was 

increased and pressure data was captured by the hydrophone. Figure 8(d) shows the 

results for output pressure as a function of input power. Under this acoustic boundary 

condition, generated pressure followed the linear path with lower input power and 

became non-linear at higher power. The saturation limit occurs because of increase in 

background temperature in the encapsulated chamber of the device at higher power input. 
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Figure 8: (a) Vibrational frequency response for device 1 in water, (b) mode shapes in 

water medium, (c) Velocity comparison of radiating plate in air and water, (d) measured 

sound pressure in water medium.   

 

 

 

 

 

 

 

Figure 9: (a) Device 2, (b) Vibrational frequency response, (c) Mode shapes of device 2. 
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Figure 10: (a) Pressure vs power for device 2 in air medium, (b) Pressure vs distance for 

device 2 in air medium. 
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   After characterizing the first device, here we provide some of the important results for 

the 2nd device which demonstrates the lower frequency of operation as well.  

 

   The experimental boundary conditions are similar to the conditions used for device#1 

characterization. Figure 9(a) shows the device. As mentioned earlier, this device has fin 

structures. Below the fin, a heavy plate is used to suppress the vibration from the bottom 

plate. Figure 9(b) shows the frequency response of the device on giving the burst chirp 

input up to frequency 6000 Hz. From the frequency response of device#2, we observed 

that the 1st peak frequency has a higher response in the air than the 2nd peak frequency. 

This was reverse in device#1. The main reason for this reversal could be attributed to the 

use of heavy top plate for this device. First peak frequency is around 500 Hz. Although, 

other peak frequencies were also observed, however they were not very important for us 

in terms of acoustic generation. Figure 9(c) shows the first three mode shapes correspond 

to three peak frequencies. From these normalized mode shapes, we can clearly observe 

that 1st mode is pushing more volume of air with respect to other mode shapes, which 

help in the acoustic generation.  

 

   After the vibration analysis, acoustics experiments for this device under anechoic 

environment were performed. Figure 10(a) shows the power sweep and acoustic pressure 

(at 500 Hz). Interestingly, opposite to the previous device, we did not observe any non-

linearity in device performance. This is because of the introduction of the fin structure at 

the bottom plate of the device. Fin structures helped in heat dissipation which kept the 

background temperature lower within the encapsulated chamber. We ran the experiments 

up to ~ 65 Watts average power, and sound pressure measured at 3 cm. Although, this 

device behaves linearly at higher power and performs at relatively lower frequency, the 

acoustic pressure output is less than that of the device #1.  Inset image shows the 

experimental setups. Figure 10(b) shows the pressure variation of the device with respect 

to distance (up to 1m). Inset image shows the pressure vs distance in log scales. As this 

device operates at a lower frequency the near field for this system shrink to 3.3 cm 

(matching with Raleigh distance).  After 3.3 cm, 1/r pressure decay has been observed. 

Since this device though demonstrate the lower frequency of operation (due to heavy 
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plates and thicker silicone boundary sealing), the acoustic performance was less 

compared to the device#1.  

 

Conclusion 

 

   This study provides a comprehensive experimental characteristic of MWNT sheet 

based acoustic transducer targeting low-frequency response (< 1 kHz in air and < 180 

Hz).. The key findings and demonstration of the experimental outcomes are listed below:  

¶ Two LF transducers were fabricated and complete vibrational and acoustical 

characterizations were conducted to identify the operating frequency range. An 

operating frequency range of less than 180 Hz was obtained for transducer of 

dimension 6òx6ô and weight 160-190 gm. Tailoring the plate thickness and 

sealing could lower the working frequency to around 125 Hz in water. 

¶ Our device shows a maximum output at its second resonance frequency (972 Hz) 

in air and at first resonance frequency in water (~170 Hz). In air, the maximum 

performance of device was 0.23 Pa/W and in water the performance was 28.7 

Pa/W. It has been demonstrated that, with respect to open system transducer, 

encapsulation can provide a 10-12-fold acoustic pressure at resonance.  

¶ Out transducer was found to exhibit stable operation over a long interval while 

operating at high power (~60W).  
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Chapter 4 

Carbon Nanotube Yarn Based Ocean Wave Energy Harvester  

 

Abstract  

 

Ocean waves are one of the most abundant renewable energy sources. In a recent 

discovery, carbon nanotube yarn (CNTY) harvesters have shown to be a promising 

pathway for converting kinetic energy directly into electrical energy. CNTY harvesters 

can electrochemically convert tensile energy to electricity. Here the implementation of 

CNTY harvesters in the ocean environment and quantify the performance under different 

wave characteristics such as amplitude and frequency has been demonstrated. In all the 

experiments either ocean water directly or a similar concentration of 0.6M NaCl have 

been used. Using only 0.5 mg of active material (42 times lighter than the average weight 

of house fly), the CNTY harvester produces power of .88 W/kg specific power when 

oscillated by water column at 0.5 Hz. The presented harvester is ultra-lightweight, non-

corrosive, and a non-resonant system that can perform over a broad range of frequencies. 

The long stroke length and flexibility of the CNTY harvester allows integration with a 

mechanical frequency amplifier to translate the low frequency mechanical wave energy 

into high frequency electrical energy.  

 

Keywords: Ocean waves, Carbon nanotube yarn, Energy harvesting 
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Introduction  

 

In order to reduce dependence on fossil fuels and the carbon footprint in the environment, 

renewable energy sources such as solar, wind and hydro power are being developed [1-

4]. However, there remains some limitations in scaling the deployment of renewables in 

terms of geography, cost and lifetime. For example, solar energy is available only during 

limited hours in a day and is dependent upon seasonal variations and altitudes. Similarly, 

there are operational constraints on wind energy and hydro power plants as they require 

considerable infrastructural development [5-8]. On the other hand, ocean wave (blue 

energy) has emerged as a promising source of renewable energy [9]. Almost two third of 

earthôs surface is covered  with ocean or other bodies of water, where, energy is available 

in the form of tides, waves, currents, thermal and salinity gradients [10, 11]. 

