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Abstract 

It is necessary to develop deformable energy storage devices that are 

compatible with the next generation flexible and stretchable electronics such as 

medical implants and wearable devices.  Lithium ion batteries are a popular energy 

storage method for modern technology that provides high energy density and 

efficiency.  However, the electrochemical instability of the organic liquid 

electrolytes poses a real hazard to using conventional lithium ion batteries in 

deformable electronics.  Replacing the liquid electrolyte with a solid polymer 

reduces the risk of the battery setting aflame among many other benefits.  Solid 

polymer electrolytes are of particular interest to battery scientists because they 

allow for the development of safe and deformable batteries.  On the other hand, 

solid polymer electrolytes are also disadvantaged because of their poor ion transport 

properties.  There has been extensive research in improving the ion conductivity of 

solid polymer electrolytes, but the best achievable conductivities are still two orders 

of magnitude less than that of liquid electrolytes. 

 The present study investigates the feasibility of using solid polymer 

electrolytes (i.e. polyethylene oxide) in stretchable lithium ion batteries. The ion 

conductivity of a solid polymer electrolyte film is demonstrated to increase with 

tensile strain and this research delves into the mechanisms behind this conductivity 

improvement. The coefficients of ion conductivity enhancement are found to be 

similar in both in-plane and out-of-plane directions. Furthermore, molecular weight 

blending (i.e. 766k and 866k Mw) is used to enhance the electrochemical properties 
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of the solid polymer electrolyte while minimally affecting the polymer’s mechanical 

stability.  The relatively optimized stretchable polymer electrolyte is tested inside a 

sliding electrode battery and the effect of tensile strain on overall battery 

performance is investigated.   
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Chapter 1: Introduction 

1.1 Energy Crisis 

Global energy demands are rapidly growing.  The United States is currently 

the 5nd largest energy consumer in the world.  Majority of energy consumed in the 

US is produced from fossil fuels, a non-renewable sources of energy, taking millions 

of years to reproduce.  Furthermore, burning fossil fuels generates greenhouse gases, 

which are widely considered to be a cause of global warming 7-d. 

 

Figure 7.7 Ragone plot  

There is a global effort to utilize alternative energy sources in order to lessen 

our dependence on fossil fuels.  Renewable energy, including solar and wind, is a 

popular “green” alternative energy source.  However, energy sources such as these 

are intermittent and for continuous use it is necessary to store the excess energy 
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produced.  Batteries are one storage option, storing energy in the form of chemical 

potential difference.  

Lithium ion batteries are of particular interest in the energy storage industry 

because they have a high energy density and power density compared to other 

battery chemistries 7-e, as seen in the Ragone plot in Figure (.(.  An ideal lithium ion 

battery would have an energy and power density similar to a combustion engine. 

1.2 Lithium Ion Batteries 

Lithium batteries were first introduced in the 7gd6s.  Lithium is the lightest 

of all metals, the strongest reducing agent with the greatest electrochemical 

potential, and has an extremely large theoretical specific capacity, making it an 

attractive material for batteries. Unfortunately, attempts to develop rechargeable 

lithium batteries failed due to the inherent instability of lithium metal.  Because of 

this, researchers developed non-metallic lithium batteries using lithium ions.  

Although lithium-ion batteries have a slightly lower energy density than lithium 

metal batteries, they remedy the major safety concerns attributed to the use of 

lithium metal. 

Batteries are electrochemical energy storage devices that separate positive 

and negative charges to do work.  All batteries work in a similar fashion and require 

a positive electrode (cathode), negative electrode (anode), and an electrolyte.  

Battery electrodes are electrically conducting materials chosen based on their 

reduction potential and chemical compatibility.  The electrolyte is an electrically 

insulating and ionically conducting medium that separates the cathode and anode. 
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Figure 7.5 Battery charge and discharge behavior 

Lithium ion batteries are rechargeable, meaning that the electrochemical 

reaction that occurs during discharging can be reversed by applying power to the 

cell, allowing the battery to recharge.  Conventional lithium ion cells contain a 

lithium cobalt oxide (LiCoO5) cathode and a graphite anode.  Conventional cells 

often use an organic liquid electrolyte and require a thin, polymeric separator that 

prevents the electrodes from touching and causing a battery short.  When charging, 

lithium ions move from cathode to anode and upon discharge ions move from anode 

to cathode.  Being unable to travel across the electrically insulating electrolyte, 
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electrons are forced to flow through the external circuit during their respective 

charge and discharge cycles, diagramed in Figure (.*. 

1.2.1 Material Selection 

The chemical driving force on the lithium ions within the electrolyte is the 

Gibbs free energy, defined in Equation (.(  

 ∆𝐺 = ∆𝐺$ %&'()*+, − ∆𝐺$ &./*+/0+,  (7.7) 

        =	𝜇34. − 𝜇345
.   

        =	−𝑧𝜙34𝐹 ,   

where ∆G is Gibbs free energy, µe is electrochemical potential, ϕ  is electrostatic 

potential, z is the number of electrons per mole of product, and F is Faraday’s 

constant (g8cfe Coulombs/mol).  

The Gibbs free energy, working in one direction, is balanced by an 

electrostatic driving force in the opposite direction, which is the electrochemical 

potential.  Using the Gibbs free energy, we can calculate the voltage between the 

battery electrodes. 

