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Composites have a wide range of applications due to their excellent mechanical properties.

In order to investigate the mechanisms of the recently developed composites, it is critical

to characterize and model the performance of such composites for load-bearing applications.

The high tensile strength of polymer matrix composites is mainly derived from the high

strength of the carbon fibers embedded in the matrix. Fibers typically have high strength

in tension. However, their compressive strengths are generally much lower than tensile

strengths due to weak fiber/matrix interfacial shear strength. A new approach was recently

developed to overwrap an individual carbon fiber with carbon nanotube (CNT) sheet, which

is subsequently impregnated into a polymer matrix to enhance the interfacial shear strength

and therefore increase the compressive strength without degrading the tensile properties of

the carbon fibers. A theoretical model is established to identify the appropriate thickness

of the interphase region formed by CNTs embedded in matrix. Fibers are modeled as an

anisotropic elastic material, and the interphase region and matrix are considered as isotropic.

A micro-buckling problem is considered to take into account of the unidirectional composite

under elastic micro-buckling. The formulated problem is solved numerically and the results

are compared with finite element simulations for verification. It is determined that the

critical load at the onset of buckling is lower in an anisotropic carbon fiber composite than
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in an otherwise isotropic composites due to lower transverse properties in anisotropic fibers.

An optimal thickness for the CNT and matrix is determined and this finding will provide a

guidance in the manufacture of composites using aligned CNTs as fillers in the interphase

region.

The other type of composite is made of CNT yarn and polymer, which can be used as artificial

muscles. The topology of this type of artificial muscle is polymer coated on a twisted or coiled

CNT core, which can provide higher performance than the muscles made of guest-filled,

twisted and coiled CNT yarns. However, the mechanisms of torsion and tension of the two

artificial muscles are unclear. A theoretical model considering the torque balance between

the polymer and yarn, both before and after twisting actuation is established to predict

the torsional stroke. The theory captures the two primary mechanistic contributions to the

torsional actuation of a polymer coated CNT yarn artificial muscle, where both polymer

swelling and softening combine to partially release elastically stored torsional energy in the

core yarn. This theory shows that while a low polymer thickness to core diameter ratio limits

the capability of the polymer to compress the core and maintain the initially inserted twist

before actuation, a very high polymer thickness to core diameter ratio provides less release

of such inserted twist after the polymer coated CNT yarns is actuated. Consequently, there

is an optimum polymer thickness to core diameter ratio that maximizes torsional stroke.

We next theoretically predict the stress dependence of tensile stroke and contractile work

capacity for coiled polymer coated CNT yarns and polymer infiltrated CNT yarns for isobaric

actuation.

Another theoretical model established is for nylon artificial muscle. The torsional nylon

artificial muscle is fabricated by twisting nylon wire into coil spring. When subjected to

temperature fluctuations, nylon muscle fiber can sustain 300 000 heating-cooling cycles ro-

tation to spin a magnet rotor in three phase coil. In this process, the rotor’s mechanical

energy transfers to electrical energy. The theoretical model captures the entire process by
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considering all the torques acted on the magnet, hence temperature, electrical field will be

incorporated. Transfer efficiency and parameters effect on kinetic energy are studied. Nu-

merical results show that the kinetic energy increases with the artificial muscle diameter,

which is consistent with experimental observation. Although the kinetic energy increase

with the increase of magnet mass and radius, the torsional speed decreases as the magnet

mass and radius become smaller. Hence there exist an optimum magnet mass and radius to

maximize kinetic energy.
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CHAPTER 1

INTRODUCTION

Composite materials have exceptional properties, including: high strength to weight ratio,

corrosion resistance, design flexibility and low thermal conductivity. Composites have a

wide range of applications in such areas as building, bridges, aircraft, wind energy and other

structures such as swimming pool panels and storage tanks. In order to further enhance the

properties of composites, it is necessary to identify the deformation mechanisms in composites

in various application.

1.1 Methods to Improve Interfacial Shear Strength of Composites

Carbon fibers are one of the most important high-performance fibers because of properties

such as high strength to weight ratio, electrical conductivity; they are used in numerous

engineering applications, such as carbon fiber composites (Tang and Kardos, 1997) in airlin-

ers (Williams and Starke Jr, 2003; Soutis, 2005), wind energy (Pimenta and Pinho, 2011),

and actuators (Liu et al., 2015; Mu et al., 2016). The steady increase of the use of fiber

reinforced polymer composites in commercial and military aerospace, automotive, offshore

drilling, sports equipment, and various light-weight structures has driven the continuous

development of novel composite materials and manufacturing techniques. However, their

compressive strength is approximately only half of the tensile strength due to failure in com-

posites. Composites fail in three modes under longitudinal compression load. These modes

are: fiber failure (microbuckling or kinking), matrix failure, and interface debonding (Budi-

ansky and Fleck, 1993; Nofar et al., 2009; Patel et al., 2016; Swolfs et al., 2015; Talreja, 2016;

Safaei et al., 2015; Eftekhari and Fatemi, 2015; Faes et al., 2015; Ngah and Taylor, 2016;

Agrawal et al., 2014). The stiffness and strength of the overall composites will be improved as

the matrix stiffness and the strength of the matrix surrounding a fiber, and fiber/matrix in-

terfacial strength increase. Interface acts as an efficient transmission agent of forces between
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fiber and matrix, and the matrix is responsible for shear load transfer. Mechanical behavior

at the interface with a thickness approximately 100 nm or less plays a determinant role in

stiffness and transverse strength of fiber reinforced composites. The failure or delamination of

a glass fiber takes place in the matrix 3 nm away from the fiber surface was experimentally

observed by angular dependent x-ray photoelectron spectroscopy (Swadener et al., 1999).

In 2003, polymer coating around single-walled carbon nanotube (SWNT) was observed by

scanning electron microscope (SEM) while fracture happened during SWNT pulling out of

polycarbonate (Ding et al., 2003). As a result, modifying mechanical properties of polymer

matrix, fibers or interface has potential to improve the strength of composites.

Raman Spectroscopy was used to investigate the interfacial micromechanics of carbon

fibers in thermoplastic matrices by determining the distribution of interfacial shear stress

along fibers in a single-fiber model composite (Huang and Young, 1996). There is approx-

imately a linear variation of fiber strain from the fiber end to other locations of the fiber;

this indicates that frictional shear dominates stress transfer from matrix to fiber. The max-

imum values of interfacial shear strength of fibers in a thermosetting epoxy resin matrix

are higher than those of the same fiber reinforced poly methyl methacrylate(PMMA) and

polycarbonate (PC) model composites. The possible reasons for such low values of interfa-

cial shear stress in thermoplastic systems are the effect of residual solvent and the lack of

chemical bonding between the fiber and matrix. Mechanical interlocking can primarily lead

to interfacial adhesion in the composites, and preparing composites at higher temperatures

can help enhance interfacial adhesion. It was found that thermal mismatch between fiber

and matrix results in radial pressure on the fiber, it contributes to the maximum interfacial

shear stress in the PMMA model composite.

Recently, numerous efforts have been made to improve the interfacial shear strength using

CNTs grafted onto glass or carbon fibers (Mei et al., 2010; Thostenson et al., 2002; Qian

et al., 2010a,b; Zhang et al., 2009a; Zeng et al., 2010; Zhao and Huang, 2010). Polyhedral
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oligomeric silsesquioxanes (POSS), an emerging new chemical technology for nano-reinforced

organic-inorganic hybrids, has been used to graft around fibers, and the interfacial shear

strength increases by 61% (Zhao and Huang, 2010). Single fiber fragmentation method was

used to investigate the interfacial shear strength of CNTs coated carbon fiber embedded in

epoxy matrix, and showed improvement of interfacial shear strength (Sager et al., 2009).

Randomly oriented multiwall nanotubes (MWNTs) aligned carbon fiber embedded in epoxy

can provide 71% of increase in interfacial shear strength, which is very high compared with

11% increase in interfacial shear strength for radially grown on MWNTs on carbon fibers in

epoxy. The reason is that randomly oriented MWNTs with potentially higher percentage of

MWNTs forming ±45◦ angles with respect to principal stress directions under pure shear

loading. However, a significant reduction in tensile strength and modulus of composites was

reported. It was observed that the tensile strength of CNTs grafted on carbon fibers provide

69 % increase in strength in comparison with that of untreated carbon fibers (Sharma and

Lakkad, 2011).

Electrophoresis technique is used to selectively deposit multi- and single walled CNTs

on woven carbon fabric. 27% enhancement of interlaminar shear strength and a significant

improvement of out-of-plane electrical conductivity are observed by introduction of 0.25 %

of MWNTs in the carbon fiber/epoxy composites (Bekyarova et al., 2007). An increase

of interfacial shear strength is also reported by modifying carbon fiber surface (He et al.,

2010; Li, 2008; Moon et al., 1992), the treatments include oxygen plasma, nitric acid, and

electrochemical oxidation. Improvement in interfacial shear strength can be also achieved

by dispersing regular and functionalized CNTs in epoxy resin (Zhu et al., 2012, 2003; Che

et al., 2009; Ma et al., 2009; Martinez-Rubi et al., 2011; Sui and Wagner, 2009). Many

other research groups have used CNT fiber itself to evaluate the interfacial shear strength

(Ganesan et al., 2011; Özden Yenigün et al., 2012; Zu et al., 2012). Dispersion of SWNT-

COOH in epoxy to fabricate SWNT-COOH/epoxy/CF composites by vacuum assisted resin
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transfer molding technique produces 40% enhancement of shear strength for only 0.5 wt% of

SWNT-COOH (Bekyarova et al., 2007). Introducing MWNT into composites can increase

interfacial shear strength up to 33%. Recently, using CNT to wrap on carbon fiber then em-

bed into epoxy was proposed to improve interfacial shear strength of carbon fiber reinforced

composite. The improved mechanical performance and 40% enhancement of shear strength

are observed by incorporation of SWNT-COOH from mechanical tests. Electrical conductiv-

ity of covalently integrated epoxy composites improves by modifying functionalizing CNTs

by plasma (Tseng et al., 2007; Cheng et al., 2010). Modifying the interlaminar interface is

an another approach to improve interfacial shear strength, and introduction of MWNT into

composite can result in 33% incensement in the interfacial shear strength during fabricating

the hybrid MWNT/glass/epoxy composites (Fan et al., 2008; Tsotsis, 2009). Moreover, in-

corporating CNT in thermoset and thermoplastic resin can also help improve electrical and

thermal conductivity (Assael et al., 2008; Cheng et al., 2010; Kotaki et al., 2006).

In an effort to avoid degrading tensile properties of fibers due to grafting CNTs, Godara et

al. deliver CNTs to the fiber surface by dispersing CNTs in the fiber sizing formulation, which

does not introduce any damage to the fibers (Godara et al., 2010, 2009). Nanoindentation

is carried on to characterize interfacial shear strength for three different categories samples

that CNTs are introduced in three ways: (1) in the matrix, (2) in the fiber sizing and (3)

in the fiber sizing and matrix simultaneously. Results show that interfacial shear stress

increases for all three cases, and 90% incensement in interfacial shear stress is observed for

composites where CNTs are introduced solely in the fiber sizing. They also find that the

thermal expansion decrease by 32% by presenting double-walled CNTs into epoxy systems

and 80% incensement in fracture toughness for introducing multi-walled CNTs into epoxy

resin modified by a compatibilizer. The possible reason for decrease in thermal expansion

is that the reduced size and higher interaction CNTs block the mobility of the polymer

network and introduce microstructural rigidity. Chemically modifying nanotube surface can
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help dramatically improve interfacial shear strength between a single CNTs and a polymer

matrix by conducting pulling out single CNTs using atomic force microscopy (AFM) tip,

though the data scatter is very high (Barber et al., 2006, 2003).