Approximately 7.4 x 1021 J of energy is available each year from the ocean in these 

different forms [10]. The low frequency water waves available in the deep ocean are 

attractive for energy scavenging, because of their continuous availability. However, there 

are challenges in converting low frequency mechanical energy to electrical energy due to 

technological limitations in the deep ocean [12]. Here, we provide a novel approach for 

wave energy harvesting using multiwall carbon nanotubes (MWNT) based yarns. 

 

   Ocean wave energy harvesting was envisioned long time ago [13], but not much 

progress has been made in its practical deployment. Ocean harvesters are generally 

divided into two broad categories: the more mature electromagnetic generator (EMG) 

based converters and emerging functional materials based technologies. A large number 

of attempts have been made in developing electromagnetic based wave energy converters 

(WEC) at small (generally prototype) and large scale [14-25]. Though electromagnetic 

WEC technology is widely used, it has many limitations. Wave oscillation in the ocean is 

random in nature and exists at low frequencies (< 0.1-5 Hz), where EMG doesnôt work 

efficiently [12, 26]. Also, a large scale deployment of these technologies requires a 

supportive infrastructure development and huge maintenance costs [12, 20]. Alternatives 

to EMG based WECs are functional material based technologies. Dielectric elastomers 

harness electricity by converting a change in capacitance into electrical charge [27-30]. 

Triboelectric nanogenerators (TENG) convert mechanical energy directly in to electrical 
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energy [31]. Several architectures based on TENG have been proposed to provide 

suitable solutions to blue energy harvesting [11, 26, 32-37]. Recently, carbon nanotube 

yarn (CNTY) harvester was successfully used to demonstrate direct conversion of kinetic 

energy into electrical energy [38]. Inspired by this study, here we provide a systematic 

investigation on wave energy harvesting using MWNT based twisted and coiled yarns. 

This electrochemical conversion method relies on a change in capacitance to convert 

mechanical to electrical energy without any external biasing.  

 

   We fabricated several different types of MWNT yarns to understand the wave energy 

harvesting performance. An experimental setup was designed for harvester evaluation in 

either ocean water or 0.6 M sodium chloride (NaCl) solution. From the experiments 

conducted in this study, we demonstrate ~ 0.88 W/kg of specific power at the wave 

oscillations of 0.5 Hz. A novel mechanism is utilized for producing high frequency (20 to 

40 Hz) electricity generation from relatively low frequency input wave oscillations. 

Interestingly, yarns were found to exhibit higher efficiency between 12 to 40 Hz input 

excitation [38]. The advantages of nanotube yarn are flexibility, simpler fabrication 

process, corrosion resistance, long stroke length, and wide bandwidth. 

 

Experimental Method 

 

1. Twisted and coiled yarn preparation and characterization 

   We fabricated twisted and coiled yarn from MWNT sheets drawn from CNT forests 

and layered on each other. The forests were grown through a chemical vapor deposition 

(CVD) method and the nanotube yarn was prepared using a cone spinning method. For 

evaluating various energy harvesting parameters, several yarns with different lengths and 

varying MWNT sheets were prepared. In the cone spinning method, layers of 5 cm wide 

MWNT sheets were placed on each other. To make the layered sheets stable, we used 

double sided carbon tape on the top and bottom for attaching both ends of the MWNT 

sheets. The total length of the stack was ~20 cm. After making the stack, we curved both 

ends of carbon tape simultaneously to achieve a cylindrical shape, which was then 

twisted to produce the yarn. Figure 1 shows the process of the yarn fabrication. Figure 1 
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(a) shows the cone spinning and symmetrical twisting across the central line during yarn 

fabrication. For this procedure, we used a tensile load of 30 g to generate sufficient spring 

stiffness in the coiled yarn. A total number of 655 turns were made to complete the 

coiling. Samples with 2 layer, 5 layer and 10 layers were fabricated for different 

experimental setups. We also prepared one sample of a Dual-Archimedean coil (Figure 1 

(b)), in which the flat ends are twisted instead of a cylinder, to generate the yarn. The 

yarn morphology was observed using field-emission scanning electron microscopy (LEO 

1550) and atomic force microscopy (Bruker nanoscope IV). 

 

Figure 1: Yarn fabrication:(a) Cone spinning yarn fabrication, (b) dual-Archimedean yarn 

fabrication.  
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Figure 2: (a) Schematics showing the three-way electrode system for the experimental 

measurements. Yarn is designated as working electrodes, platinum mesh with buckypaper 

as counter electrodes and Ag/AgCl as a reference electrode. OCV was measured between 

working electrode and Ag/AgCl in all the experiments, (b) detailed schematics of 

experimental setup used for wave generation. Stable standing waves are generated for 

different amplitudes to characterize the MWNT harvester.   
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2.  Experimental setups 

 

   Several different experimental setups were designed to characterize the performance of 

yarns in the ocean-like environmental conditions within the laboratory.  

   Tank and wave generator setup: A tank of dimension 48ò x 18ò x 20ò was selected to 

generate standing waves for the systematic analysis. Figure 2 (b) shows the schematics of 

the experimental apparatus. For creating an artificial ocean environment, we prepared 

~150 liters of electrolyte of 0.6M NaCl. The volume was optimized to obtain effective 

wave oscillations at low frequencies. A flat acrylic paddle was rigidly attached with 

shaker to push the water for developing the waves. A series of tests were performed to 

determine the amplitude and frequency of the shaker that generated wave without 

turbulence. A function generator (AFG3022C) was coupled with shaker (APS Electro-

Seis) through an APS dual mode power amplifier (Model#114) for generating sinusoidal 

output. A PCB Piezotronics accelerometer (SN#30480) was mounted on the paddle to 

capture the dynamics.  A PCB Piezotronics signal conditioner (Model#482A16) was used 

for conditioning the output signal from the accelerometer, and a digital oscilloscope 

(KEYSIGHT DSO1014A) was used to record the output voltage from the yarns. For this 

experiment, we used 10 layered thick yarn to withstand the wave force. The harvesting 

device was composed of a spherical float, the yarn and a rigid fixture attached to the 

bottom of the tank. 