The Nernst equation is derived from the Gibbs free energy and is used to 

determine the cell potential under non-equilibrium conditions or at any point 

during the electrochemical reaction.  The Nernst equation is defined as 

 E = 𝐸< −
=>
?@
ln 𝑄  ,  (1.2)	
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where E is electric potential, E6 is the reduction half-cell potential, R is the universal 

gas constant, T is temperature, and Q is the reaction quotient.  These equations are 

useful in choosing new materials used for lithium ion batteries as well as better 

understanding the electrochemical reaction occurring within the cell. 

The goals of current research in lithium ion batteries includes finding 

materials with a high capacity and rate capability, increasing the battery life and 

cyclability, and addressing safety concerns.  Making adjustments to any of the three 

major components of the battery can affect the overall performance.  

When choosing battery component materials, it is important to use 

chemically stable and chemically compatible materials for safety and for longevity.  

Maximizing the amount of energy stored in the battery is dependent on the 

materials chosen for the electrode materials.  The maximum theoretical specific 

energy (MTSE) can be determined using Equation (.1  

𝑀𝑇𝑆𝐸 LM
NO

= ∆PQ
R.S	LQTUVWUXWY

 , (1.3)	

where Wreactants is the weight of the reactants.  This value is especially important as 

the world continues to manufacture devices at smaller and smaller scales and 

materials with a larger MTSE value are preferred.   

To maximize energy potential stored in the battery, there should be a large 

potential difference between the chosen cathode and anode active materials.  

Figure (.1 depicts the potential differences of various cathode and anode materials 

commonly used in lithium ion battery research.  Figure (.1 also compares cathode 
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and anode capacities.  The battery capacity is a material dependent property that 

quantifies the amount of charge stored in the battery. Capacity fading, or loss of 

capacity over time, of the battery is common.  Loss of capacity implies that lithium 

ions are being trapped, thus preventing the full lithiation or delithiation of battery 

electrodes.  Solid electrolyte interphase (SEI) formation is one cause for capacity 

fading.   SEI is a thin, passive layer consisting of organic and inorganic electrolyte 

decomposition products that forms over the anode surface, as seen in Figure (.2.  

 

Figure 7.b Capacity and voltage window comparison of various cathode and 
anode chemistries.  
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Figure 7.c SEM images of pristine silicon (a) nanowires and (b) nanotubes prior 

to cycling.  SEM images of SEI formation over the silicon (c) 
nanowires and (d) nanotubes after 566 cycles. 

Improving battery capacity through material selection and design of 

electrode architectures is a popular area of research within the lithium ion battery 

field 8,f-7d.  For decades there has been a great deal of attention in developing and 

utilizing high capacity anode materials.  Silicon is one such example.  Silicon is an 

attractive anode material because of its theoretical specific capacity of c566 mAh 

cm-5; the highest specific capacity of known lithium ion battery anode materials 7c.  

One of the challenges with implementing silicon-based anodes has to do with 

silicon’s large volumetric expansion of up to a c66% 8,7c,78,7f-55.  Volumetric 

expansion of the electrode material can be directly related to capacity loss or battery 
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failure 7f.  During cycling, ions are inserted to and extracted from either the anode 

or cathode causing mass transfer and subsequent volume changes, as depicted in 

Figure (.3.  These volume changes can be severe enough to break the active material 

free from the electrode, resulting in capacity fade or create an electrically 

conducting bridge between electrodes, also known as shorting. 

 
Figure 7.e Example of volumetric expansion in a lithium ion battery silicon 

anode 

One method used to minimize expansion effects of silicon, and other high 

capacity materials, is through nanostructuring.  Nanostructuring the electrode 

surface provides a larger anode surface area and increases the number of reaction 

sites for lithium insertion, thus increasing the overall capacity of the anode, while 

providing space for material expansion.  Additional benefits of the electrode 

architecture include enhanced ion conductivity and ultra-fast charge and discharge 

capability.  Some examples of nanostructured architectures include microbeads, 

nanotubes, porous structures, and nanowires, seen in Figure (.4 7d,5b-5e.   
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Figure 7.8 Examples of nanostructured electrode architectures including (a) 

microbeads, (b) nanotubes, (c) porous structures, and (d) nanowires. 

1.2.2 Safety 

Although researchers have taken great strides in improving battery 

performance and capability, it is important to remember that safety is the number 

one concern with using conventional lithium ion batteries.  News of a Boeing dfd 

Dreamliner fire was released in 5675 and 567b.  After an investigation was launched, 

thermal runaway of the lithium ion battery was reported to be the cause of the fire 

58.  Thermal runaway most commonly occurs in lithium ion batteries utilizing an 

organic liquid electrolyte.  In a thermal runaway event, overheating, abuse, or an 

internal short circuit heats the flammable electrolyte material, causing it to vaporize 

and build pressure within the battery.  Rapid self-heating occurs when the battery 
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reaches a critical temperature, causing decomposition of the toxic battery cathode 

5d-be.  The heat and pressure build up cause a catastrophic event.  Furthermore, the 

energy released by a battery cell in thermal runaway can be enough to heat 

neighboring cells and cause thermal runaway propagation.   