Dr. Lu, et al. have put forward a new robust method to wrap CNT sheet around carbon

fiber and then infiltrate into epoxy (Lu et al., 2017). The carbon fiber and the inner ply

of the MWNT sheet will adhere to each other through van der Waals forces. Polymer will

infiltrate into the mesoporous outer layers of the MWNT piles. These outer MWNT plies

have MWNT connected to each other to form a MWNT aerogel (or xerogel after densification

in liquid) with very high specific surface area (Aliev et al., 2009) before infiltration by

polymer. The polymer will penetrate the mesopores and crosslink with MWNTs during

infiltration of the polymer. The performed MWNT aerogel are found to be dispersed evenly

in the polymer to reinforce the fiber/polymer interface. In order to characterize the interfacial

adhesion of carbon fiber reinforced composites, measurement techniques, such as single-fiber

fragmentation test, single fiber push out test, microbond test, and fiber push-in test are

conducted to measure fiber/matrix interfacial shear strength (Xu, 2017). Finite element

simulation is conducted to analyze the stress distribution of composites with and without

nanocomposites using data from nanoindentation. Result shows that nanocomposites in

composites makes stress distribution smooth. Fiber push out test shows that interfacial

shear strength of CNT/carbon fiber reinforced composite is 81% higher than that of carbon

fiber reinforced composite, and fiber push in test shows 87% improvements.

1.2 Buckling Analysis of A Composite Under Compression

Low-density, high strength composite materials play a critical role in a wide range of areas

including aerospace, defense, sports, transportation, and renewable energy. These materials

are beneficial for providing improved energy efficiency, easier mobility, agility, and desirable
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aesthetics. The high tensile strength is derived from fibers impregnated in the polymer ma-

trix. Carbon fibers are one of the most popular fibers due to its high strength to weight

ratio, electrical conductivity, corrosion resistance and high thermal conductivity in some

forms, making carbon fibers it a promising solution to numerous engineering applications,

such as actuators (Liu et al., 2015; Mu et al., 2016), and reinforced fiber in polymer ma-

trix (Tang and Kardos, 1997), which is now used as the primary structural materials for

large airliners (Williams and Starke Jr, 2003; Soutis, 2005), and is used increasingly in other

applications, such as wind energy (Pimenta and Pinho, 2011). However, the compressive

strength of composites is in general much lower than tensile strength due to the fact that

under compression, the fibers tend to fail in micro-buckling (or kinking) before compressive

fracture occurs (Hahn and Sohi, 1986; Steif, 1987; Tadjbakhsh and Wang, 1992; Schultheisz

and Waas, 1996; Waas and Schultheisz, 1996; Kyriakides et al., 1995; Yongbo and Huimin,

2011; Harich et al., 2009; Ji and Waas, 2007; Waas et al., 1990). An analytical model to

predict the compressive strength was first proposed by Rosen (Rosen, 1965) for compressive

behavior of unidirectional composites. Subsequently, many different models were developed

to estimate compressive strength of composite. Based on Rosen’s work, 3D analysis was

conducted and the numerical result of aluminum and steel fiber reinforced epoxy was con-

sistent with experiment results, but not for graphite/epoxy and boron/epoxy (Greszczuk,

1975). Unknown boundary conditions of the microbuckled region and initial misalignment

were also accounted by introducing factors in Rosen’s model (Lo and Chim, 1992; Yeh and

Teply, 1988). Fiber-matrix bond condition and matrix slippage was considered in the model

(Xu and Reifsnider, 1993) where fiber was assumed as a beam resting on elastic foundation.

Theory of elasticity was used to solve micro-buckling problem and finite element method was

carried out to verify theoretical result (Zhang and Latour Jr, 1994). Some recent papers on

fiber micro-buckling problem are presented in (Lapusta et al., 2008; Bai et al., 2016; Su et al.,

2012; Parnes and Chiskis, 2002; Lapusta et al., 2011; Andrianov et al., 2012). In analysis

6



the fibers are considered as isotropic. In practise, not all fibers are isotropic especially car-

bon fibers. Transverse properties of carbon fiber were measured using Raman spectroscopy,

nanoindentation, and micromechanics methods (Luo et al., 2012; Maurin et al., 2008; Miya-

gawa et al., 2005), they are in general lower than the properties in the axial direction. In

addition, fiber misalignment and matrix yield are known to influence compressive strengths

in unidirectional composites (Roy et al., 2005, 2007).

In order to properly study compressive strength of composite, researchers focused on in-

vestigating the fiber/matrix interface. In this process, a finite interphase region was assumed

to exist between fiber and matrix (Waas, 1992; Maligno et al., 2010; Drzal, 1990; Lane et al.,

2001). Most of the above theoretical work considered an interface rather than interphase

region, which is a layer of material between carbon fiber and matrix that could help improve

matrix dominated properties such as interfacial shear strength and compressive strength.

Recently, introduction of interphase region between fiber and matrix have been observed to

improve compressive strength (Zhang et al., 2009a). The grafting of CNTs (CNTs) onto

the carbon fiber carbon fibers through chemical vapor deposition can improve the interfacial

shear strength, resulting in IFSS 150% higher than that of composite without CNTs. How-

ever, this technique usually leads to a degradation of carbon fiber in-plane properties due to

processing at high temperature. As an alternative, a novel method was introduced in (Lu

et al., 2017) where carbon fiber was wrapped by MWNT sheet and then impregnated into

a polymer matrix, producing a nanocomposites layer in the interphase region. In this work,

the compressive failure of a polymer matrix composite containing unidirectional carbon fiber

with interphase region is investigated. In the study, the fiber is considered as anisotropic,

and the interphase region and the matrix are considered as isotropic. The results obtained

by modeling the fiber as an anisotropic and linearly elastic material are compared with those

obtained from isotropic fiber study. We also focus on the effect of mechanical properties and

thickness of interphase region on the compressive strengths. FEM simulations were carried

out to verify the theoretical work.
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1.3 Composite Actuator

Baughman et al. (Baughman et al., 1999) first find that injecting charge to nanotubes, nan-

otubes can exhibit mechanical deformation. Layered Nafion/single-walled CNT composites

actuator is investigated and large mechanical response at low voltages without the use of

an electrolyte are reported (Levitsky et al., 2004). Later, nanotubes was dispersed into the

polymer matrix to serve as an embedded network of electrodes to enhance the actuation

response (Landi et al., 2005). The reason for the best performance of nanotube/Nafion ac-

tuators is that nanotubes uniformly distribute (Lee et al., 2007). CNTs is introduced to

electroactive polymer matrix, and the actuation performance is much better than embedded

into pristine polymer. Higher strains can be maintained in electroactive polymer actuators

and enhanced electrochemical efficiency in the actuation is found due to enhancement of

conductivity (Zhang et al., 2005; Tahhan et al., 2003). Another electromechanical composite

actuator is made by adding very low (∼0.01%) concentration of CNTs into nematic liquid-

crystalline elastomers (Courty et al., 2003). Ply actuators is developed by casting an epoxy

layer onto the surface of a random bucky-paper. Such actuator exhibit higher stiffness and

strength than previous bucky-paper actuators (Yun et al., 2005). Same group also study to

use carbon nanofibers as actuator material in both liquid and solid electrolytes (Yeo-Heung

et al., 2006a,b).

Ultraviolet light illumination can deform and fix the polymers containing cinnamic groups

into predetermined shapes-such as tubes, arches, spirals or elongated films. The stability

of these new shapes is extremely good, even keeping stable when heated up to 50◦C, and

recovering to their original shape can be achieved at room temperature when exposed to

ultraviolet light of a different wavelength. The excellent ability of such polymers to deform

to desired shapes and then recover their primitive shape when subjected to remote light

activation can result in diverse applications (Lendlein et al., 2005). Twisted-spun multi-wall

CNTs can do actuation in response to voltage ramps and potentiostatic pulses (Mirfakhrai
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et al., 2007). Actuation strain can be up to 0.5 % when the applied potentials is 2.5 V.

Actuator made of CNT polyimide composite (Sellinger et al., 2010) can bend upward due

to thermal expansion when the temperature is below its Tg (220◦C). And polymer become

soften and bends downward due to gravity when the temperature is above glass transition.

Nanofiber hydrogel actuator is fabricated by introducing an anisotropic structure into the

nanofiber gel. pH changes can result in bending and stretching motions of nanofiber hydrogel

actuator. The motions of bending and stretching of such actuator are very stable over a

constant period and displacement (Nakagawa et al., 2011).

Hybrid CNT yarn muscles can perform torsional and tensile actuation when subjected to

electrical, chemical and photonic stimulus (Lima et al., 2012). Fast, high-force, large strokes

torsional and tensile actuation can be realized by using guest-filled, twist-spun CNT yarns.

Guest dimensions can be changed during electrical, chemical, or photonic excitation. They

demonstrate more than a million tensile and torsional actuation cycles, wherein a muscle

delivers 3% tensile contraction at 1200 cycles/minute or spins a rotor at an average 11,500

revolutions/minute. A new electroactive actuators is devised by using ionic liquids and self-

assembled sulphonated block copolymers. It shows enhancement in actuation properties

and large generated strain (up to 4%) without any signs of back relaxation. The ability

of millimeter-scale displacements at sub-1-V conditions over 13500 cycles in air with rapid

response (< 1 s) has been reported (Kim et al., 2013). Researchers embed aligned CNTs

into paraffin wax on polyimide substrate and then actuate it by visible-light. The actuator

can bend too three dimensional helical buckling controlled by tuning the CNT alignment

direction. The response time of photomechanical actor is milliseconds and no detectable

fatigue is found after reversibly performing 10000 cycles (Deng et al., 2015).

Another polymer coated CNT yarn artificial muscle is devised by Dr. Baughman’s group,

and this types of artificial muscle have higher performance than guest filled artificial muscle.

In this study, we study the mechanism of this type of artificial muscle. We predict the effect
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of polymer thickness to core diameter ratio on the absorption-driven torsional actuation of a

polymer coated CNT yarn. We also predict the tensile stroke and isobaric contractile work

capacity of coiled polymer coated CNT yarn artificial muscles and polymer infiltrated CNT

yarn artificial muscles.
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CHAPTER 2

MODELING THE COMPRESSIVE BUCKLING LOAD AS A FUNCTION

OF THE INTERPHASE THICKNESS IN A CARBON NANOTUBE SHEET

WRAPPED CARBON FIBER COMPOSITE

2.1 CNT/CF Laminate Composites and Surface Wettability

An initial setup for the fabrication of CNT/carbon fiber with a bias angle of 0◦ composite

samples are developed through a rolling process. In this process, three layers of CNT forests

are placed vertically aligned with a roll of manually spread Hexcel IM7 carbon fiber tow.

CNT sheets are pulled out from the forests and attached over the carbon fiber tow at the

rotating mandrel at a speed of about 72 rpm. Spreading Hexcel IM7 on CNT sheets with a

stacking angle of either 45◦ or 90◦ is conducted manually. Then ethanol is used to densify

them. SEM images of carbon fiber and carbon fiber/CNT with a bias angle (0◦, 45◦, or

90◦) are shown in Figure 2.1. Then all samples are embedded in epoxy matrix by vacuum

assisted resin infusion process. For these samples, vacuum bagging starter kit (model 947)

from Composite Envisions is used Figure 2.2. In order to make sure that no bubbles are

trapped in the laminate, mixing time of Epon 862 is controlled and vacuum is used during

curing.

After 24 hours, epoxy is fully cured, four types of samples are obtained: unidirectional

carbon fibers embedded in epoxy, CNT/CF with a bias angle (0◦, 45◦ ,or 90◦) composite.