   Small scale setup: A small scale box setup consisting of an 11cm column filled with 

electrolyte was designed to characterize the systematic response of MWNT yarns under 

heave motion. In this setup, we pushed a heavy plunger block down to oscillate the water 

vertically at different frequencies. A rectangular box shaped float attached to the yarn 

allowed free movement under the heave motion. The other end of the yarn was attached 

to a magnetic slider, which was controlled by a permanent magnet mounted outside of the 

apparatus. For the electrolyte, 0.6M of NaCl, TOPFIN Seawater and 0.1M HCL solution 

were evaluated. 
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Figure 3: (a) Schematic showing the yarn-buoy configuration in ocean wave, (b) 

schematic showing the CNT yarn harvester in NaCl electrolyte, (c) equivalent electrical 

circuit diagram for CNT yarn energy harvester, (d) schematic showing the correlation of 

yarn stretching under wave and the capacitance change, (e) SEM and AFM images 

showing the surface morphology of yarn, (f) the height profiles across and along the 

thread of the CNT yarn (x-axis and y-axis shown in Fig. 1(e)). 
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Figure 4: SEM images of 2 layer and 5-layer yarn: (a) and (c) 2-layer yarn, (b) and (d) 5-

layer yarn. 
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   Acoustic measurements: To demonstrate the potential for a direct-energy source, the 

load of a small 3300 Hz PZT transducer was used. A PSV-500 scanning vibrometer was 

then used for characterizing the vibration dynamics of the acoustic source.  

Results and discussion  

 

   Figure 3(a) shows the schematic of CNTY based energy harvester with three long 

coiled yarns attached with buoy. Figure 3(b) represents the electrochemical aspects of our 

energy harvester, where a yarn (working electrode) is dipped in NaCl aqueous solution 

having Na+ and Cl- ions along with meshed platinum containing buckypaper (counter 

electrode). Under varying mechanical input, the changing length of the yarn in the 

electrolyte results in the potential difference. For simplicity, the yarn and counter 

electrode are represented as a capacitor in the circuit diagram (Figure 3(c)). These two 

electrochemical double layer electrodes were connected through internal resistance 

(provided by electrolyte) and external resistance. Figure 3(d) briefly shows different 

stages of yarnôs pulling and releasing during operation. The maximum stretching of the 

coiled yarn resulted in minimum capacitance. The dynamic behavior of yarnôs length (L) 

and capacitance (C) can be illustrated by eq (1) and eq (2) as:  

Sin( )oL L L t= +D W                                                 (1) 

Sin( )oC C C t= -D W                                               (2) 

   where oL gives initial yarn length,LD is change in yarn length, W is the stretching 

frequency, oC  is initial yarn capacitance and CD is change in capacitance. A mechanical 

input to the yarn in the form of sinusoidal pulling and releasing results the sinusoidal 

capacitance changes in yarn. This change in capacitance causes the voltage oscillation 

between two electrodes and generates current through an external resistance. It is 

worthwhile to mention that energy output may significantly depend on quality and 

morphology of the yarn. Therefore, in order to investigate the quality of our fabricated 

yarn we conducted the scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) experiments. Figure 3(e) shows the SEM and AFM images of one of 

the cone spun 5-layer yarn. The SEM micrographs (Figure 3(e) and Figure 4) clearly 

show nice coiling of the yarn without any visible defect. Surface morphology of the CNT 

yarn was further analyzed by AFM with tapping mode scan. The scanning was performed 
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in 1 µm × 1 µm area, and the height profiles were collected across and along the thread of 

the CNT yarn.  

 

   In AFM topography, we can observe the individual thin fibers of the CNT yarn, which 

was also elucidated in SEM image in Figure 5. Figure 3(f) shows the height variation 

across two directions (x- axis and y-axis) as indicated in SEM image of Fig. 1(e).  From 

the height variation and AFM topographic image we observed that the height variation 

along the x- axis is more than that along the y-axis.  

Figure 5: SEM and AFM image of 5-layer CNT yarn.  

 

   Low frequency oscillatory motion available in the ocean environment can be efficiently 

harvested using MWNT yarns to generate electricity. Before starting the wave motion 

test, we characterized a 5-layer yarn in the small scale setup, under controlled movement. 

In this study, we pulled the yarn with a certain stroke length input to provide a predefined 

strain. Previously, we have demonstrated that the voltage output could be highly 

dependent on the developed strain [38]. The controlled experiments performed in present 

work, helped us to evaluate the maximum output performance from the yarn based 

harvester. We further used controlled yarn stretching to evaluate the open circuit voltage 

(OCV) under wave oscillation induced strain.  

 

   Figure 6(a) shows results of a cyclic voltammetry test at 0% strain, between 0.3 to 0.6V 

for a 5-layer yarn working electrode and Ag/AgCl reference electrode. This test was used 

to understand the electrode capacitance. We started the electrical characterization by 
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measuring the OCV voltage with respect to the Ag/AgCl of a 2.14 cm long yarn under 

10% of strain. We further applied the same strain at various frequencies in the range of 

0.10 - 1.0 Hz. Here, we focused our study only on the low frequency regime to 

demonstrate the feasibility of the ocean wave energy harvesting. At 10% strain, the CNT 

yarn was found to result 14 mV of OCV, as shown in Figure 6(b). It can be observed 

from these results that the voltage output remains constant with increasing frequency in 

the range of 0.10 ï 1.0 Hz, indicating its frequency independent behavior. Next, we 

stretched the yarn with different strain values over the range of 15-35%, and measured a 

systematic linear increase up to a maximum OCV of 48 mV, as shown in Figure 6(d). 