Although there has been substantial work in trying to improve lithium ion 

battery safety through liquid electrolyte additives and electrode coating, news of 

battery fires continues to be released.  Tesla battery fires have occurred in 567b and 

5678, there was widespread news of hover board battery fires in 567e and 5678 b8, 

and, most recently, there has been extensive media coverage of the Samsung Note d 

battery fires.  An alternative method for enhancing battery safety and minimizing 

the potential for thermal runaway is to replace the conventionally used liquid 

electrolyte with a solid and less flammable electrolyte, particularly solid ceramic or 

solid polymer. 

1.3 Battery Electrolytes 

 A battery electrolyte is an electrically insulating medium responsible for 

facilitating ion transport between the battery anode and cathode.  Lithium ion 

battery electrolytes can be separated into three main categories: liquid, hard solid, 

and polymer. 

1.3.1 Characterization 

Electrolytes are often characterized by their thermal and electrochemical 

stability, transference number, and ion conductivity bd.  The electrolyte material 



 

 11 

must be thermally and electrochemically stable to safely and reliably operate in a 

wide range of temperatures and within a 6 - c.eV window to be compatible with 

lithium ion cathode materials.  The electrolyte transference number describes the 

fraction of lithium ion charges that are transferred from one electrode to the other.  

A transference number of one is ideal, suggesting that all lithium ions are 

successfully moving across the electrolyte.   

 

Figure 7.d Arrhenius plot of ion conductivity of various liquid, hard solid, and 
solid polymer electrolytes. 

The ion conductivity of the electrolyte is arguably its most important 

characteristic as it broadly describes the electrolyte’s ability to transport ions 

between electrodes.  Liquid, hard solid, and polymer electrolytes have different ion 
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conductivities owing to their different molecular structures.  Figure (.5 compares 

the ion conductivity of liquid, gel, and polymer electrolytes at varying temperatures.   

Ion conductivity is dependent on the electrolyte’s dimensions and bulk 

resistance, as seen in Equation (.2 

𝜎 = (
=\]

 , (1.4)	

where σ is ion conductivity, d is the electrolyte thickness, Rb is measured bulk 

resistance of the material, and A is the electrolyte surface area.  Electrochemical 

impedance spectroscopy is often employed to measure the electrolyte resistance.  

The resistance of solid or gel polymer electrolytes can be approximated by finding 

the real impedance at the intersection of the charge and mass transfer regions on 

the obtained Nyquist plot, depicted in Figure (.6.  A more accurate method for 

determining bulk resistance is to fit an equivalent circuit to the Nyquist plot and 

obtaining the value for Relectrolyte.  The equivalent circuit used for modeling the 

impedance behavior of electrolytes is also seen in Figure (.6. 

The Nyquist plot can also be used to determine the contact resistance at the 

electrode-electrolyte interface, double layer capacitance, and the Warburg element.  

The double layer capacitance describes the charge polarization that occurs at the 

electrode-electrolyte interface and the Warburg element models ion diffusion across 

the electrolyte membrane.  As a side note, the contact resistance value is often taken 

as the bulk electrolyte resistance in liquid electrolyte systems.   
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Figure 7.f Depiction of bulk resistance measurement for solid and gel polymer 
electrolytes using the obtained Nyquist plot from electrochemical 
impedance spectroscopy. 

1.3.2 Liquid 

As previously mentioned, conventional lithium ion batteries contain an 

organic liquid electrolyte.  Ideally, a liquid electrolyte should be able to dissolve a 

sufficient concentration of lithium salt, have a low viscosity to facilitate fast and 

efficient ion transport, be chemically stable, have a low melting temperature and a 

high boiling temperature bb.  Liquid electrolytes are able to achieve the highest ion 

conductivities and transference numbers due to the free and uninhibited movement 

of ions in the liquid medium.  However, thermal and electrochemical instability 

have led to major safety concerns, as previously discussed. 

In addition to organic liquids, ionic liquids also fall into the liquid electrolyte 

category.  Ionic liquids contain molten salt, are able to achieve high ion 

conductivities, and are much safer than organic liquid electrolytes.  However, the 

concern for leakage is present when using any liquid electrolyte.  For these reasons, 

liquid electrolytes are not compatible with flexible and stretchable batteries as well 

as batteries designed for wearable and implantable electronics. 
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There has been a growing interest to move from liquid to solid electrolyte 

due to the general safety and stability concerns faced with the liquid electrolyte used 

in conventional lithium ion batteries bf-c6, as previously discussed.  However, using 

hard solid and solid polymer electrolytes have their own disadvantages such as poor 

interfacial contact with the electrodes 5-c,c7-cb. 

1.3.3 Hard Solid 

Hard solid electrolytes have shown great promise with reported room 

temperature ion conductivities on the order of 76-b S cm-7, compared to the 76-5 to 

76-7 S cm-7 ion conductivity of liquid electrolyte 77,cc,ce.  Ion conductivity in hard solid 

electrolytes arises from Li+ ion hopping through the vacancy sites of the crystalline 

structure as it travels from one electrode to the other 5g,b7,c8,cd.  Hard solid 

electrolytes can operate safely within a large voltage window and are an excellent 

electrolyte option for high temperature applications because of their high 

electrochemical, thermal, and mechanical stability 77,5g,cd.  Unfortunately, its 

applications aer limited due to its incompatibility with flexible and stretchable 

electronic devices; the future in technology.  

1.3.4 Polymer 

Solid polymers are an excellent electrolyte alternative for flexible and 

stretchable lithium ion batteries.  They are deformable without the potential 

hazards and safety concerns associated with conventional lithium ion batteries.  