Strong interfacial adhesion between fiber and matrix plays an important role in successful

usage of fiber composite. However, carbon fiber often shows poor adhesion to epoxy due to

its relatively inert and non-polar fiber surface. The perfect surface wetting contributes to

good interfacial adhesion, which can be improved by modifying the property of carbon fiber

surface (Xu et al., 2008). Scanning electron microscope (SEM) images of the cross sectional

views of CF/epoxy composite after breaking it with liquid nitrogen, making the samples more
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(a) (b)

(c) (d)

Figure 2.1: Pure carbon fiber and CNT/carbon fiber with different bias angles. (a) Pure car-
bon fiber tows with fiber diameter around 5 µm. (b) SEM images of CNT/carbon fiber with
bias angle 0◦ after densification by ethanol. (c) SEM micrograph showing CNT/carbon fiber
with bias angle 45◦ after densification by ethanol. (d) SEMmicrograph showing CNT/carbon
fiber with bias angle 90◦ after densification by ethanol.

brittle and easy to break without changing relative position of fiber and matrix, otherwise

fiber will be pulled due to its higher strength than matrix, are shown in Figure 2.3 and a

very poor wettability of the epoxy on the carbon fiber is observed. CNT/CF with bias angle

of 0◦ laminate is also breaking using liquid nitrogen, SEM micrographs of the cross section

show very good wettability of the epoxy on the carbon fibers in Figure 2.4.
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Figure 2.2: Vacuum resin infusion of carbon fiber tows and CNT/carbon fiber with different
bias angle.

Figure 2.3: SEM images of a cross-section in a unidirectional carbon fiber epoxy after break-
ing it with liquid nitrogen, showing poor wettability of epoxy on the carbon fibers. Bar
scales: 10 µm (left) and 2 µm (right).
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Figure 2.4: SEM images of a fracture surface of CNT/carbon fiber composite with bias
angle 0◦. The sample is cooled down to cryogenic temperature by using liquid nitrogen, it
is subsequently subjected to bending that leads to fracture. The micrograph shows that
there is a good wettability of epoxy on the carbon fibers. Bar scales: 10 µm (left) and 2 µm
(right).

Figure 2.5: Photograph of a MWNT sheet drawn from forest.

2.2 Theoretical Analysis

The CNT sheet drawn from MWNT forest is meso-porous with high specific surface area,

consequently very small amount of CNT sheet by weight can be used to wrap around large

volume of carbon fibers (Lu et al., 2017). Figure 2.5 shows a self-supporting long MWNT

sheet hand-drawn from a nanotube forest. Then carbon fiber is wrapped by CNT sheet.

Figure 2.6a shows a schematic diagram of a MWNT sheet being wrapped circumferentially
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(a) (b)

(c) (d)

Figure 2.6: CNT sheet wrapping carbon fiber. (a) A schematic diagram showing a MWNT
scrolling a carbon fiber (Xu, 2017). (b) SEM images of single carbon fiber (Xu, 2017). (c)
SEM micrograph showing segment of the single carbon fiber with 30◦ wrapping bias angle
(Xu, 2017). (d) SEM micrograph showing segment of the single carbon fiber with 45◦ warp
bias angle (Xu, 2017).

on a carbon fiber at a wrapping angle α. The MWNT wrapped carbon fiber is then embed-

ded into a polymer matrix. The inner ply of the MWNT sheet adheres to the carbon fiber

via Van der Waals forces. Figure 2.6b shows SEM image of single carbon fiber. 30◦ and

45◦ wrap bias angle are used to wrap CNT sheet around carbon fiber respectively in Figure

2.6c and Figure 2.6d. Then CNT sheet wrapped carbon fiber is embedded into a polymer

matrix, nanocomposite made of CNT sheet and epoxy is formed at this time. Figures 2.9a
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Figure 2.7: SEM images indents of composite with CNT at wrapping bias 0◦ (Xu, 2017).

and 2.9b show the surface topography using atomic force microscopy of neat and CNT sheet

scrolled carbon fiber embedded in polymer matrix, separately. Modulus scanning using a

cube corner nanoindenter tip was conducted on neat polymer matrix and on nanocomposite,

which can be seen in Figure 2.7. The surface modulus increased from 3.1 GPa to 24.7 GPa

for CNT sheet wrapping carbon fiber at a wrapping angle 0◦, and 13.2 GPa for CNT sheet

wrapping carbon fiber at a wrapping angle 45◦ as shown in Figure 2.8. Based on these

experiments, the theoretical model was built to analyze the optimum thickness of nanocom-

posite interphase region. The composite consists of three constituents:fiber, nanocomposite

(interphase region), and matrix. Figure 2.10 shows a schematic diagram of the three regions

in a CNT wrapped carbon fiber composites. Fiber was modeled as transversely isotropic,

and nanocomposite and matrix (e.g., epoxy) were modeled as a isotropic elastic continuum

respectively. If the volume fraction of reinforcement is low and fibers do not interact, the

problem can be simplified to that a single fiber coated with MWNT sheets rest in an infinite

matrix. A schematic graph is shown in Figure 2.10. We assumed that the fiber/interphase
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Figure 2.8: Young’s modulus of nanocomposites and matrix (Xu, 2017).

region and interphase region/matrix interfacial bonds are perfect, so that displacement and

force are continuous on the interfacial boundary. The composite is subjected to a plane

strain deformation in the x-y plane. Subscripts of 1, 2, 3 represent fiber, interphase, and

matrix, respectively. The entire composite laminate is assumed to be compressed by rigid

platens in the fiber direction.

From the uniformly strained state to the perturbed state, two deformation modes of the

fiber are possible. In this work, as the fiber’s modulus is assumed to be significantly higher

than that of matrix, anti-symmetric mode prevails according to previous studies (Waas et al.,

1990; Novozhilov, 1999). The fiber displacement with the perturbation should satisfy anti-

symmetrical conditions.

u1(x1, y1) = −u1(x1, y1)

v1(x1, y1) = v1(x1,−y1)
(2.1)
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(a) (b)

Figure 2.9: Surface topographs taken by atomic force microscopy of (a) Carbon fiber (Xu,
2017). (b) MWNT scrolled carbon fiber when embedded in polymer matrix after polishing
(Xu, 2017).

At first, when an aligned fiber/CNTs-reinforced composite is subjected to a uniaxial uni-

formly strain, the corresponding stress in dimensionless form for the interphase region and

matrix is given by si = σ/2Gi,(i = 2,3), where σxi
is the stress in the xi direction, and Gi

is the shear modulus. Note that i = 1 denotes fiber, i=2 denotes matrix/CNT interphase

region, and i = 3 denotes matrix. When the fiber is assumed to be transversely isotropic,

the number of independent material constants reduces to five. The five independent material

constants used in this paper are:Efx1 , Efy1 , Gx1y1 , νx1y1 , and νy1z1 . Equilibrium equations for

the solid with small perturbation are well documented (Novozhilov, 1999). Neglecting body

force, the equilibrium equations governing the incremental stresses due to the perturbation

are

∂(σx−ωzσ0
xy+ωyσ0

xz

∂x
+

∂(σxy−ωzσ0
y+ωyσ0

yz)

∂y
+

∂(σxz−ωzσ0
yz+ωyσ0

z)

∂z
= 0

∂(σxy−ωxσ0
xz+ωzσ0

x)

∂x
+

∂(σy−ωxσ0
yz+ωzσ0

xy)

∂y
+ ∂(σyz−ωxσ0

z+ωzσ0
zx)

∂z
= 0

∂(σxz−ωyσ0
x+ωxσ0

xy)

∂x
+

∂(σyz−ωyσ0
xy+ωxσ0

y)

∂y
+

∂(σz−ωyσ0
xz+ωxσ0

yz)

∂z
= 0

(2.2)
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Figure 2.10: Configuration of composite under compression in fiber direction.

In Equation (2.2), superscript ‘0’ denotes the original state and symbols without superscript

represent the perturbed state. Here ωz = 1
2
(∂u
∂y

− ∂v
∂x
), ωx = ωy = 0 , due to the fact plain

strain problem is assumed where u, v are independent of z, and ω is zero. With the nonzero

components σ0
x = -σx the above equations simply to the following equations

∂σx

∂x
+ ∂σxy

∂y
+ ∂σxz

∂z
= 0

∂(σxy−ωzσx)

∂x
+ ∂σy

∂y
+ ∂σyz

∂z
= 0

∂σxz

∂x
+ ∂σyz

∂y
+ ∂σz

∂z
= 0

(2.3)

In the next step, Equation (2.3) and strain displacement relationships εx = ∂u
∂x
, εy = ∂v

∂y
, εxy

= 1
2
( ∂v
∂x

+ ∂u
∂y
) are applied to fiber, interphase region and matrix individually.
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2.2.1 Governing Equations for Carbon Fibers

The fiber is assumed to be homogeneous and transversely isotropic solid. Interphase re-

gion and matrix are assumed to be homogeneous and linearly isotropic solids. Constitutive

equations for transversely isotropic fiber are given by
σx1

σy1

σz1

 =


(−υ2

y1z1
+1)Efx1

∆
ϕ 0

ϕ
(1−υy1x1υx1y1 )Efy1

∆
0

0 0 2Gx1y1




εx1

εy1

εz1

 (2.4)

where ∆ = (υy1z1 + 1)(1− υy1z1 − 2υy1x1υx1y1), ϕ =
(1+υy1z1 )υy1x1 )Efx1

∆
.

Equation (2.4) and strain displacement relationships are substituted into Equation (2.3) ,

yielding the following equations

(1−υ2
y1z1

)Efx1

∆
∂2u1

∂x2
1
+Gx1y1

∂2u1

∂y21
+ (Gx1y1 + ϕ) ∂2v1

∂x1y1
= 0

(Gx1y1 −
σx1

2
)∂

2v1
∂x2

1
+

(1−υy1x1υx1y1 )Efx2

∆
∂2v1
∂y21

= 0
(2.5)

Displacements of fiber are antisymmetric about x1, and therefore Equation (2.5) has a solu-

tion of the form,

u1(x1, y1) = f(y1)sin(αx1)

v1(x1, y1) = g(y1)cos(αx1)
(2.6)

where α = 2π/λw and λw is the buckle wavelength. Then, substituting Equation (2.6) into

Equation (2.5) and elimination of g(y1) result in the following ordinary differential equation

for f(y1)

a1
∂4f(y1)

∂y41
+ a2α

2∂
2f(y1)

∂y21
+ a3α

4f(y1) = 0 (2.7)

Similarly, eliminating f(y1) gives an ordinary differential equation for g(y1),

a1
∂4g(y1)

∂y41
+ a2α

2∂
2g(y1)

∂y21
+ a3α

4g(y1) = 0 (2.8)
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where the a1, a2, a3 are constants, given as:

a1 = −GX1Y1

(1−υy1x1υx1y1 )Efx1

∆

a2 =
(1−υy1x1υx1y1 )(1−υ2

y1z1
)Efx1

Efy1

∆2 −Gx1y1σx1 −
σx1

2

−2Gx1y1ϕ− ϕ2

a3 =
(−1+υ2

y1z1
)Efx1

∆
(−σx1

2
+Gx1y1)

(2.9)

The solutions of Equation (2.7) and Equation (2.8) become

u1(x1, y1) = (−B1 + k1D1)sinh(β1αy1)sin(αx1)

v1(x1, y1) = (B1m1 +D1)cosh(β1αy1)cos(αx1)
(2.10)