Based on these experimental results, an empirical expression was developed to 

demonstrate yarnôs strain vs OCV, as shown by (eq 3): 

 

                                                  (1.3314) (%) 0.8V S= +                                             (3) 

   The strain value was limited to 35% in order to avoid any damage to the yarn. We also 

measured the short circuit current (SCC) generated using the yarn, which was found to 

increase with increasing frequency at a fixed strain input, as shown in Figure 6(c). The 

specific peak to peak SCC was found to increase from ~208 A/kg to 675 A/kg with 

increasing frequency over the range of 0.1-1 Hz at 35% strain. The weight of the yarn 

used in this experiment was 0.5 mg.  

 

   Building upon the empirical relationship of OCV (independent of yarnôs weight), a 

systematic modeling and experiments were performed to reveal the theoretical and 

experimental correlation between the amplitude of the wave (generated in lab 

environment) and OCV from the yarn in 0.6M NaCl electrolyte solution. Firstly, we 

provide the dynamic modeling of buoy under the influence of incident standing wave 

[15]. Figure 7(a) shows the schematic of harvesting system and the associated forcing 

functions. Due to small wave amplitude to wavelength ratio the disturbance/radiation 

from the buoy was neglected. Modeling was performed in two steps. In the first step, 

fluid forces on the surface of the buoy were investigated to understand the dynamic 

behavior of spherical buoy, and in the second step, base excitation induced vibration 

approach was used. The condition of the unattached (to the twisted yarn) buoy was 
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initially studied to understand the effect of damping, added mass and other hydrodynamic 

forces. Figure 7(b) shows the dynamic motion of the buoy without yarn attached to it. 

This graph is used to validate the experimental data obtained separately for spherical 

buoy movement under wave, and to investigate the broader damping effects (including 

hydrodynamic non linearity, added mass and skin friction effects etc. of the sphere in the 

oscillation mode). This step can reduce one variable (ócô, damping) in modeling 

equations. Thus, the yarn will have spring constant as only variable under stretching. 

Mathematical modeling for ocean harvesting is shown in next section. 

Figure 6: 5 layered MWNT yarn harvester characterization by stretching: (a) Cyclic 

voltammetry curve for the un-stretched yarn, (b) peak-peak OCV for different 

frequencies at fixed stretching of 10% strain, (c) frequency dependent SCC at fixed 

stretching of 35% strain, (d) OCV at different strain at fixed frequency of 0.5 Hz. Inset 

image shows the strain vs OCV generated. A perfect linear trend observed. 
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Figure 7: Modeling results :(a) Schematic showing forces acting during wave motion, (b) 

Experimental and modeling of float and evaluation of broader damping coefficient (c= 5), 

(c) Electrolyte wave and yarn dynamics comparison. 
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Modeling and empirical development 

 

Wave potential for standing wave is given as:         

                                                    
cosh ( )

[ ]cos cos
cosh

I

gY k d z
kx t

kd
f w

w

+
=                            (4) 

Vertical force by this incident wave is represented as:                        

                                                          IF dS
t

f
r
µ

=-
µññ

                                                    (5) 

                               
2

0

2
(cosh ( cos )sin cos

cosh( )

gYR
F k d t R R d

kd

q
pr

q q q q= - + -ñ                  (6)                                                                                                                                                                                                                                                  

On evaluating Eqn. (6) in MATHEMATICA , we can find the incident wave force acting 

on the buoy.                                                      

Using the value of force in the vibration equation below results in Eqn. (7):  

                          
1

( ) ( )cos sin
c k Ag F AgY cY

x x x t t
m m m m

r r w
w w

+ +
+ + = +                     (7) 

Yarn stretching equation (buoy movement): 

                         1 1(( ) / )cos( ) ( / )sin( )
F AgY cY

X T t T t
m m

r w
w q w q

+
= - + -                    (8)    

In the final form of the equation it has been considered that whenX <0 then 1k =0 for 

snarling condition. Parameters A and B are defined as:  

                                     ( ) /
F AgY

A T
m

r+
=     And   /

cY
B T

m

w
=                                 (9) 

Some other constants used in evaluating final form of equation are defined as:                      

                                
1

( )eq

k AgY
k

m

r+
= ,  =

2 eq

c

mk
x    and 

eq

n

k

m
w =                         (10) 

                                             2 2 2 2T= ( - ) +(2 )n nw w xww                                                (11) 

where d is the depth of the tank, z is the distance of the points from the surface, R is the 

radius of the sphere buoy, t is the depth of buoy submerged in fluid, Y is the input wave 

amplitude, g is the acceleration due to gravity, w is the driving frequency in radians, wn is 

the natural frequency, F is the incident force by wave potential, r is the density of fluid, 
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A is the cross-section areas submerged in fluid, m is mass of buoy, c is damping and 

other hydrodynamic coefficient, and q1 is the phase angle. 

 

Mechanical to electrical conversion 

 

   After completing the force analysis in fluid environment, a simple time variable steady 

state equation is proposed for the float movement or yarn stretching. Equation (12) shows 

the superposition of two linear waves: 

                                                       1 1cos( ) sin( )pX A t B tw q w q= - + -                        (12) 

   Coefficients A  and B are described above in the analysis, w is wave frequency 

driving the CNT yarn harvester,1q is the respective phase lag compared to the incident 

water standing wave. Maximum strain can be calculated from the above expression for 

anywas:                                                                   

                                                        
2 2

max(%) 100
A B

S
l

+
= ³                                       (13) 

   S  is strain developed and l  is the original length of CNT yarn. The final goal of all the 

force and vibration analysis is to estimate the desired theoretical OCV values on giving 

strain as input. In order to understand the mechanical to electrical conversion, 

experimental data was analyzed and the empirical relationship between OCV as a 

function of strain at fixed frequency is developed by curve fitting as shown below:     

                            

                                                   (1.3314) (%) 0.8V S= +                                                (14) 

 

   where V is the Open Circuit Voltage, (%)S is the percentage strain and f is the 

frequency of excitation. Standing waves produced the strain in the yarn which resulted in 

change of its capacitance in electrolyte solution thereby providing the voltage output.    