Additional advantages to using solid polymer electrolytes over liquid electrolytes 
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includes non-volatility, no leaks, compatibility with lithium metal, improved shock 

resistance, better overheat and overcharge allowance, and a lower cost bb.  However, 

solid polymer electrolytes have a lowest ion conductivities of the three electrolyte 

classes, usually on the order of 76-d S cm-7 to 76-f S cm-7, as well as poor interfacial 

contact with the electrodes cf-e5.   

Methods for enhancing the ion conductivity include polymer blends, use of 

nanofillers, and plasticization cg-8g.  Some of the highest reported conductivity 

values for solid polymer electrolyte (SPE) are on the order of 76-c S cm-7, but these 

electrolytes are often plasticized and compromise the safety and mechanical 

integrity of the electrolyte 88-8f.   

It is widely agreed upon that ion transport in solid polymer electrolytes is 

dependent on the chain segmental motion of the polymer host, suggesting that a 

higher degree of amorphicity correlates to enhanced ion conductivity 88-8f,d6-dg.   

However, little is known about how lithium ions move through the SPE.  One 

accepted model is based on the free volume theory and assumes that lithium ions 

are transported by occupying the free volume of amorphous polymer chains.  The 

ions hop from free volume to free volume and from polymer chain to polymer chain 

as they travel across the electrolyte membrane.  Ion conductivity, based on the free 

volume theory, is related to the diffusivity of ions through the polymer df. 

Although polymer electrolytes exhibit low ion conductivities, the appeal of 

solid polymer electrolytes lies in their compatibility with next generation flexible 

and stretchable electronic devices f6-fd.  The inherent safety and deformability of 
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polymer electrolytes make them ideal electrolyte candidates for use in wearable and 

implantable device applications 

1.4 Next Generation Batteries 

There is a growing need to develop flexible and stretchable batteries that are 

compatible with wearable, implantable, and conformable technologies.  The 

challenges in creating such a battery lies in designing a mechanically sound, yet 

deformable battery without compromising the battery’s electrochemical 

performance, including energy density and capacity.  Understanding the effect of 

mechanical deformation on the electrochemical performance, stability, and safety 

of the battery, and its components, is necessary to successfully develop flexible and 

stretchable lithium ion batteries. 

1.4.1 Flexible Batteries 

The design and development of flexible lithium ion batteries is a popular area 

of research and most of the published work focuses on creating flexible battery 

electrodes.  One method for creating flexible electrodes is to develop an intrinsically 

flexible active material g.  Common free-standing and flexible electrodes are carbon-

based due to carbon’s electrochemical ability and mechanical flexibility. In 5677, Li 

et al., developed a flexible electrode by growing vertically aligned carbon nanotubes 

onto a free-standing graphene paper substrate, seen in Figure (.7 a and b.  They 

successfully built a flexible battery capabable of achieving a high discharge capacity 

of b76 mAh g-7, compared to the bb6 mAh g-7 theoretical capacity of graphite ff. 
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Alternatively, flexible electrodes can also be created by adhering the active 

materials onto flexible and self-standing supports g.  In 5675, Li et al., developed 

flexible lithium ion battery electrodes using graphene foam substrate, depicted in 

Figure (.7c.  The porous structure allows the electrodes to be light, flexible, and 

capable of ultrafast charge and discharge rates.  Additionally, the graphene provides 

excellent electronic conductivity.  Lithium iron phosphate (LiFePOc), as the cathode 

active material, and lithium titanate (LicTieO75), as the anode active material, were 

then deposited onto the graphene foam substrate.  These batteries could sustain 

repeated bending to a radius of curvature less than emm without suffering structural 

failure and performance losses.  Furthermore, Li et al., were able to discharge their 

battery at rates up to 566C dd. 

 
Figure 7.g Images of (a) graphene paper and (b) graphene paper with vertically 

aligned carbon nanotubes and (c) a schematic of a flexible battery 
with bD interconnected graphene foam electrodes. 
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Designing mechanically and electrochemically stable electrodes for flexible 

battery applications is important, but developing a mechanically and 

electrochemically compatible battery electrolyte is equally important.  This is 

especially true in scenarios where devices will be worn near or in the body.  Solid 

polymer electrolytes are an excellent electrolyte alternative, as discussed in the 

previous section.  Furthermore, substituting the liquid electrolyte for a solid 

electrolyte would eliminate any concerns of leakage and allow more freedom in the 

design of the flexible battery fg.   However, the difficulty in implementing SPEs lies 

in their inherent low ion conductivity, due to the fact that ion diffusion through 

solids does not occur as freely as in liquids, and the large interface resistance 

between the electrode and electrolyte layers.  

 
Figure 7.76 Left: schematic of PEO/GO/Li salt membrane.  Right: (a) images of 

flexible PEO/GO electrolyte based lithium ion battery powering an 
LED, (b) schematic of flexible battery materials and configuration. 

As previously mentioned, introducing nanofillers into the SPE is one method 

for enhancing ion conductivity by opening up polymer chains, increasing free 
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volume, and reducing the degree of tortuosity in the ion path 85.  In 567c, Yuan et 

al., developed a poly(ethylene oxide) (PEO) based electrolyte that included a 7%wt. 

content of graphene oxide (GO), diagramed in Figure (.(:.  They demonstrated that 

the addition of GO enhanced ion conductivity by two orders of magnitude, from    

76-d S cm-7 to 76-e S cm-7  bc.   