Here β1 =
√

− a2
2a1

+
√

a22 − 4a1a3 and k1 and m1 are calculated by the following equations

m1 = (
(1−υ2

y1z1
)Efx1

∆
−Gx1y1β

2
1)/((Gx1y1 + ϕ)β1)

k1 = (Gx1y1 + ϕ)β1/(−
(1−υ2

y1z1
)Efx1

∆
+Gx1y1β

2
1)

(2.11)

2.2.2 Governing Equations for Interphase Region and Matrix

Hook’s law for the linearly isotropic interphase region and matrix takes the form

σmn = λδmnεkk + 2Gemn (2.12)

Here m, n, k denote x2, y2 and z2 or x3, y3 and z3. And λ is the Lamé constant, G is

the shear modulus. Substitution of Equation (2.12) into Equation (2.3) yields the following

equations

(λi + 2Gi)
∂2ui

∂x2
i
+Gi

∂2ui

∂y2i
+ (λi +Gi)

∂2vi
∂xiyi

= 0

(λi + 2Gi)
∂2vi
∂y2i

+ (Gi −
σxi

2
)∂

2vi
∂x2

i
+ (λi +Gi +

σxi

2
) ∂2vi
∂xiyi

= 0
(2.13)

In Equation (2.13), the index i takes the values of 2 or 3; 2 indicates the interphase region

while 3 represents the matrix. A similar method is used to solve Equation (2.13), and the

displacement fields for interphase region and matrix are obtained. In the interphase region,
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the solution is given as

u2(x2, y2) = (−B2sinh(αy2)− A2cosh(αy2) + k2D2sinh(µ2αy2) + k2C2cosh(µ2αy2))sin(αx2)

v2(x2, y2) = (A2sinh(αy2) +B2cosh(αy2) + C2sinh(µ2αy2) +D2cosh(µ2αy2))cos(αx2)

(2.14)

where k2 = µ2(β2+0.5)

0.5µ2
2−β2−1

, β2 = λ2

2G2
, and µ2 =

√
1− s22 For matrix, the solution is

u3(x3, y3) = [B3e
−αy3 − k3D3e

−µ3αy3 ]sin(αx3)

v3(x3, y3) = [B3e
−αy3 +D3e

−µ3αy3 ]cos(αx3)
(2.15)

where k3 = µ3(β3+0.5)

0.5µ2
3−β3−1

, and β3 = λ3

2G3
, µ3 =

√
1− s23. And Bi, Di (i = 1, 2, 3) and A2, C2

are eight unknowns constants.

2.2.3 Application of Boundary Conditions

The force boundary conditions for Equation (2.3) are given below

∆fx = (σx − ωzσ
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xz + ωxσ

◦
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(2.16)

The displacement and traction vectors are assumed to be continuous at the fiber/ interphase

region and interphase region/matrix boundary, and the continuity conditions are given as

below. At the interface between carbon fiber and CNT/matrix nanocomposite interphase

region, that is, at: y1 = D
2
, y2 = −t

2
in Figure 2.10,

u1 − u2 = 0

v1 − v2 = 0

∆fx1 −∆fx2 = 0

∆fy1 −∆fy2 = 0

(2.17)
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At the interface between the CNT/matrix nanocomposite interphase region and the neat

resin, that is at: y2 = t
2
, y3 = 0 in Figure 2.10,

u2 − u3 = 0

v2 − v3 = 0

∆fx2 −∆fx3 = 0

∆fy2 −∆fy3 = 0

(2.18)

The displacement field provided in Equations (2.10), (2.14) and (2.15) and traction Equation

(2.16) are substituted into Equations (2.17) and (2.18) to obtain eight linear algebraic homo-

geneous equations, which are used to determine the eight unknown constants Bi, Di (i = 1,

2, 3) and A2, C2. The determinant of the matrix M should be zero for non trivial solutions

Bi, Di (i = 1, 2, 3) and A2, C2. Once the critical stress and its corresponding buckling

wavelength are found, the constants Bi, Di (i = 1, 2, 3) and A2, C2 can be determined up

to an arbitrary constant. The matrix M is

M =



−n1 −n2 0 k1n1 k2n3 0 c2 −k2c3

−m1c1 −c2 0 c1 −c3 0 n2 n3

t1c1 2G2c2 0 t2c1 t5c3 0 −2G2n2 −t5n3

t3n1 2G2n2 0 t4n4 t6n3 0 −2G2c2 −t6c3

0 −n2 −1 0 k2n3 k3 −c2 k2c3

0 c2 −1 0 c3 −1 n2 n3

0 −2G2c2 2G3 0 −t5c3 t8 −2G2n2 −t5n3

0 2G2n2 2G3 0 t6n3 t6 2G2c2 t6c3



(2.19)
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where ni (i = 1,2,3,4) and tj (j = 1,2,3,...,8) are defined as follows

n1 = sinh(β1h1), c1 = cosh(β1h1)

n2 = sinh(h2), c2 = cosh(h2)

n3 = sinh(µ2h2), c3 = cosh(µ2h2)

n4 = sinh(µ1h1), t1 = G12(−m1 − β1)

t2 = G12(k1µ1 − 1), t5 = G2(1− k2µ2)

t3 =
−(1+υ23)υ21E1+(1−υ21υ12)E2m1β1

∆
,

t4 =
(1+υ23)υ21E1k1+(1−υ21υ12)E2β1

∆
,

t6 = λ2k2 + λ2µ2 + 2G2µ2,

t7 = G2(k2µ2 − 1), t8 = −G3(k3µ3 − 1)

(2.20)

Here h1 = αD/2, h2 = αt/2.

2.3 Finite Element Verification of Model Prediction

In the analytical model for the analysis to determine the onset of buckling of fiber, the matrix

is assumed to be infinitely thick. Without loss of generality and considering limitations on

computational resources for the finite element model, matrix thickness is set to be 50 times

of the thickness of fiber, and periodic boundary condition is defined on two vertical edges.

Numerical analysis is performed in the commercial finite element software package ABAQUS

6.14 to validate the theoretical approach of determining the critical stress and its buckling

behavior. The fiber is modeled as transversely isotropic elastic material and the following

parameters are used: Efx1 = 276GPa, Efy1 = 19.5GPa, Gx1y1 = 70GPa, υx1y1 = 0.28,

υy1z1 = 0.7 (Upadhyaya et al., 2013). The interphase region and matrix are modeled as

isotropic elastic material. It is assumed that the interphase region properties change with

the volume fraction of MWNT sheets in the matrix, the interphase region’s Young’s modulus

increase as the volume fraction of MWNT sheets increases and Poisson’s ratio changes as well
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Figure 2.11: Anti-symmetric buckling mode obtained from linear buckling analysis.

(Tsuda et al., 2014). Eight-node quadratic plane strain elements are used for fiber, interphase

region and matrix. There are 1000 elements along the fiber direction, resulting in very small

characteristic element lengths compared with buckling wavelength. In order to guarantee the

accuracy of buckling strain, there are more than one element along the thickness direction

of fiber and interphase region, and mesh convergence studies were conducted to ensure that

mesh independence was achieved. Antisymmetric buckling modes observed from the finite-

element analysis using linear buckling method are shown in Figure 2.11, which validates the

assumption of antisymmetric buckling models assumed in the theoretical model development.

2.4 Results and Discussion

Parametric analysis was conducted using our analytical model predictions as well as FEA

to examine role of the thickness of the interphase region on the mechanical properties, and

compressive strain at the onset of buckling. Notice that the solid lines represent theoreti-

cal result, and scatter symbols represent FEA simulation results in Figures 2.12-2.16. It is

observed that different buckling strain as a function of buckle half wavelength (0.5 λw/D)

curves obtained by treating fiber as anisotropic and isotropic are quite different, as shown
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Figure 2.12: Comparison of buckling strain (logarithmic scale) for the unidirectional com-
posites for two situation where a carbon fiber is modeled as an anisotropic and an isotropic
material. In both anisotropic and isotropic models, the carbon fiber longitudinal modulus is
set equal. It is seen that assuming isotropic behavior for a carbon fiber over-estimates the
critical strain at buckling.

in Figure 2.12. It can be seen that for a fixed buckle half wavelength, buckling strain de-

termined by modeling the fiber as anisotropic is significantly lower than that determined by

modeling fiber as isotropic. Figure 2.12 show that the ratio of isotropic model to anisotropic

model buckling strain reaches a maximum 1.58 for buckle half wavelength equaling 16. The

parameters used to determine buckling strain and buckle half wavelength are: Young’s mod-

ulus of matrix Em is 3.5 GPa, Poisson’s ratio of matrix υm is 0.38, and Young’s modulus of

interphase region Ei is 20 GPa, Poisson’s ratio of interphase region υi is 0.33, and t/D = 0.07.

The effect of interphase region thickness was studied by changing the ratio of the thickness of

the interphase region with respect to the fiber’s thickness. Theoretical critical strain shows
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(a)

(b)

Figure 2.13: Simulation and theoretical analysis are carried on at the same situation for
both cases except interphase region Young’s modulus. Solid lines are theoretical results and
symbols are FEM results. (a) Variation of buckling strain against t/D for ‘soft’ interphase
region (Ei < Em). (b) Variation of buckling strain against t/D for ‘stiff’ interphase (Ei >
Em). Here Em0 = 3.5GPa, E ′

3 = Em/Em0.
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a good agreement with the numerical result for different thickness ratio as shown in Figures

2.13a and 2.13b. It should be noted that the maximum ratio of interphase region thickness

to fiber diameter is set at 1, assuring that fiber’s property dominates in the composites and

the diameter of the fiber D = 5µm is fixed. In Figure 2.13a, when the thickness ratio in-

creases, buckling strain decreases in the case where interphase region modulus 2.5 GPa is

less than matrix modulus (i.e., a ‘soft’ interphase region). It means that soft’ interphase

region could not provide strong support for carbon fiber under compression, making it easier

to buckle. It is noted that buckling strain increases with the increase of matrix modulus

in Figure 2.13a, the more strong the matrix is, the more support can give to carbon fiber

making it not easy to buckle under compression. However a reversed trend is observed in

the case where interphase region modulus 25 GPa is larger than matrix modulus (‘stiff’ in-

terphase region) in Figure 2.13b. Figure 2.13b shows that wrapping MWNTs on carbon

fiber helps increase the buckling strain, which increase linearly with the interphase region

thickness. The buckling strain can increase by 35.9%, 36.3%, 25.5% when interphase region

thickness equals fiber diameter for E ′
3 = 1.0, E ′

3 = 2.6, E ′
3 = 4.3, respectively, compared

with baseline datas when no interphase region in such composite. The higher matrix Young’s

modulus can help improve the buckling strain no matter what the interphase region property

is, both as shown in Figures 2.13a and 2.13b. It is seen that a thick interphase region (bigger

t/D) can induce larger wavelength for ‘soft’and ‘stiff’ interphase region in Figure 2.14 and

Figure 2.15, from which we can observe that buckle half wavelength decreases as matrix’s

Young’s modulus increases. Figure 2.16 shows the curves for the critical strain with respect

to Young’s modulus ratio of interphase region to matrix from theoretical analysis and finite

element simulation. It illustrates that Ei/Em almost does not affect buckle strain when the

interphase region thickness is very small. When interphase region thickness is comparable

with fiber’s diameter, buckling strain increases with interphase Young’s modulus initially

and it does not change much subsequently. Notice that there is an optimal interphase region
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Figure 2.14: Variation of buckle half wavelength against t/D for ‘soft’ interphase region
(Ei < Em). Solid lines are theoretical results and symbols are FEM results.

Young’s modulus around 17.5 GPa for such composite, which can be achieved by controlling

volume fraction of MWNTs and epoxy, and wrapping bias angle.