 

   This illustrates that the wave input of different amplitude produced strains in CNT yarn 

(during stretching) which in turn produced overall peak to peak output voltages in 0.6M 

NaCl solution. The assumptions in the modeling included: no effect of diffraction and 
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radiation while sphere oscillation, steady state of the system, approximation of the CNT 

yarn mechanical properties, lumping all the damping, hydro elasticity and other factors 

into one constant ócô which was estimated from the experimental data ( equal to 5) , linear 

wave theory was utilized, hydrodynamic non linearity was neglected during calculations, 

hydrostatic component in pressure is neglected, and lastly linear behavior of CNT yarn 

was assumed. 

Figure 8 : Linear relation for calculating spring constant of 10 layer yarn. 
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Figure 9:  OCV generation in standing wave environment: (a) Wave modeling and 

empirical OCV comparison with experimental results at different wave input amplitude. 

In all the experiments frequency remain constant = 2 Hz. A dashed vertical line shown in 

the graph beyond which experimental OCV starts saturating. Inset images show the 

front/top views of the harvester and SEM image of yarn used, (b) SEM image taken after 

the yarn is utilized for harvesting. Dashed boxes shows the presence of NaCl particles at 

the junctions of coils. Another SEM image is the zoomed section, showing the wear and 

tear of the yarn after long use in wave environment (~ 6 hours). 

(b) 

(a) 
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Wave experiments  

 

   Solving the equations in MATLAB environment, Figure 7(c) shows the results of wave 

input to the harvesting system, and yarn stretching with stiffness (1k ) ~ 35 N/m. Figure 8 

shows the measured results for evaluating the stiffness constant for wave energy 

harvesting. The snarling effect of CNT yarn was taken into consideration by assuming the 

stiffness zero (no force), while, buoy was going down from mean electrolyte level. It can 

be observed from the results (Figure 7(c)) that there is a phase lag, and sinusoidal 

distortion between the input (standing wave) and output (float or yarn movement), 

resulting in possible phase lag between wave input and Open Circuit Voltage (OCV). 

Therefore, in our modeling approach, we used the wave amplitudes as an input (at fixed 

frequency of 2 Hz), and evaluated the strain developed in the yarn (for the given buoy). 

This strain was further used in the empirical formula to evaluate the final OCV voltage. 

Experiments were also performed under the same set of conditions, as used in modeling. 

The yarn length for the experiments was kept at ~7.5 cm. To withstand the fluid forces 

due to the wave oscillations, 10 layers of MWNT were used in yarn preparation.   

 

   Figure 9(a) shows a comparison of experimental measurements and the empirical 

expression for OCV. Inset shows the front/top views of the buoy attached with the yarn, 

and the SEM image of the yarn. We experimentally measured 52 mV OCV at a wave 

amplitude of 4.3 cm, and 22.5 mV at 1.7 cm. As can be seen from the Figure 9(a), the 

calculated OCV values overestimate the measured results. However, the results were in 

close agreement at lower amplitude of wave input. The model presented here considers 

only heave motion of the buoy, which was dominant factor even in experimental values 

at low wave heights. At higher wave amplitudes, obtained by pushing more water 

through paddle, turbulence was found to occur. The turbulence and enhanced 

hydrodynamic forces increased the rolling and pitching of the spherical buoy, thereby 

deviating from the expected linear trend in heave motion, consequently, the electrical 

output started to saturate. The other factors, which could cause deviation from the 

theoretical analysis, could be wall-effects, bending and torsional effects in the yarn, and 

electrolyte concentration (used in large volume here). Additionally, we performed an 
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experiment on a ñdual-Archimedeanò yarn for the ~2.5 cm of wave input, which resulted 

in OCV of 17.5 mV (Figure 10). With the same condition, cone spun yarn resulted in 

almost double output in comparison to the ñdual-Archimedeanò yarn. At 2.5 cm of wave 

input, the cone spun yarn yielded ~32 mV of OCV. The excellent performance of the 

cone spun yarn can be attributed to the uniform stress distribution [38]. During all the 

experiments, we tethered the top point of spherical buoy to avoid any untwisting of the 

yarn under wave influence. Figure 9(b) shows the SEM micrographs indicating the subtle 

changes in the local morphology of the yarn after ~6 hours of operation under strong 

wave forces. The NaCl particles were found to be accumulated at the junction of the 

coils, as seen in the SEM micrographs (Figure 9(b)). These results clearly show the 

robustness of our yarn based ocean energy harvester which is important for extended 

period of operation. Because the high wave amplitude was causing rolling and pitching 

motions, for next set of characterization, we used a smaller setup, where, only heave 

motion of buoy was achieved. 

 

Figure 10: Voltage generation by Dual-Archimedean yarn in wave environment.  

 

   Figure 11(a) shows the side and front views of the small scale setup indicating the 

position of the clamp attaching the yarn and the float. This analysis was performed on the 

same yarn, which was used in the previous controlled stretching experiments. The 11 cm 

column of electrolyte was oscillated at different frequencies and amplitudes. Figure 11(b) 

shows the specific current at each frequency of water column oscillation displays a 

monotonically increasing value with frequency. At 0.1 Hz, the current was measured to 

be ~129 A/kg, which then increased to ~498 A/kg at 1 Hz. In this set of experiments, the 

electrolyte surface wave amplitude was maintained at ~ 1.54 cm for all the considered 

frequencies.  
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Figure 11: 5 layered MWNT yarn harvester characterization by water column oscillation: 

(a) Small scale setup for generating the heave motion of float, (b) frequency dependent 

SCC at fixed amplitude (1.54 cm), (c) voltage and current at variable resistances at 0.5 

Hz frequency, (d) power generated from the harvester at different resistances and 

different frequencies, (e) specific energy (power normalized with frequency) across the 

variable resistance, (f) specific power at different resistances and wave amplitudes (S1= 

1.54 cm, S2= 0.7 cm and S3= 1.23 cm).  