In 567e, Kammoun et al., used this same PEO-based nanocomposite 

electrolyte in a flexible lithium ion battery with conventional lithium cobalt oxide 

(LiCoO5) and graphite electrodes, seen in Figure (.(:.  To further enhance battery 

performance by reducing the electrode-electrolyte interface resistance, Kammoun 

et al., added a small amount of liquid electrolyte (<e%wt.) to the active material 

surfaces of the battery electrodes and fed the assembled battery through a 

laminating machine, during which the heat and pressure applied enhanced the 

interface contact.  This battery was reported to achieve an area capacity of 

approximately 6.7 mAh cm-5, which is fairly high relative to other polymer-based 

solid state batteries with less than a e%wt. liquid electrolyte content.  These 

batteries were bent to a radius of curvature or 7f.g mm and maintained gb% of its 

capacity after 8666 bending cycles.  Furthermore, the bent batteries showed 

improved capacity compared to their flat counterparts, likely due to the increase in 

contact pressure between the electrode and electrolyte layers f7. 

1.4.2 Stretchable Batteries 

Building stretchable batteries is even more challenging than building flexible 

batteries due to the inherent inelasticity conventional battery components.  One 
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method for developing stretchable batteries is to deposit the battery active material 

onto a stretchable substrate.  In 5675, Gaikwad et al., built stretchable alkaline 

batteries using silver fabric electrodes.  The fabric base allowed the electrodes to 

reach strains upwards of 766% while the silver acted as the electrically conductive 

current collector.  The fabric electrodes were soaked in an active material slurry with 

manganese dioxide (MnO5) acting as the cathode and zinc oxide (ZnO) acting as 

the anode.  SEM images and element mapping of these fabric electrodes are 

displayed in Figure (.((.  Using an appropriate electrolyte solution, these batteries 

were able to achieve a b.fde mAh cm-5 areal capacity at a 766% strain.  The process 

used by Gaikwad et al., is not exclusive to alkaline batteries and can be used with 

different battery chemistries g6. 

 
Figure 7.77 SEM image and element mapping of (a,b) conductive silver fabric, 

(c,d) fabric embedded with MnO5, (e,f) fabric embedded with Zn 
particles. (g,h) SEM images of spring-like carbon nanotube fibers 

Similarly, in 567c Zhang et al., developed elastically stretchable electrodes 

using carbon nanotube fiber springs, seen in Figure (.(( g and h.  The fibers were 
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immersed in a slurry of LiMn5Oc (cathode) or LicTieO75 (anode) to absorb the battery 

active material.  The battery showed promising cyclability, maintaining g5.7% of its 

original discharge capacity over 766 cycles.  Additionally, the battery performance 

remained stable after b66 stretching cycles.  However, capacity did decrease with 

strain, dropping to fe% of its original capacity at a 766% strain g7.  

Another option for developing stretchable batteries is through the battery 

design.  In 567b, Xu et al., developed a lithium ion battery capable of reaching 

upwards of a b66% strain, seen in Figure (.(*a.  The battery consists of multiple 

cells that are electrically connected using small springs.  This allows for large 

deformations without mechanically compromising the battery components.  The 

charging and discharging profiles at a 6% and b66% strain are nearly identical, 

implying that the effect of strain on electrochemical performance is negligible fd. 

 
Figure 7.75 Photographs of stretchable batteries developed by (a) Xu et al., fd (b) 

Kettlgruber et al., g5 and (c,d) Song et al. gb 
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Similarly, Kettlgruber et al., developed a stretchable alkaline battery in 567b, 

depicted in Figure (.(*b.  Manganese dioxide and zinc were made into electrode 

pastes.  The pastes were spread over an elastomer substrate is different sections to 

prevent shorting.  Finally, an electrolyte gel was spread over the electrode rows to 

facilitate ion transport.  The normalized capacity vs. cycle profiles of the battery vary 

minimally at different strains g5.  However, the battery developed by Xu et al., and 

the battery developed by Kettlgruber et al., both experience rapid capacity fade, 

likely caused by the inability to ensure an air-tight seal by the encapsulating 

materials. 

Song et al., took a slightly different approach in building their stretchable 

battery.  Their battery design is inspired by the Japanese art of kirigami and 

combines cutting and folding the battery into patterns that are expandable.  Figure 

(.(*c and d demonstrate how these batteries “stretch”.  This battery was repeatedly 

cycled at its most compact and most stretched states.  Results show that the capacity 

and coulombic efficiency are negligibly affected by stretching gb. 

1.5 Overview of this Dissertation 

The main goal of this doctoral research is to investigate the fundamental 

relationship between mechanical tensile strain and ion conductivity in solid 

polymer electrolyte used in lithium ion battery. The specific polymer studied is a 

commonly used solid electrolyte, namely, polyethylene oxide (PEO). Furthermore, 

the effects of tensile strain on the electrochemical performance of a sliding stretchable 

battery based on the stretchable solid PEO electrolyte were experimentally evaluated. 
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In addition to providing scientific insights into strain- ion conductivity coupling in 

polymer electrolytes, the results of this study can lead to a more effective design and 

development of a fully stretchable Li-ion battery in near future.   

This thesis is divided into five chapters with three primary research chapters.  