2.5 Summary and Conclusions

A theoretical model for studying the compressive buckling strain of a unidirectional carbon-

fiber/epoxy composite was presented. In the model, the composite is considered to consist

of three constituents: fiber, nanocomposite (CNT/matrix interphase region), and matrix.

The fiber, nanocomposite and matrix (e.g., epoxy) are modeled as a transversely isotropic,

and isotropic elastic continuum respectively. The analysis is conducted under a plain strain

condition applying a small perturbation in the field equations. Perfect bonding is assumed

at the fiber/ nanocomposite interface, and nanocomposite/matrix interface to make sure
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Figure 2.15: Variation of buckle half wavelength against t/D for ‘stiff’ interphase (Ei > Em).
Here Em0 = 3.5 GPa, E ′

3 = Em/Em0. Solid lines are theoretical results and symbols are
FEM results.

displacement and traction are continuous at the interface. Buckling strain and correspond-

ing wavelength for antisymmetric deformation mode are obtained from the analysis. Finally,

comparing buckling strain determined by modeling fiber as anisotropic with modeling fiber as

isotropic, the current model predicts lower buckling strain. FEM simulations were carried out

to simulate the same buckling problem for model verification, and it shows consistent results

with theoretical analysis. The effects of the nanocomposite’s thickness, Young’s modulus of

interphase region and matrix on buckling strain and wavelengths were discussed. Wrapping

CNT sheet on carbon fiber indeed helps improve compressive strength as long as nanocom-

posite’s Young’s modulus is higher than the matrix, which is easily achievable by controlling

volume fraction of MWNT and wrapping bias angle. The optimum interphase region thick-
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Figure 2.16: Variation of buckling strain against Young’s modulus ratio of interphase region
to matrix using υm = 0.38 and υi = 0.2. Solid lines are theoretical results and symbols are
FEM results.

ness is fiber’s diameter under the assumption that fiber’s property dominates composites. In

summary, the theoretical analysis here provides a potentially powerful method for design-

ing composite components through analyzing the compressive behavior of composites with

transversely isotropic fibers and tailored interphase stiffness.
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CHAPTER 3

THEORY FOR POLYMER COATED CNT YARN ARTIFICIAL MUSCLE

DRIVEN BY VAPOR

3.1 Prediction of the Effect of Polymer/Core Ratio on the Absorption-driven

Torsional Actuation of a Polymer Coated CNT Yarn

Corresponding to the method presently used to make a twisted polymer coated CNT yarn

artificial muscles, this theoretical analysis considers a polymer coated CNT yarn artificial

muscle core yarn having an initial twist of T0 (turns per muscle length), which is clamped

and coated with the polymer material until the polymer dries to set the initial state of the

polymer coated CNT yarn artificial muscle. If the yarn was unclamped before the polymer

was applied, then the yarn will decrease twist by ∆T0 due to elastic removal of most of the

inserted twist. The fully dried polymer coated CNT yarn artificial muscle is unclamped at

one end allowing rotation that removes a twist of ∆Toff from the core yarn, and introduces

twist into the polymer coated CNT yarn artificial muscle’s polymer. In the equilibrium

non-actuated state, the torque on the CNT core is balanced by the opposing torque in the

elastically twisted polymer, so that:

0 = koff
core(∆T0 +∆Tfree,off −∆Toff )− koff

polymer∆Toff (3.1)

where kcore and kpolymer are the torsional stiffnesses of the core and polymer sheath, respec-

tively, and ∆Tfree,off is the change in core twist due solely to the compression applied by

the drying polymer. Rearranging Equation (3.1) gives:

∆Toff =
∆T0 +∆Tfree,off

1 +
koffpolymer

koffcore

(3.2)

Using the above approach, we can now calculate the twist change (∆Ton) in going from initial

yarn twist (T0) to the twist that results from actuation of the polymer coated CNT yarn
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artificial muscle. Now the torque balance equation is written as:

0 = kon
core(∆T0 +∆Tfree,on −∆Ton)− kon

polymer∆Ton (3.3)

Hence,

∆Ton =
∆T0 +∆Tfree,on

1 +
konpolymer

koncore

(3.4)

The torsional stroke of the polymer coated CNT yarn artificial muscle (in turns per muscle

length) is:

∆TPCAM = ∆Ton −∆Toff (3.5)

Since the modulus of the yarn in the axial direction is much lower than that in radial

directions, we can approximate that the length of the polymer coated CNT yarn artificial

muscle does not change during torsional actuation. This approximation is supported by

experiment result that this tensile stroke is a 1.25% contraction. On the other hand, the

polymer coated CNT yarn artificial muscle’s diameter increases by 9% during this actuation.

Hence, we approximate that the change in twist of the yarn core occurs without energet-

ically costly changes in nanotube length (which is the string length in the helix model) or

polymer coated CNT yarn artificial muscle length. Correspondingly, the helix equation (I)

gives that the fractional change in twist equals the fractional change of the diameter of the

core yarn. Consequentially, we obtained that:

∆Tfree,on =
T0 +∆T0

dUncoated
core

doncore
− 1

(3.6)

∆Tfree,off =
T0 +∆T0

dUncoated
core

doffcore
− 1

(3.7)

where dcore parameters are the yarn core diameters in the uncoated (dUncoated
core ), actuation-off

(doffcore), and actuation-on (doncore) states.

The core diameter of the polymer coated CNT yarn artificial muscle after drying in

the non-actuated state (doffcore) is estimated by first considering the compression ratio λ =
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doncore/d
off
core. This compression ratio, which is a function of the polymer sheath/core ratio

(SCR), can be evaluated from elasticity theory by drawing analogy to the case where a core

cylinder is inserted into a hollow tube that has an initial inner radius that is smaller than

the initial radius of the core cylinder. Using literature results (Shigley, 2011), λ is obtained

from:

λ = 1− 1− ϕ

λt + λ
(3.8)

where λt is defined:

λt =
λEc

Es(1− νs)
(
(1 + 2x/λ)2 + 1

(1 + 2x/λ)2 − 1
+ νs) (3.9)

where ϕ is the ratio of the polymer thickness in the non-actuated state to the polymer

thickness in the actuated state. Es and Ec are the elastic moduli of the polymer and the

core, respectively, in the radial direction, and νs and νc are the corresponding Poisson’s

ratios that couple a stretch in the circumferential direction to the deformation in the radial

direction.

We will now apply these theoretical results for the specific case of predicting the de-

pendence of torsional actuation on polymer/core ratio for ethanol-driven actuation of a

polymer@CNT polymer artificial muscle. Since experimental measurements show that the

Young’s modulus for the polymer of the ethanol-saturated polymer coated CNT yarn arti-

ficial muscle is very low (50.4 MPa) compared to fiber modulus in the yarn direction, the

elongation of twisted polymer coated CNT yarn artificial muscle during actuation can be

neglected. Since stresses on the polymer coated CNT yarn artificial muscle core are similar

for the actuated state and the initial non-coated state, we approximate that dUncoated
core = doncore.

For calculating the torsional stroke as a function of polymer/core ratio, we input the geom-

etry of the non-actuated polymer coated CNT yarn artificial muscle, the elastic properties

of both the sheath and core, and the percent volume change of the sheath material during

ethanol absorption. The elastic modulus of the core yarn in the radial direction was obtained
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by mechanically loading the torsional polymer coated CNT yarn artificial muscle with ten-

sile stress provided by the rotor used for torsional measurements, and then compressing the

yarn in the radial direction while stress-strain measurement were obtained. After correct-

ing for the circular shape of the yarn using a conventionally applied equation (Puttock and

Thwaite, 1969), 65.9 MPa was obtained for the radial-direction Young’s modulus. Insert how

Poisson’s ratio was obtained. The Young’s modulus of the sheath, in pristine and ethanol-

saturated states (294 MPa and 50.4 MPa, respectively), was derived from tensile stress-strain

measurement on a rectangular strip of the sheath material.

Equations (3.5)-(3.8) were solved, using the above obtained values of the Young’s modulus

and the Poisson’s ratio of sheath and core in the non-actuated state, and the shear modulus

of the sheath and core. The shear modulus of the sheath material was obtain from the

relationship between Young’s modulus and shear modulus for an isotropic material (105

MPa). The shear modulus of the twisted yarn core (150 MPa) was derived from the observed

rate of yarn untwist to rotate a paddle of known moment of inertia. The relationship between

shear modulus (G) and torsional stiffness (k) for a rod of length (L) and cross-sectional polar

2nd moment of area (J), which is k = GJ/L, is here exploited. The diameter of core of the

polymer coated CNT yarn artificial muscle is 35.0 µm, and the thickness of sheath can be

calculated from the SCR and the diameter of the core. For the polymer infiltrated CNT yarn

artificial muscle, the host and guest co-share the same yarn volume and the yarn diameter

is 44.2 µm. The length of the polymer coated CNT yarn artificial muscle and polymer

infiltrated CNT yarn artificial muscle are both 48.0 mm.

Calculation of the torsional stiffness for the polymer infiltrated CNT yarn artificial muscle

proceeds analogously, except that the rule-of-mixtures is used to calculate the effective shear

modulus of the polymer infiltrated CNT yarn artificial muscle.

Using these experimental measurements of polymer and core properties, and the approxi-

mation that dUncoated
core = doncore (and using no fit parameters), predicted dependence of torsional
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Figure 3.1: The predicted dependence of torsional stroke on polymer thickness to core di-
ameter ratio (polymer/core ratio) for twisted Polymer@CNT artificial muscles .

actuation on the polymer/core ratio Figure 3.1. It can be seen that the theory predicts zero

torsional stroke when the polymer/core ratio is either zero or infinite. In addition, there is

an optimum value of the polymer/core ratio for maximizing torsional stroke.

3.2 Predicted Tensile Stroke and Isobaric Contractile Work Capacity of Coiled

Polymer Coated CNT Yarn Artificial Muscles and Polymer Infiltrated CNT

Yarn Artificial Muscles

While the calculations in this section pertain to any means of driving actuation, we here

focus discussion on the specific case where actuation results from vapor or liquid absorption

and desorption. Hence, mechanical parameters have subscripts “dry” or “wet” depending

upon whether they pertain to the non-actuated or actuated states. The dependence of
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Figure 3.2: Schematic illustration of the force-extension dependence for actuated and non-
actuated coils, which is used for the calculation of contractile work capacity. This calculation
uses the approximation that the stiffness of the muscle coil is strain independent for both
non-actuated (dry) and actuated (wet) states. The symbols in this illustration are defined
in this section.

muscle stroke (∆L) and contractile work capacity (W ) on isobaric load (F ) were calculated

for both polymer coated CNT yarn artificial muscles and polymer infiltrated CNT yarn

artificial muscles from the force-extension curves shown in Figure 3.2, which approximate

that the helical springs in non-actuated and actuated states have strain-independent spring

stiffnesses, Kdry and Kwet, respectively. The isobaric tensile stroke becomes

∆L = δ1 +∆L0 − δ2 = ∆L0 − (
F

Kwet

− F

Kdry

) (3.10)

where δ1 =
F

Kdry
and δ1 =

F
Kwet

. ∆L0 is defined as the free tensile stroke, which is the stroke

that would arise for a vanishing load if inter-coil contact did not occur. This free stroke

would also be the observed stroke if the spring stiffnesses for the muscle were the same in

the actuated and non-actuated states. When actuation takes place under isotonic loading,

the area enclosed by the rectangle ABCD provides the contractile work capacity, which is:

W = F∆L = F (δ1 +∆L0 − δ2) = F∆L0 − (
F 2

Kwet

− F 2

Kdry

) (3.11)

37



Equations (3.10) and (3.11) show that isobaric tensile stroke and contractile work capacity

are determined by both the free stroke (∆L0) and the stiffness change (1/Kwet − 1/Kdry).