(b) (a) 
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   Figure 11(c) shows the resistance sweep tests (0-800 Ý) at 0.5 Hz. The voltage was 

found to increase continuously up to saturation at the higher resistance values. At 800 Ý, 

the voltage was found to be ~12 mV. One expects a maximum power output at the 

optimum resistance value, which matches the impedance of the harvester. 

 

   We evaluated the power from the resistance sweep. Figure 11(d) shows the detailed 

results of power produced at frequencies of 0.1 Hz, 0.3 Hz and 0.5 Hz.  The output power 

was found to increase with increasing frequency. From the power vs resistance results, 

we observed a change in optimal resistance. The optimal value of the resistance 

decreased to 100 Ý from 300 Ý with an increase in frequency from 0.1 Hz to 0.5 Hz. The 

maximum measured power at 0.5 Hz was found to be ~0.88 W/kg. Power values at 

frequencies 0.1 Hz and 0.3 Hz were found to be ~0.36 W/kg and ~0.82 W/kg, 

respectively. The specific energy per cycle, or power normalized with frequency, is 

shown in Figure 11(e). As expected, the maximum value of specific energy per cycle was 

observed at the lowest frequency of 0.1 Hz. Values of measured specific energy of ~ 3.56 

J/kg, 2.73 J/kg and 1.75 J/kg were recorded at frequencies 0.1 Hz, 0.3 Hz and 0.5 Hz, 

respectively.  

 

   In next experimental study, we recorded the quantitative change in the peak power 

values at different amplitudes of the oscillating electrolyte column at fixed frequency of 

0.5 Hz. Figure 11(f) shows the power results for different strains. We obtained maximum 

specific power (by resistance sweep) of 0.88 W/kg, 0.6061 W/kg and 0.1418 W/kg at 

amplitudes of 1.54 cm, 1.23 cm and 0.7 cm, respectively. The OCV generated with 

respect to different wave amplitude is shown in Figure 12. 

 

    In addition to the aforementioned experiments on 5-layer yarn devices, we also 

characterized the 2 layer yarns of length 1.67 cm and weight 0.168 mg in our small scale 

setup under electrolyte oscillation. Figure 13(a), (c) and (e) show the resulting OCV, 

SCC, specific power (at 0.5 Hz), and specific energy per cycle performance. At around 

15% strain, power obtained was 0.48 W/kg at 400 Ý. Comparing the 2 layer and 5 layer 

harvesters, for a given frequency, the matching impedance decreased significantly with 
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the increase in number of layers. The 2-layer yarn experiments were also performed with 

0.1M HCl as the electrolyte. In wave motion producing ~8-10 % strain in the yarn, the 

obtained OCV and SCC at 1 Hz were 54 mV and 2213 A/kg and power was 3.1 W/kg at 

0.5 Hz, as shown in Figure 13(b), (d) and (f). These results clearly demonstrate the 

advantage of HCl electrolyte over ocean water. However, in this work we stress on the 

ocean wave harvesting for practical applications, and provide fundamental understanding 

of the harvesterôs behavior under varying wave conditions.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Voltage generation in small setup on different amplitude of water oscillation. 
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Figure 13: 2-layer yarn characterization in ocean water and 0.1M HCl solution: (a) OCV 

of yarn in ocean water at different frequencies, (b) OCV of yarn in 0.1M HCl at different 

frequencies, (c) SCC of yarn in ocean water, (d) SCC of yarn in 0.1M HCl, (e) specific 

power and energy in ocean water, (f) specific power and energy in 0.1M HCl.  
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Figure 14: Potential application: Infrasound generation and mechanical amplification of 

frequency: (a) PZT transducer velocity and sound pressure level (SPL) at different input 

voltage at 2Hz frequency, (b) low frequency input from shaker (mimicking the water 

wave motion) to the frequency amplifier, (c) design showing the gear box which 

amplifies the wave frequency to produce electricity. Black thick line represents the yarn 

attached to the system, (d) high frequency OCV output on low frequency mechanical 

input.  

 

(a) (b) 

(c) 
(d) 
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Wave energy harvester demonstration 

   We demonstrated the response of the harvester under load by applying a small PZT 

piezoelectric transducer. A PSV-500 scanning vibrometer was then used for 

characterizing the vibration dynamics of the transducer.  The equivalent voltage required 

to drive the transducer was generated from two yarn harvesters connected in series and 

driven by wave motion at 2Hz. The laser vibrometer measured the surface velocity of the 

transducer and the sound pressure level was calculated from the specific acoustic 

impedance of air (sound pressureù acoustic impedance = velocity). Figure 14(a) shows the 

measured and predicted infrasound pressure generation at different voltage input. At this 

small scale, we generated 19 dB of sound pressure in air with 50 mV of the voltage input.  

 

   To make our yarn harvester more efficient, we demonstrate a mechanical frequency 

amplification mechanism to step-up the low frequency energy from the wave oscillation 

(Figure 14(c)). In this setup, the rack to input gear is 1 rotation per 2 cm linear motion of 

the rack, and the input gear is compounded to a 60:12 (5:1) rotational ratio. Thus, the 

total ratio is 2.5 rotations per cm of travel. For example, a 4cm travel from a 2cm center-

to-peak amplitude wave at 1 Hz would give 4cm / 0.5 seconds x 2.5 rotations/cm = 20 Hz 

rotation. At 2cm amplitude for the wave, the output is 10 Hz rotation from a 0.5 Hz wave 

input and 40 Hz at a 2 Hz wave input. We can conclude from the above discussion that if 

this mechanism is used for large scale ocean wave, where, wave amplitude is as high as 2 

m at 0.5 Hz, then our harvester can easily produce electricity at higher frequencies 

(~1000 Hz) Figure 14 (b)-(d) shows procedure at small scale to provide high frequency 

electrical output, Figure 14(b) is the shaker input to our mechanical amplifier similar to 

the ocean wave. We pushed and pulled the rack by ~2.2 cm at 2 Hz frequency. On 

receiving the linear input to the rack the yarn stretched and released periodically (path of 

yarn showed in Figure 14(c)) at high frequency. Figure 14(d) shows the peak to peak 

OCV of around 22 mV at frequency of 20 Hz. This amplification can easily be tailored 

by different input to the mechanical frequency amplifier.  