Chapter 7 provides a brief introduction to lithium ion batteries and their electrolytes, 

challenges faced, published research progress, and an overview of the work 

presented in this dissertation.  Chapter 5 is a fundamental study investigating the 

effect of tensile strain on the mechanical and electrochemical properties of solid 

PEO electrolyte using an innovative, in situ impedance spectroscopy technique in 

order to determine the feasibility of incorporating solid PEO into a stretchable 

lithium ion battery.  Chapter b is an optimization study aimed to develop a solid 

PEO electrolyte with optimal mechanical and electrochemical properties through 

blending high and low molecular weight PEO.  Furthermore, nanofillers are 

introduced into the molecular weight blended electrolytes and the mechano-

electrochemical properties of the unfilled and nanocomposite polymers are 

compared.  Chapter c tests the optimized molecular weight blended PEO electrolyte, 

determined in Chapter b, in a stretchable lithium ion battery with a sliding electrode 

design and the effect of electrolyte strain on battery performance is investigated.  

Chapter e summarizes the conclusions drawn from the presented work and provides 

suggestions for future and continued work in the successful design and development 

of a fully stretchable lithium ion battery.  
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Chapter 2: In Situ Study of Strain-Dependent 

Ion Conductivity of Stretchable 

Polyethylene Oxide Electrolyte 

2.1 Overview 

There is a growing interest in developing stretchable lithium ion batteries for 

various deformable applications including medical implants and wearable 

electronic devices.  Solid polymers are ideal electrolyte candidates for such 

applications for their mechanical and chemical stability.  The feasibility of 

implementing solid polymer electrolytes into fully stretchable batteries is explored 

as this work elucidates the relationship between tensile deformation and ion 

conductivity of solid polyethylene oxide (PEO) electrolyte through an in situ study.  

Mechanical and electrochemical testing supported by polarization light microscopy 

(PLM) reveal critical insights into the microstructural changes of strained PEO and 

its potential effects on ion conductivity. 

2.2 Introduction 

Advancements in mobile technologies have driven the demand for small, 

thin, and flexible energy storage devices g,cg,fg.  The constant evolution of electronic 

devices has sparked a growing interest in developing stretchable lithium ion 

batteries to be compatible with irregularly shaped and stretchable  applications, 

including medical implants, textiles, and stretchable electronics fd,g6-g5.  To date, 

majority of the published research aimed to developing stretchable batteries is 
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focused on creating stretchable electrodes g6-g5.  This study focusses on the potential 

use of solid polymer electrolytes (SPEs) in a fully stretchable battery.  

Conventional lithium ion batteries use organic liquid electrolytes for their 

superior ion conductivity at room temperature.  However, the poor chemical and 

mechanical stabilities of these electrolytes make them unfit for use in deformable 

device applications dg.  In contrast, SPEs display superior mechanical and chemical 

stability, but cannot achieve comparable ion conductivities at room temperature 

bc,85,f7,fb,f8.  Methods for enhancing the ion conductivity of SPEs, including 

plasticization or using low molecular weight polymers, are often at the sacrifice of 

mechanical strength.  Alternatively, using nanofillers bc,ef,85,8c,f7,gc or polymer 

blending c6,e7,ed,86,88,ge-gd has shown to enhance ion conductivity while maintaining 

mechanical stability.  

It is widely agreed upon that the ion conductivity of polymer electrolytes 

arises mainly from the amorphous phase of the polymer host.  Lithium ions are 

transported across the electrolyte membrane via the thermally driven motion of the 

polymer chain segments gf.   The ion conductivity of polyethylene oxide (PEO) based 

electrolytes, one of the most extensively studied class of polymer electrolytes, is 

generally governed by the complex interplay of ion migration along the helical 

chains of the PEO and its chain segmental motions 86.   

Golodnitsky et al. e6,db-de,gg-76b, previously studied the effect of tensile strain 

on ion conductivity of hot-pressed PEO and reported that stretching caused a b-c6 

fold ion conductivity enhancement in the stretching axis (in-plane) 767-76b, but a 
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decline in conductivity in the perpendicular axis (through-plane).  They attributed 

this behavior to polymer chain stiffening, PEO helices alignment, and suppression 

of ion hopping along chains 765. 

The present work investigates the effect of tensile deformation on the ion 

conductivity of thin-film 866k molecular weight (Mw) PEO/LiClOc electrolyte 

samples via in situ impedance spectroscopy (Figure *.*).  Contrary to previous 

studies, the current work demonstrates ion conductivity enhancement with axial 

stretching in both in-plane and through-plane directions.  This enhancement 

behavior is believed to stem from the mechanically forced disentanglement of 

polymer chains in the amorphous region of the semi-crystalline polymer, resulting 

in less encumbered ion transport across the electrolyte membrane.  

2.3 Methods 

2.3.1 Polymer Electrolyte Fabrication 

Thin-film solid polyethylene oxide (PEO) electrolyte is prepared in our 

laboratory using a solution-casting method.  The amounts of PEO (Aldrich), the 

polymer, and lithium perchlorate (LiClOc) (gg.gg%, Aldrich), the salt, used in the 

electrolyte are determined based on a 78:7 ratio of oxygen to lithium.  Typically, 5g 

of PEO and 6.bg of LiClOc are dispersed in anhydrous acetonitrile (gg.g%, Sigma-

Aldrich) and stirred at room temperature for 5c hours. The mixture of electrolyte 

solution is then dried at e6 oC under a slight vacuum for a 5c hours, creating a 

polymer film approximately 566 - b66 μm thick.  Finally, the electrolyte films are 
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transferred to the argon-filled VAC glove box where they continue to dry at room 

temperature for a minimum of cf hours prior to use to ensure the removal of any 

residual acetonitrile solvent.  When not in use, all electrolyte films are stored in the 

glove box.  