However, the two terms provide opposite effects: contractile stroke ∆L0 is produced when

the muscle volume expands during activation to produce muscle untwist, while the stiffness

change (from non-activated to activated state) leads to an extension of the spring when

Kwet < Kdry, which is usually the case.

In order to complete the calculations, we next derive the free stroke ∆L0. Based on the

twist-driven coil actuation mechanism, the free stroke is ∆L0 = l2∆T
N

, where l is the fiber

length, ∆T is the fiber untwist (torsional actuation) due to guest volume expansion and

modulus decrease, and N is the number of coils in the fiber length.

Using a theoretical framework that is similar to the one used for non-coiled muscles, the

torsional actuation stroke ∆T can be estimated as follows: In the case of a coiled polymer

coated CNT yarn artificial muscle, the torque on the CNT core is balanced by the external

torque (TQ) needed to provide torsional tethering. In the non-actuated state,

TQ = koff
core(∆T0 +∆Tfree,off ) (3.12)

where koff
core is the torsional stiffness of the core in the non-actuated state, and ∆Tfree,off is

the change in core twist due solely to the compression applied by the drying polymer. The

torque balance equation in the actuated state is written as:

TQ = kon
core(∆T0 +∆free,on −∆T )− kon

polymer∆T (3.13)

Combining Equations (3.12) and (3.13) gives

koff
core(∆T0 +∆Tfree,off ) = kon

core(∆T0 +∆Tfree,on −∆T )− kon
polymer∆T (3.14)

which provides the following for the torsional stroke of the polymer coated CNT yarn artificial

muscle (in turns per muscle length):

∆T =
koff
core(∆T0 +∆Tfree,off ) + kon

core(∆T0 +∆Tfree,on)

kon
core + kon

polymer

(3.15)
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Figure 3.3: Comparison of the stress dependence of theoretically calculated tensile stroke (%
of non-loaded length) for a polymer coated CNT yarn artificial muscle (dashed black line )
and a polymer infiltrated CNT yarn artificial muscle (dashed blue line).

Using an essentially identical approach, the torsional stroke for the polymer infiltrated CNT

yarn artificial muscle is:

∆T =
koff
host(∆T0 +∆Tfree,off ) + kon

host(∆T0 +∆Tfree,on)

kon
host + kon

guest

(3.16)

where koff
host and kon

host are the torsional stiffnesses of the host in the non-actuated and actuated

state, respectively.

These calculations of torsional stroke for a coiled Polymer@CNT artificial muscle and

coiled polymer infiltrated artificial muscle use the same torsional stiffnesses as used for pre-

dicting the torsional stroke of a twisted polymer coated CNT yarn artificial muscle and

a twisted polymer infiltrated artificial muscle in Section 3.1. The resulting ∆T is 0.17

turns/mm for the coiled polymer coated CNT yarn artificial muscle and 0.11 turns/mm for

the coiled polymer infiltrated artificial muscle.

We next predict the free tensile stroke (∆L0) for a vapor-driven coiled polymer@CNT ar-

tificial muscle and for an ethanol-vapor-driven coiled polymer infiltrated CNT yarn artificial
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Figure 3.4: Comparison of the stress dependence of theoretically calculated work capacity
for a polymer coated CNT yarn artificial muscle (dashed black line) and a polymer infiltrated
CNT yarn artificial muscle (dashed blue line).

muscle using the relationship that ∆L0 =
l2∆T
N

. For the investigated muscles, the number of

coils (N) in the polymer coated CNT yarn artificial muscle and in the polymer infiltrated

CNT yarn artificial muscle were N = 106 and N = 116, respectively and the fiber length

within the coiled polymer coated CNT yarn artificial muscle and polymer infiltrated CNT

yarn artificial muscle were l = 5.6 cm and l = 5.8 cm, respectively. Using the ∆T values

predicted using Equations (3.15) and (3.16) (0.17 and 0.11 turns/mm for the polymer coated

CNT yarn artificial muscle and polymer infiltrated CNT yarn artificial muscle, respectively),

∆L0 becomes 5.1 mm and 3.1 mm for the polymer coated CNT yarn artificial muscle and

polymer infiltrated CNT yarn artificial muscle, respectively. resulting ∆T is 0.17 turns/mm

for the coiled polymer coated CNT yarn artificial muscle and 0.11 turns/mm for the coiled

polymer infiltrated artificial muscle.

Using Equations (3.10) and (3.11), respectively, and the above values of ∆L0, provides the

predicted dependence of tensile stroke and contractile work capacity on the applied isobaric

stress. As shown in Figure 3.3 and Figure 3.4, respectively, the theoretically tensile stroke
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and work capacities of polymer coated CNT yarn artificial muscle are higher than those of

polymer infiltrated CNT yarn artificial muscle for stress levels that are sufficiently high that

coil-coil contact does not limit actuation.
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CHAPTER 4

ANALYTICAL MODEL AND OPTIMIZATION OF ENERGY

HARVESTING USING TORSIONAL NYLON ARTIFICIAL MUSCLE

4.1 Introduction

Recently, many researches focus on designing a low-cost and high-performance device to

extract (harvest) energy from the environment, to either recharge a secondary battery or, to

power directly the electronics. For example, the lifespan of wireless sensor networks can be

affected by the battery, if we can use some device to recharge the battery, which can pro-

long the lifespan of such system (Tutuncuoglu and Yener, 2012; Ottman et al., 2002, 2003);

another application is in wearable electronics, where energy harvesting devices can power

or recharge cellphones, mobile computers, radio communication equipment, etc (Mitcheson

et al., 2008; Beeby et al., 2006; Khaligh et al., 2010). Transduction mechanism required by en-

ergy harvesting generates electrical energy from motion and transduction mechanism consists

of piezoelectric, electromagnetic and electrostatic. Active materials employed in piezoelec-

tric generators generate a charge when mechanically stressed. Piezoelectric generators (Fang

et al., 2006; Cook-Chennault et al., 2008) include impact coupled, resonant and human-based

devices. Electromagnetic induction employed by electromagnetic generators (Beeby et al.,

2007; Cao et al., 2007) arises from the relative motion between a magnetic flux gradient and

a conductor. A comprehensive review of existing electromagnetic generators is presented,

including large scale discrete devices and wafer-scale integrated versions. Relative movement

between electrically isolated charged capacitor plates is used by electrostatic generators (Liu

et al., 2005; Paracha et al., 2006) to generate energy. The harvested energy is provided by

the work done against the electrostatic force between the plates. Electrostatic-based gener-

ators are reviewed under the classifications of in-plane overlap varying, in-plane gap closing

and out-of-plane gap closing; the Coulomb force parametric generator and electret-based

generators are also covered.
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For this paper, the new design works the same with electromagnetic generators, how-

ever, the rotation of magnet is due to rotation of torsional artificial muscle (nylon spring).

Baughman (Haines et al., 2014) showed that inexpensive high-strength polymer fibers can

be easily transformed by twist insertion to provide fast, scalable, non-hysteretic, long-life

tensile and torsional muscles. Extreme twisting produces coiled muscles that can generate

5.3 kilowatts of mechanical work per kilogram of muscle weight, similar to that produced by

a jet engine. Baughman (Mirvakili et al., 2014) showed that helical springs can be formed by

twisting and then coiling monofilaments nylon and polyethylene fibers. Such helical springs

twisted and untwisted due to the change of temperature was used in this paper to make sure

the rotation of magnet.

Researchers have been proposed many integrated micro power supplies recently. Energy

coupling method to remotely induce voltages on-chip by magnetic field was proposed by

Matsuki et al. in 1988 (Matsuki et al., 1988). Rechargeable lithium micro batteries which

were used as self-contained on-board power supply was developed by Bate et al. in 1993

(Bates et al., 1993). A miniaturized high-voltage solar cell array which was effective in driving

electrostatic silicon mirrors was built by Lee et al. in 1995 (Lee et al., 1995). Koeneman et al.

presented a comprehensive study on the feasibility of micro power supplies for MEMS in 1997

(Koeneman et al., 1997). An electromagnetic micro generator that attached a magnet to a

flexible polyimide membrane to produce 0.3 µW on a planar pick-up coil was developed by

Shearwood and Yates (Williams et al., 2001) and Williams and Yates (Williams and Yates,

1996) in 1997. A signal processing circuitry was driven by a macro (500mg mass, with

conventional springs) vibration-based power generator, which was successful invented by

Amirtharajah and Chandrakasan (Amirtharajah and Chandrakasan, 1998) in 1998. Neil et

al. designed printed circuit board integrated vibration-induced power generator. They built a

mechanically based integrated MEMS power generator which will convert vibrational kinetic

energy transferred from the immediate environment to electrical energy usable by a low-

power CMOS circuit chip and integrated micro-sensors in 2000 (Ching et al., 2000). Nakano
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(Okazaki et al., 2002) designed a portable generator using vibration due to human walking in

2002. Dennis (Hohlfeld et al., 2008) proposed and demonstrated an electromagnetic energy

scavenging scheme which can harvest energy from non-harmonic motion in 2008. In this

paper, based on artificial muscle, electromagnetic generator was designed. Artificial muscle

will twist and untwist due to the change of temperature, resulting in the magnet to rotate

because the interaction between nylon and magnets. Voltage and current will be induced in

coil since the rotation of magnet. In order to make sure transfer efficiency from kinetic energy

to electrical energy high, mathematical model was built to study the best combination of

parameters using optimization method (Duan et al., 1994).

4.2 A Coupled Mechanical-Electrical Model

Researchers (Kim et al., 2015) used nylon 6 fibers deployed for fishing lines to fabricate

torsional muscles. First, they fixed one end of nylon fiber to the shaft of stepper motor

to insert twist, and the other end was attached to a weight to prevent from rotating. The

(a) (b)

Figure 4.1: (a) Twisted nylon fiber (Kim et al., 2015). (b) Coiled nylon fiber (Kim et al.,
2015).

twisted nylon fiber can be seen in Figure 4.1a. Coiled muscle is formed by further inserting

twist until complete coiling occurred, and at the same time the fiber was treated by heat
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under vacuum at 210◦C for 2 hours. Figure 4.1b shows the coiled artificial muscle. Different

configuration of artificial muscle for energy harvesting are shown in Figure 4.2a and Figure

4.2b. As shown in Figure 4.2a, only one segment of such setup is heated, resulting in

untwist of this segment and up-twist of the other unheated segment. As Figure 4.2a shows

(a) (b)

Figure 4.2: Setup of artificial muscle to convert thermal energy to electrical energy. (a)
Configuration of ZZ fiber used for torsional energy harvesting (Kim et al., 2015). (b) Con-
figuration of ZZ fiber used for torsional energy harvesting (Kim et al., 2015).

that magnet is connected to two artificial muscles, the top artificial muscle is twisted in

‘S ’ direction and the bottom artificial muscle is twisted in ‘Z ’ direction. When they are

heated, they both contracted at the same length at different direction. As a result, magnet
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Figure 4.3: Configuration of the 3-phase electricity generator, which use the SZ setup to
rotate a co-axial magnet in a set of three coils (left). In order to determine the output
power, the resistors were connected to each coil, which is shown in the schematic diagram
(right) (Kim et al., 2015).

does not have vertical displacement and it just rotates. Magnet is put in a three-phase,

delta-type coil generator so that the movement of magnet affected by the artificial muscle

and torque generated by the coil, as shown in Figure 4.3. When the magnet rotates, the

coils around the magnet will generate voltage and current, which in turn generates magnetic

field to induce force on the magnet to alter the linear and angular accelerations of the

magnet. The mechanical schematic graph is shown in Figure 4.4. In this section, we will

build mathematical model to study transfer efficiency of such set-up and how paymasters of

artificial muscle and magnet affect transfer efficiency.