 

   The unique properties such as flexibility, and long stroke length of our yarn harvesters 

could facilitate us to demonstrate the high frequency electrical output. High frequency 
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operation not only make our yarn more efficient, but it also could help in efficient energy 

conversion and its transmission to grid systems in more real scenarios of ocean energy 

harvesting [12]. 

 

Conclusion 

 

   We presented the first systematic study of ocean wave energy harvesting using new 

twisted- and coiled-MWNT yarn based electrochemical transduction that converts 

mechanical to electrical energy through a change in capacitance. These yarns are highly 

flexible, non-resonant and non-corrosive. They exhibit a long stroke length, and high 

power density. Some of the key aspects of this study are below:  

¶ Wave modeling was developed for the harvester to evaluate the strain in the yarn 

which was used in empirical formula to get the OCV. 

¶ An experimental set up, mimicking the real ocean wave condition, was designed 

to demonstrate the robustness of the nanotube yarns and its feasibility under fluid 

loading.   

¶ 0.5 mg of yarn produced 0.88 W/kg at 0.5 Hz under the water oscillation 

amplitude of 1.54 cm. The output power was found to increase with frequency 

(but non resonant).  

¶ We proposed a mechanical frequency amplification mechanism to obtain the high 

frequency electrical output. This mechanism could make the underwater acoustic 

communication possible from yarn harvesters. We realized around high frequency 

voltage output of 22 mV at 20 Hz on providing wave input condition of 2 Hz.  
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Abstract 

 

More than half of the energy generated worldwide is lost as unused thermal energy 

because of the lack of efficient methodology for harnessing the low-grade heat. Here we 

demonstrate that shape-memory alloy (SMA) can be an effective mechanism for 

recovering low-grade heat. SMAs exhibit thermally induced martensite to austenite phase 

transformation and super-elasticity (stress-induced martensitic transformation). 

Employing these two characteristics, we demonstrate a thermal engine for harnessing 

waste energy through all modes of heat transfer: convection, conduction, and radiation. 

An optimized SMA engine generated 36 W from 1 kg or 234 kW of electricity from 1 m3 

of active material. A continuous three-day operation of several SMA engines could 

generate 7.2 kWh of electricity when installed on a 500 m long hot pipe network. This 

generated power can reduce the carbon footprint by 11.8 pounds of CO2 illustrating the 

promise of this technology for addressing climate change. 

 

Keywords: Shape Memory Alloy (SMA); Martensite; Austenite; Pseudo-elasticity; Heat 

engine; Energy harvesting. 
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Introduction  

 

Among the various forms of environmental energy available around us, thermal energy is 

the most abundant and ubiquitous. Thus, there has been considerable efforts towards 

developing techniques for conversion of thermal energy into electrical energy, using 

mechanisms such as thermoelectric [1-5], pyroelectric [6-8], thermomagnetic [9-12], 

thermo-acoustics [13], thermo-electrochemical [14, 15], and tensile muscles [16]. Out of 

these choices, thermoelectric generators (TEGs) have dominated the scientific interest in 

capturing locally available thermal energy. A major part of this thermal energy is in the 

form of low grade (<100oC) waste heat (Figure 1(a)). However, there is significant drop 

in the performance (efficiency ~1-3%) of TEGs, when hot-side temperature is below 100 

oC [17]. Other techniques mentioned above, in current form, provide small output power 

density and thus, still remain early-stage laboratory research. On the other hand, 

thermodynamic cycles based engines such as Rankine cycle engines, are extremely bulky 

and not efficient (~2.8-5.5%) in these low temperature regimes (hot side temperature 

<100oC) [18, 19]. In trying to address this decades old grand challenge, we made a 

breakthrough in demonstration of small-scale heat engine based on shape memory alloy 

(SMA). SMA based engine was designed to operate at temperatures less than 80oC with 

the ambient acting as heat sink. The engine relies on two fundamental properties of SMA: 

(i) super-elasticity, and (ii) thermally induced martensite to austenite phase 

transformation.  

 

   There have been several attempts to develop the SMA system for converting heat 

energy into output mechanical work[20, 21] [22]. Recently, Sato et al.[23] have presented 

the large scale working device based on SMA that demonstrated 1.155 W output power 

for 40.25 cm3 of active material volume (5 belt, weight of active material ~ 0.262 kg, 

device dimension: 18.50 cm x 5.50 cm x 5 cm). However, most of these previous designs 

have remained laboratory experiments and their reliability and durability for a long-term 

domestic or commercial application remain challenging. Especially for the devices 

requiring rotation, challenges arise from the fact that heat needs to be captured from the 

source (hot-side temperature less than 80oC) at a very fast rate (several hundred rotations 

per minute) through an extremely thin interface (SMA wire diameter less than few 
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hundred microns). Also, the residual heat in the wire has to be completely discarded to 

the ambient at an equally fast rate to achieve continuous operation. As the size of SMA 

engine is reduced, the hot-side and the cold-side come closer to each other, which results 

in continuous accumulation of heat after each cycle. Eventually, the accumulated heat 

stops the functioning of the device due to insufficient cooling. This has been the 

challenge towards realizing small scale SMA engine for past four decades (since 1975). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Thermal energy available at various locations (industry, home, and geothermal 

sites) for potential deployment of SMA based heat engine. (a) A bar chart representing 

the potential of thermal energy harvesting in various categories (subdivided on the basis 

of temperature range).[24] The graph is redrawn on the basis of data given in reference 