 
 

Figure 5.7 Plot of 866,666 Mw PEO Poisson’s ratio 

Mechanical testing of the polymer electrolyte films was conducted outside of 

the glove box at ambient room conditions.  The thin-film polymer electrolyte 

samples were loaded into a MARK-76 ESMb67L motorized test stand and strained at 

6.e, b.e, and be mm/min to investigate the effect of strain rate on tensile stress-strain 

curve of the viscoelastic material.  Stress-strain cyclic tests were conducted on the 

PEO electrolyte film for 8 load/unload cycles to observe hysteresis effects.  

Furthermore, Poisson’s ratio (𝜈 = 0.3)	 of the PEO membrane was experimentally 

determined and plotted in Figure *.(. 
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2.3.2 Mechanical and Impedance Test Procedures 

For the in situ impedance measurements, the electrolyte membrane was 

stretched at a strain rate of b.emm/min.  Through-plane and in-plane in situ 

complex impedance spectra 76c,76e of the solid polymer were obtained in the 

frequency range of 76MHz-7Hz using an Autolab multichannel potentiostat fitted 

with an FRA module for conducting electrochemical impedance spectroscopy (EIS) 

measurements.  

2.3.3 In Situ Impedance Spectroscopy Setup 

 
Figure 5.5 In situ impedance spectroscopy setup during tensile stress-strain 

testing.  (a) Electrode is in open position, (b) closed electrodes, (c) 
schematics of the experimental components f8 

A layer of aluminum foil was attached to two wooden columns using a 

double-sided adhesive.  Electrical insulating tape was used to mark off two 

identically sized squares and the exposed aluminum foil area acted as the electrodes. 



 

 29 

The two wooden columns, held in place using ring stands, were placed on either 

side of the sample such that the exposed aluminum surfaces were in contact with 

the polymer electrolyte, as seen in Figure *.*.   

Plastic pins were then placed across the wooden columns and used to 

minimize the contact resistance between the polymer and the electrodes.  Finally, 

the copper leads were connected to the Autolab potentiostat for impedance 

spectroscopy. The Nyquist plots from impedance spectroscopy of the polymer 

electrolyte film were obtained as the polymer was stretched in approximately 

6.emm increments. 

 

Figure 5.b Comparison of the effects of micro voids and stretching on ion 
conductivity f8 

In situ impedance spectroscopy tests were conducted both at ambient and 

dry conditions. Furthermore, the effect of variation in the ratio of the electrode to 

electrolyte areas during the tensile deformation of the polymer electrolyte was 

investigated. The established baseline measurements for micro-void formation 
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(Figure *.1) and room condition and area variation (Figure *.2) were considered 

during the calculation of the ion conductivity of stretched polymer in order to 

precisely isolate the effect of tensile deformation on the ion conductivity of 

PEO/LiClOc film.  

 
Figure 5.c Effect of (a) moisture and (b) electrode to electrolyte area on bulk 

PEO resistivity f8 

2.3.4 Polarized Light Microscopy 

Polarized light microscopy (PLM) was used to qualitatively observe the effect 

of tensile strain on the polymer electrolyte at the molecular level.  PLM uses 

polarized light to illuminate the sample and provides greater contrast in microscope 
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images. For this study, PLM was used to observe and compare the degree of 

amorphicity in stretched and unstretched PEO samples.   

2.3.5 Thermogravimetric Analysis (TGA) 

 
Figure 5.e Thermogravimetric analysis (TGA) of PEO electrolyte at different 

drying times f8 

Thermogravimetric analysis (TGA) desorption test was performed using TA 

Instruments TGA from 5e oC to 566 oC to verify the drying process of the PEO 

electrolyte films. The TGA of PEO electrolyte at various drying times is depicted in 

Figure *.3. TGA absorption test at room temperature (Figure *.4) was performed 

to quantify the moisture content in PEO absorbed over time when exposed to the 

ambient environment. 
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Figure 5.8 TGA at room temperature showing moisture absorption over time 

for (a,b) 866,666 Mw PEO and (c,d) c66,666 Mw PEO f8 

2.4 Experimental Results and Discussion 

 

Figure 5.d Tensile stress-strain behavior of PEO (a) at various strain rates (b) 
magnified curve below 56% strain, (c) stress-strain hysteresis effect, 
and (c) photos of PEO under tensile deformation f8 
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Figure *.* shows the experimental setup used for the tensile displacement 

of stretchable polymer electrolyte subjected to simultaneous, through-plane 

impedance spectroscopy.  Figures *.5a and *.5b depict the representative stress-

strain plots for solid PEO film at different strain rates (6.e, b.e, and be mm/min) at 

5eoC.   The average yield strength, ultimate tensile strength, and poison’s ratio are 

also reported in Table *.(. 