4.2.1 Dynamics Equation for Magnet

When building this mathematical model, we consider it like this: artificial muscle can be

treated as helical spring (Mirvakili et al., 2014; Kim et al., 2015; Yang and Li, 2016), the book

(Rao and Yap, 2011) has shown that how does magnet rotate when it is hang by helical spring.

When studying the torque and force acting on the magnet, we can see the force generated

on magnet is canceled due to the tendency of contraction of artificial muscle when heated.
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Figure 4.4: Schematic of artificial muscle generator working mechanism

The torque acting on magnet includes inertia torque of magnet, damping torque, torque

generated by spring to hinder the rotation of magnet, torque stored in artificial muscle due

to inserting coil, which will release when the two segments are heated, and torque generated

by coil, which hinders the rotation of magnet. According to the analysis, the equilibrium

torque equation of magnet can be expressed as follows:

I0θ̈(t) + 2ζ
√

I0Krθ̇(t) + 2Krθ(t) = 2M0(t)− τ(t) (4.1)

Here I0 is the moment of inertia of the magnet and I0 =
1
2
mr2, m is mass of magnet and r is

radius of magnet; ζ is damping ratio of wire, Kr, Ke are rotational stiffness and extensional

stiffness of the spring, respectively. M0(t) is torsion torque stored in muscle and release the

stored torque due to heat and F0(t) is the static axial tension, τ(t) is torque due to the
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coupling between the coil and magnet. At time t = 0, no heat is introduced into the system,

so the magnet does not have rotation angle and rotation speed. As a result, the following

initial condition are given:

θ(0) = 0

θ̇(0) = 0
(4.2)

4.2.2 Equations for Nylon Artificial Muscle

We assume that nylon artificial muscle with length Lt is uniformly heated. The force and

moment induced by heat are derived. Figure 4.5 shows a model of helical spring due to

applied force F0 and torque M0. The compressive force F0 generates two components of the

moment acting on a spring wire. At any cross-section the wire is subjected to a tension

F0sin(γ0), a shearing force F0cos(γ0), a twisting moment Mτ and a bending moment MN ,

given as

Mτ = Mcosγ0 +M0sinγ0

MN = Msinγ0 −M0cosγ0

(4.3)

And M = F0D0/2, γ0 is the initial lead angle of spring; D0 is the nominal diameter of non

loaded spring. The total elastic energy resulting from wire bending and twisting equals

U =
1

2
Lt(

M2
τ

βτ

+
M2

N

βN

) (4.4)

βN is the corresponding flexural rigidity of the wire and βN = EI, βτ is the torsional rigidity

and βτ = GJ0. Here E, G, I, J0 are Young’s modulus, shear modulus, inertia moment and

polar inertia moment, respectively. Lt is total length of wire and Lt = πD0nt/cosγ0. nt is

the number of heating coils of wire.

According to Castigliano’s second theorem, the overall extension δ and twisting angle θ1

about the spring axis (Wittrick, 1966; Michalczyk, 2009) are given as follows:

δ = ∂U
∂F0

, θ1 =
∂U
∂M0

δ = feF0 + g1M0

θ1 = frM0 + g1F0

(4.5)
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Figure 4.5: A model of ideal helical spring.

Where the “flexibilities” fe, fr and g1 are given by the equations

fe = Lt(
D0

2
)2( cos

2γ0
βτ

+ sin2γ0
βN

)

fr = Lt(
D0

2
)2( sin

2γ0
βτ

+ cos2γ0
βN

)

g1 = Lt
D0

2
( 1
βτ

− 1
βbetaN

)

(4.6)

On solving above equations for F0 and M0, we have

F0 = Keδ + Cθ1

M0 = Krθ1 + Cδ
(4.7)

Where the stiffness Ke, Kr, C are given by

Ke = (βτcos
2γ0 + βNsin

2γ0)/(LtR
2)

Kr = (βNcos
2γ0 + βτsin

2γ0)/Lt

C = (βτ − βN)sinγ0cosγ0/(LtR)

(4.8)
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Figure 4.6: Temperature versus time following the application of one hot-air heat pulse.

WhereKe andKr are the extensional and rotational stiffness of the spring while C is a cross-

stiffness and R = D0/2. In our case, heating induced temperature T (t) can be measured,

which is shown in Figure 4.6. If the helical spring is in free standing, the elongation and

rotation are given as follows:

δ(t) = HtkH(T (t)− T0)sinγ0

θ1 =
HtkH(T (t)−T0)cosγ0

R

(4.9)

In this paper, Ht = Lt is the heated length. This will generate a constraint force F0(t) and

moment M0(t). kH is the coefficient of thermal expansion; T0 is reference temperature. Bring

Equation (4.9) to Equation (4.7), F0 and M0 can be solved. When M0 is known, Equation

(4.1) can be solved by knowing τ(t) in the following section.

4.2.3 Voltage Generated in Coil

Due to the movement of magnet, magnetic field near the coil changes, which further induce

current and voltage in these three-phase coil. However, the torque generated by the coupling
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interaction between magnet and coil will hinder the movement of the magnet. Magnet field

(Furlani, 2001; Fitzgerald et al., 1992) outside the cylinder magnet is given as follows:

B = µ0
MS

2

a2

r21
cos(φ) (4.10)

a is radius of magnet, r1 is distance between magnet and coil , Ms is magnetization and φ is

measured in radians from the magnet pole axis, µ0 = 4π−7Hm−1 is the magnetic constant,

N is coil turns. When the magnet field is known, magnet flux can be calculated by the

following formula:

Φ =

∫ +π/2

−π/2

Blrgdφ (4.11)

Where l is the axial length of the stator and rg is radius at the air gap.

With the magnet spinning at angular velocity ω(t) = θ̇(t), the flux linkage (Fitzgerald

et al., 1992) with the stator coil is given as follows:

λ = NΦcos(θ(t)) (4.12)

By Faraday’s law, the voltage induced in the stator coil is

e1(t) =
dλ

dt
= −ω(t)NΦsin(θ(t)) (4.13)

Since this is a three-phase generator, the voltages induced in the other two coils can be

calculated by using the following formulas:

e2(t) = −ω(t)NΦsin(θ(t)− 2π
3
)

e3(t) = −ω(t)NΦsin(θ(t)− 4π
3
)

(4.14)

4.2.4 Generated Torque due to Electrical Field

The above section has studied that voltages are generated in the three-phase coils due to the

movement of magnet. In this section, generated torque is studied due to electrical field .
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Figure 4.7: Electric circuit of an inductive coil.

Figure 4.7 shows an electric circuit of an inductive coil. The coil features the electrical

circuit with inductance LC and inner resistance Ri. It follows the Kirchhoff’s voltage law.

The current induced in the stator coil can be calculated by using the following equations

(Sneller and Mann, 2010; Cannarella et al., 2011; Ulaby et al., 2014):

LC1İ1(t) +RcoilI1(t) = e1(t)

LC2İ2(t) +RcoilI2(t) = e2(t)

LC3İ3(t) +RcoilI3(t) = e3(t)

(4.15)

where LC1, LC2, LC3 are inductance of the three coils, respectively; Rcoil is inner resistance,

Ii(t) (i = 1, 2, 3) is the electrical current through the circuit and ei(t) (i = 1, 2, 3) is the

induced voltage.
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Torque τ(t) (Furlani, 2001) due to interaction between the coil and magnet can be cal-

culated by following equation:

τ(t) = NI1(t)µ0MslC
a2

Dc
cos(θ(t)) +NI2(t)µ0MslC

a2

Dc
cos(θ(t)− 2π

3
)

+NI3(t)µ0MslC
a2

Dc
cos(θ(t)− 4π

3
)

(4.16)

where lC is the length of each side of the coil, Dc is the radial position of the sides of the

coil to the axis of rotation and N is coil turns.

4.2.5 Transfer Efficiency from Kinetic Energy to Electrical Energy

In real life, we expect transfer efficiency from kinetic energy to electrical energy is high.

However, the efficiency can be affected by many factors, such as air friction, inner friction

of the system and coils and resistance in the generator. In order to make transfer efficiency

high, we focus on improving the kinetic energy of magnet by studying parameters of artificial

muscle and magnet.

By bringing Equation (4.7) and Equation (4.16) to Equation (4.1), we can calculate the

rotation angle. From Equation (4.16), we can see τ(t) is a complex function expressed by

θ(t) since it concludes terms I1(t)cos(θ(t)), I2(t)cos(θ(t) − 2π
3
), I3(t)cos(θ(t) − 4π

3
). As a

result, we cannot get theoretical solution to Equation (4.1), numerical method can be used

to solve Equation (4.1) now. During the time period [0,T], the transfer efficiency E can be

calculated using the following formula:

E(t) =

∑3
i=1

e2i (t)

R
1
2
I0θ̇2(t)

(4.17)

4.3 Results and Discussion

In this paper, temperature profile T (t) versus time is from experiment shown in Figure 4.6.

In the numerical schemes solving process, time step is ∆t = 0.00001 s in the time period

[0.05, 1.1]. Eighth degree polynomial interpolation function is used to calculate temperature
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Table 4.1: Parameters used in the theoretical calculation of transfer energy efficiency.

E(GPa) ζ kH(1/◦C) Lt µ0(H/m) Ms(A/m)

3.4 0.1 9× 10−5 95 1.26× 10−6 4.3× 105

rg(mm) a(mm) N l(mm) r1(mm)

0.3 1 50 3 rg + r

at specific time based on experiment temperature profile. Considering the fact that it takes

time for heat to travel through the nylon artificial muscle, we shift the temperature profile

to the right a little bit. All other parameters used to solve this mechanical-electrical model

are listed in Table 4.1.

The predicted voltage versus time profile in Figure 4.8a shows exceptional agreement

with experimental voltage versus time profile. The output power is determined by connect-

ing equivalent load resistors to each coil. The experimental oscillating output voltages is

produced due to the three-phase alternating current, with a maximum open-circuit, single-

phase voltage of 0.160 V, which is very close to numerically solved 0.156 V.

Transfer efficiency is calculated by dividing average electrical energy in the three-phase

generator by average kinematic energy in the whole time period, which is different from the

method used in (Kim et al., 2015).

E =

∑3
i=1

1
N1

∑N1−1
j=0

e2i (t0+j∆t)

R

1
N1

∑N1−1
j=0

1
2
I0θ̇2(t0 + j∆t)

(4.18)

Using this formula, the numerical transfer efficiency equals 20.87%, which is lower than

the reported transfer efficiency range [43.6%, 97.2%] for the reason that the calculation

methods for total kinematic energy are different. In the paper (Kim et al., 2015), n-th peak

of torsional angular velocity is selected for calculating kinematic energy when the generator

is operated open circuit.
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(a) (b)

Figure 4.8: Electricity generation from 90◦C temperature fluctuations using torsional ro-
tation of a magnetic rotor driven by a fully-heated, coiled SZ fiber. (a) Numerical open
circuit voltage versus time. (b) The time dependence of experimental open circuit voltage
for each of the three coils during heating with a single hot air pulse to 90◦C above ambient
temperature.