36, (c) Various home and industrial hot pipe locations for effective utilization of SMA 

engine, (d) An array of SMA engines deployed on pipe (along with single device) for the 

prospective utilization of hot thermal zone for maximizing the power and reducing the 

carbon foot print.  
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   Here, we analyzed a small scale SMA engines operating at hot-side temperatures less 

than 100 °C and overcoming all of the above mentioned challenges. The potential of our 

SMA engine can be recognized from the data presented in Figure 1(a). This data shows 

the amount of waste heat available corresponding to different thermal gradients and low 

grade heat (230 °C) is the major component of total waste heat. There are many 

geothermal locations (wells and springs)[25] can be observed across the United States, 

which could provide the opportunity for deployment of SMA engine arrays demonstrated 

in this study. Figure 1(b) shows various locations of hot pipes (in the industrial and 

residential settings) with low thermal gradient waste heat.  

 

Figure 2: (a) Schematic of shape memory alloy engine, (b) Schematic representation of 

displacement vs. temperature profile of shape memory alloy. With increase in 

temperature, displacement decreases and generates the differential tension across the 

pulley. 

   For harvesting this abundant amount of low grade thermal energy, the SMA wire needs 

to possess a low transition temperature, smaller hysteresis, low heat capacity, high 

thermal conductivity, and a high thermo-elastic efficiency. Therefore, extensive 

investigations were conducted on phase transition behavior, thermodynamic properties, 

and thermal hysteresis of SMA wires. Using the measured SMA material characteristics, 
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we designed engine comprising of two pulleys with different diameters, a thin SMA belt 

around two pulleys, and a small DC electric generator (Figure 2). Figure 1(c) shows 

schematics of array of SMA engines deployed on hot pipes (Figure 1(c)). Our SMA 

engine was found to generate sufficient power needed for powering water health 

monitoring sensors and acoustic devices with hot-side temperature ranging between 60-

80 °C. It is worthwhile to mention that the engine design presented here can be used at 

much lower hot-side temperatures (10 °C above the ambient) if the transition temperature 

of SMA can be reduced by modifying its composition [26].  The longïterm operational 

test (continuous three day operation) on the SMA wire indicated no significant change in 

the thermo-mechanical properties. The analysis presented later, projects that our SMA 

engine can generate 7.2 kWh over three-day period in an industrial setup comprising of 

500 m long hot pipe network. This generated power can reduce the carbon footprint by 

11.8 pounds of CO2. 

 

Results  

 

   In the first stage, we performed material investigations to identify the most suitable 

SMA alloy composition for engine design. Focus in this stage was on understanding the 

fundamental material behavior under cyclic temperature and stress variations. In the 

second stage, we performed thermal transport analysis to ensure rapid heat transfer rate 

across the SMA wire. Lastly, in the third step, we performed systematic experiments on 

heat engine to fully quantify the device performance. 

SMA investigations for design of heat engine 

 

   A comprehensive differential scanning calorimetry (DSC) analysis was performed on 

different SMA wires available commercially in order to understand the thermal 

deformation cycle and identify the composition which has maximum thermodynamic 

efficiency at low temperatures under stress free condition. Five samples of NiTi were 

used in as-received form for the DSC test: Wire 1 (0.25 mm, Muscle wires), Wire 2 (0.38 

mm, DYNALLOY, Inc), Wire 3 (0.2 mm, Johnson Matthey), Wire 4 (0.38 mm, 

DYNALLOY, Inc), and Wire 5 (0.44 mm, Sci-supply)). Figure 3(a)-(e) show the 

hysteresis across phase change and the transition temperature for each sample. Using this 
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experimental heat flow diagram, the critical temperatures - Ms (martensite start), Mf 

(martensite finish), As (austenite start), and Af (austenite finish) - for forward and reverse 

transformation were quantified. It can be seen from Figure 3 that wire 5 has the lowest 

forward transition temperature of 48°C, which is most suitable for our heat engine. The 

difference between thermal energy going-in and coming-out of the wires was found to be 

very small, which should be the case since the DSC tests were run under no stress 

condition (no work). Residual heat accumulation may cause thermo-mechanical fatigue 

in the system. Figure 4 (a), (b) and (c) show detailed results on phase transition of 

annealed sample. Thermal annealing results in shift of transition temperature from 48 °C 

to 54 °C. SMA wire was also characterized using dynamic mechanical analyzer (DMA) 

in order to determine the force dynamics and viscoelasticity properties. Detailed 

comparative study of damping and storage modulus values for as-received and annealed 

SMA samples are shown in Figure 5-7. We observed that with increase of frequency the 

damping coefficient decreases, and with increase of temperature scan rate the transition 

temperature of the wire increases. 
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Figure 3: DSC results for five different wires from various companies, (a) Wire 1 (0.25 

mm, Muscle wires), (b) Wire 2 (0.38 mm, DYNALLOY, Inc), (c) Wire 3 (0.2 mm, 

Johnson Matthey), (d) Wire 4 (0.38 mm, DYNALLOY,Inc), and (e) Wire 5 (Sci-supply). 
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Figure 4: DSC results for annealed SMA wire (selected for SMA engine) at different 

temperature scanning rate; 5,10 and 20°C/min. Annealing was done at 600 oC for 30 

minutes, (a) complete cycle of heating and cooling of sample, (b) and (c) enlarged graphs 

of heating and cooling profile, and the comparison at different temperature ramping rate. 
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Figure 5: DMA results for un-annealed selected NiTi wire, (a), (b),(c),(d),(e) and (f) 

shows the comparison of tan delta results of wire for different temperature scan rates and 

frequencies. 


































































































