In order to increase the transfer efficiency, it is necessary to optimize the design of the

experimental device. Artificial muscle (wire) diameter, lead angle of coiled artificial mus-

cle, magnet mass and magnet radius have effects on kinematic energy. Optimal parameters

combination can be numerically searched when given the scope of each parameter by using

mechanical-electrical model to make the kinetic energy largest. Search range of wire diame-

ter, lead angle, magnet mass, and magnet radius are from 15 µm to 375 µm, 45◦ to 75◦, 0.5

g to 12.5 g, and 0.5 mm to 12.5 mm, respectively. The numerical result shows that when

D0 = 375 µm, γ0 = 48◦, m = 6 g and r = 7 mm produce the largest kinetic energy large

22.47 J . When searching the best parameters combination, we set step interval for each

parameter large in order to save computation time. After finding the optimum parameters

combination by using big step interval, another round of search with small interval is con-

ducted to find specific number. The narrowed down search scopes for wire diameter, lead
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Figure 4.9: Kinetic energy versus wire diameter and lead angle of a magnet rotor driven by
fully-heated, coiled SZ fiber.

angle, magnet mass, and magnet radius are: D0 : 345−375 µm; γ0 : 45
◦−51◦; m : 5.5−6.5 g;

r : 6.5− 7.5 mm, respectively. The kinematic energy versus different parameters are shown

in Figure 4.9 - Figure 4.14.

When study how kinetic energy changes with wire diameter and lead angle, magnet mass

and radius are fixed: m = 6 g, r = 7 mm. Figure 4.9 shows that kinetic energy almost

linearly increase with wire diameter, which is consistent with experiment observation (Kim

et al., 2015). This result can be interpreted in such way: heating rate reciprocally relies

on wire diameter, while heat flux is proportional to surface area, as a result a temperature

change generated by heat quadratically depends on wire diameter. However, lead angle does

not have obvious effect on the kinematic energy during the search range.

Figure 4.10 shows kinetic energy changes with wire diameter and magnet mass under the

condition that r = 7 mm and γ0 = 48◦, kinetic energy increases as wire diameter increase no

matter the magnet mass. Kinematic energy depends on the moment inertia of magnet and
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Figure 4.10: Kinetic energy versus wire diameter and magnet mass of a magnet rotor driven
by fully-heated, coiled SZ fiber.

torsional speed. Moment of inertia of magnet is proportional to the magnet mass, however

it does not mean large magnet mass can result in the biggest kinetic energy for the reason

that magnet mass reversely affect torsional speed. Hence there exists an optimum magnet

mass to optimize the kinetic energy.

Figure 4.11 shows that kinetic energy changes with wire diameter and magnet radius mass

under the condition that m = 6 g, γ0 = 48◦ . It describes that kinetic energy increases with

wire diameter at any magnet radius. Moment of inertia of magnet quadratically depends on

magnet radius, and kinetic energy linearly depends on moment of inertia. However, when

the magnet radius is too big, it will result in big air friction so that damping ratio of such

system will be high. As a result, the rotation speed of the magnet will decrease. Hence there

exists an optimum magnet radius to optimize the kinetic energy.

Figure 4.12 shows that kinetic energy changes with lead angle and magnet mass under

the condition that r = 7 mm and D0 = 375 µm. It shows that kinetic energy increases
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Figure 4.11: Kinetic energy versus wire diameter and magnet radius of a magnet rotor driven
by fully-heated, coiled SZ fiber.

first and then decreases as lead angle and magnet mass increase. Kinetic energy achieves its

maximal value at middle point.

Figure 4.13 shows that kinetic energy changes with lead angle and magnet radius under

the condition that m = 6 g, D0 = 375 µm. It shows that kinetic energy increases first

and then decreases as lead angle and magnet radius increase. Kinetic energy achieves its

maximal value at middle point.

Figure 4.14 shows that kinetic energy changes with magnet mass and magnet radius under

the condition that D0 = 375 µm and γ0 = 48◦. It shows that kinetic energy achieves its

maximal value at middle point. Figure 4.13 and Figure 4.14 show us that optimal parameter

combination of four variables can generate large voltage.
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Figure 4.12: Kinetic energy versus lead angle and magnet mass of a magnet rotor driven by
fully-heated, coiled SZ fiber.

Figure 4.13: Kinetic energy versus lead angle and magnet radius of a magnet rotor driven
by fully-heated, coiled SZ fiber.
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Figure 4.14: Kinetic energy versus magnet mass and magnet radius of a magnet rotor driven
by fully-heated, coiled SZ fiber.

4.4 Conclusions

In this chapter, coiled nylon artificial muscle is connected to a rotor in three-phase, delta-

type coil generator, which can transfer kinematic energy to electrical energy. In order to

investigate transfer efficiency of such newly designed set-up, mechanical electrical model

is built. All the torque acted on magnet is studied, including inertia torque of magnet,

damping torque, torque generated by spring to hinder the rotation of magnet, torque stored

in artificial muscle due to inserting coil, which will release when the two segments are heated,

and torque generated by coil, which hinders the rotation of magnet. Torque balance equation

is a variable dependent implicit equation, theoretical solution is difficult to find and numerical

method can be used to solve such equation. Experimental three-phase voltage versus time

and numerical three-phase voltage time profile are extremely matched each other. Transfer

efficiency reported in this section is lower than that in published paper (Kim et al., 2015)

for the reason that the method used to calculate kinetic energy is different. In order to
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optimize kinetic energy of the magnet, effects of parameters of artificial muscle and magnet

are studied. Numerical result shows that kinetic energy is linearly dependent on diameter of

coiled artificial muscle, which is consistent with experiment observation. Larger diameter of

coiled artificial muscle means larger spring index, which is good for energy transfer. There

exist the optimum magnet mass and radius for the reason that even though magnet mass

and radius positively affect kinetic energy, they both negatively affect torsional speed. Lead

angle in this range does not show obvious effect on kinetic energy. All parameters affect the

kinetic energy independently, the effect will not change with parameter combination.
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CHAPTER 5

CONCLUSIONS AND PERSPECTIVE

5.1 Conclusions

Fiber reinforced composite usually has very high tensile strength, however, the compressive

strength is only half of its tensile strength. Since during compression, matrix failure, interface

debonding or fiber microbuckling usually happens. In order to improve the interfacial shear

strength during compression, a newly robust method is developed by wrapping CNT sheet

around carbon fiber and then embedding into epoxy. From current experiment results, they

show that interfacial shear strength increased by 40% to 100% compared to baseline date. In

order to investigate how the interphase region (CNT nanocomposite) affect the compressive

strength, composite microbuckling model is built. A new type of twisted and coiled CNT

yarns artificial muscle is designed by coating polymer on the CNT yarns, which can provide

much higher performance due to fully use of the muscle. Mathematical model is built to

investigate the reason why performance of polymer coated CNT yarns is very excellent. The

work capacity of these two types of artificial muscles (polymer coated CNT yarn artificial

muscle and polymer infiltrated CNT yarn artificial muscle) is also studied. Low-cost, high-

performance energy harvester made of fishing line and sewing thread can be used to harvest

electrical energy from low-temperature waste energy sources. In order to make fishing line

and sewing thread to do actuation, amount of twist is inserted in to the muscle and high

temperature oven is used to make the muscle keep shape. SZ artificial muscle can harvest

much more energy than ZZ artificial muscle. In order to understand the working mechanism

of this type of energy harvester and optimize the design of SZ artificial muscle to make the

transfer efficiency much higher, coupled mechanical and electrical model is built.

In Chapter 2, the composite under compression in the buckling analysis model is consist of

three parts: carbon fiber, CNT nanocomposite (interphase region) and epoxy. Two different
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constitutive model is used, one is transversely isotropic model for carbon fiber and the other

is isotropic model for CNT nanocomposite and matrix. Plain strain condition is applied to

analysis and small perturbation in the field equation is used in buckling analysis. Boundary

conditions of force and traction are given based on the assumption that perfect bonding

interface exists between fiber and interphase region, and between interphase region and

matrix. The result shows that buckling strain of modeling fiber as anisotropic is 58% much

lower than buckling strain of modeling fiber as isotropic. As long as the interphase region’s

modulus is much higher than matrix’s Young’s modulus, adding CNT sheet between fiber and

matrix can increase the compressive strength. And the optimum interphase region thickness

equals fiber diameter when fiber volume fraction dominates such composite.

In Chapter 3, two equilibrium states are studies, one is non-actuated state and the other

one is actuated state. In both two states, torque on the CNT core is balanced by the

opposing torque in the elastically twisted polymer. Two mechanistic contributions to the

torsional actuation of polymer coated twisted CNT yarn are captured in the theory: polymer

swelling and softening combined to partially release elastically stored torsional energy in the

core yarn. The theory also shows that the capability of the polymer to compress core and

keeping the twist of the core limited by polymer thickness to core diameter ratio. However,

very high polymer thickness to core diameter ratio will constrain the release of such inserted

twisted after polymer coated CNT yarn is actuated. As a result, an optimum polymer

thickness to core diameter ratio exists to maximize torsional stroke. Theoretically predicted

maximum torsional stroke is 151◦/mm for a polymer thickness to core diameter ratio of 0.15.

The predicted ratio of the maximum contractile work capacity of the polymer coated core

to that of the polymer infiltrated core is 1.52.

In Chapter 4, this new type of coiled artificial muscle is treated as helical spring. When

heat pulse is uniformly distributed to two segments of coiled artificial muscle, how the stored

torque in artificial muscle releases based on given temperature profile is studied. Torques
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exerted on magnet include inertia torque of magnet, damping torque, torque generated by

spring to hinder the rotation of magnet, stored torque releasing due to heat, and torque

due to electrical field, torque balance equation is build. In order to solve this second order

differential equation, torque generated by electrical filed must be investigated, hence, the

electrical field equation for three phase coils is studied. Transfer efficiency for such system

is given, and in order to improve transfer efficiency, we use optimization method to find the

best combination of parameters. It shows that the transfer efficiency increases with artificial

muscle diameter, which is very consistent with experiment observation. Lead angle of coiled

muscle do not have obvious effect on transfer efficiency based on the scope we choose. There

exist optimum magnet mass and magnet radius to maximize kinetic energy.

5.2 Perspective

5.2.1 Model for Composite under Compression

In the model for buckling analysis, the only carbon fiber is considered as transversely

isotropic, however, the interphase region (nanocomposite) can also be anisotropic, and the

anisotropic material parameters can be calculated by nanoindentation and finite element

simulation. And current model is validate for small volume fraction of carbon fiber. Car-

bon fiber composites widely used in industry usually have volume fraction more than 60

%, hence a new model considering large carbon fiber volume fraction and interphase region

is needed. And carbon fibers also experience misalignment under compression, as a result

composite kinking model considering this new structure containing interphase region is also

an interesting research direction.

5.2.2 Polymer Coated CNT Yarn

In this dissertation, two different actuators: one is polymer coated CNT yarn and the other

one is polymer infiltrated CNT yarn, are investigated. For vapor-driven torsional actua-
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tion, an optimum polymer thickness to fiber diameter ratio is predicted by theory. Modulus

decreasing and diameter of polymer coated core increasing with vapor absorption are consid-

ered in the model. For vapor-driven tensile actuation, optimum load exists initial contractile

stroke (∆L0) and elongation of muscle due to loss of stiffness competing with each other.

If the polymer is partially infiltrated in to the CNT yarn, whether this topology will show

higher performance than that of polymer coated and polymer fully infiltrated CNT yarn.

And what’s the best partially infiltrated polymer’s volume fraction for the best performance

of actuation. All these are remained but very interesting problems, which can be investigated

in future.

5.2.3 Nylon Artificial muscle

In this dissertation, we already consider the whole energy harvesting process. Transfer

efficiency from mechanical energy to electrical energy already calculated and remarkable

agreement between experimentally measured and theoretically calculated voltage are already

shown in Chapter 4. Optimal method is used to study the parameters effect in order to

improve the design of energy harvester in macroscale. In fact, polymer chain bias angle on

the twisted, non-coiled muscles surface with respect to the fiber direction has effect on the

torsional stroke and transfer efficiency. A model coupling the mesoscale and macroscale can

predict how the bias angle affect the performance artificial muscle.
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