Table 5.7 Mechanical properties of thin-film 866,666 Mw PEO/LiClOc f8 

 
 

If the behavior of a specimen is predominantly elastic in nature, the stresses 

are generally governed by forces carried within the amorphous and crystalline phase 

structures as well as viscous forces 768. Semi-crystalline PEO exhibits a small elastic 

range, less than a e% strain, at room temperature. This is expected as PEO is known 

to have a high degree of crystallinity (i.e. 86%) at room temperature, thus causing a 

relatively low ion conductivity at room conditions. For a specimen that exhibits 

tensile necking, a maximum stress occurs indicating the onset of yielding, which is 

accompanied by a drop in stress in the engineering stress-strain curve. Void 

nucleation and growth occurs at yielding, which can be confirmed visually by the 

observed stress whitening. The degree of void nucleation and growth is dependent 
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on whether or not particles are in contact with the void surfaces, which constrains 

the void 76d.  

Observed in the tensile behavior of the PEO specimen, shown in Figure *.5c, 

is that the unload path differs from the load path, forming a hysteresis loop that 

could thermodynamically result in heat generation especially at high cycles 76f-776. 

Upon tensile reloading of the specimen in subsequent cycles, a noticeable drop in 

stress is observed at fixed strain. This is a feature of the viscoelasticity of the semi 

crystalline polymer and indicative of a type of mechanical damage 777. Further cyclic 

loading shows a monotonic change in stress with cyclic loading which appears to 

approach an asymptotic value 775.  

Figures *.6a and *.6b show the through-plane Nyquist plots for one sample 

of PEO stretched from 6 cm to 6.c cm in bD and 5D representations, respectively. 

The through-plane (z-axis) ion conductivity, σz of the electrolyte samples can be 

calculated using Equation *.( 

𝜎? =
(
=\]

 , (2.1)	

where d is the thickness of the electrolyte sample, Rb is the bulk resistance and A is 

the surface area of the electrolyte in contact with the electrode.  The bulk resistance 

of the electrolyte can be estimated as the real impedance where the high frequency 

semi-circle and low frequency line intersect on the Nyquist plot.  More accurately, 

electrolyte bulk resistance is determined from fitting of the equivalent 

electrochemical circuit to the Nyquist data (Figure *.6a, inset).  
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Figure 5.f (a) Fitted Nyquist plots for PEO stretched from 6 to 6.c cm; 

equivalent circuit fit (inset), Nyquist plots with equivalent circuit fit 
curves at (b) 6 cm, (c) 6.5 cm, and (d) 6.c cm deformation f8 

The through-plane ion conductivity is the typical conductivity used when 

characterizing an electrolyte for battery use because of the configuration of the cell 

where the electrolyte is sandwiched between the two electrodes.  In this study, 

however, the in-plane (y-axis) conductivity was also determined in order to better 

understand the effect of axial strain on ion conduction through PEO.  The in-plane 

ion conductivity, σxy can be calculated using Equation *.* 

𝜎ab =
3

=\	L	+
 , (2.2)	

where L is the distance between the electrodes, W is the width of the sample and t 

is the sample thickness.   
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Figure 5.g (a,c) Ion conductivity vs. deformation in through and in-plane 

directions, respectively. (b,d) Conductivity enhancement vs. strain in 
through and in-plane directions, respectively. f8  

Analysis of the data shows a clear effect of tensile deformation due to axial 

loading on ion conductivity in the PEO/Li salt polymer electrolyte, as seen in Figure 

*.7.  The observed through-plane ion conductivity of unstretched PEO/ LiClOc 

sample, depicted in Figure *.7a and Table *.*, is e.8x76-f S.cm-7 measured at about 

7foC.  This value corresponds well to other published values for 866,666 Mw PEO 

765,77b,77c. The unstretched in-plane ion conductivity at the same temperature, in 

Figure *.7c, was observed to be 76-8, two orders of magnitude greater than that of 

the through-plane configuration.  This phenomenon has been observed previously 

in several polymers and can be attributed to the order and orientation of polymer 

grains in the thin-film electrolyte 87,765,77e. At a slightly higher temperature of 5e oC, 
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both in-plane and through-plane ion conductivities increase as expected due to the 

thermally induced increase in both ion mobility and polymer segmental motion 

which can facilitate ion hopping between the coordinate sites on the polymer chains. 

Table 5.5 Out-of-Plane and In-Plane ionic conductivity of unstretched 
866,666 Mw PEO/LiClOc f8 

 
 

Figure *.7a expresses the average ion conductivity versus tensile 

deformation distance and Figure *.7b depicts the average normalized ion 

conductivity of PEO with respect to strain for the through-plane configuration. 

Figures *.7c-d show the same information for the in-plane configuration. Both 

conductivity directions show a similar and steady ion conductivity growth during 

axial deformation, achieving an approximate c-fold increase in ion conductivity at a 

7e% strain. 

Since the mechanical deformation and impedance spectroscopy of the 

polymer films were mainly performed in the ambient environment, further 

experiments were conducted to evaluate the potential effects of ambient moisture 

on ion conductivity during tensile deformation.  Figure *.1a shows the bulk 

resistance of an unstretched PEO film exposed to the ambient environment and 

Figure *.4 depicts the percent weight of absorbed moisture over time.  For short 

periods of time, comparable to the testing times in this study (i.e. about 7e minutes), 
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the results show that small amount of absorbed moisture has a negligible direct 

effect on the ion conductivity of unstretched PEO (Figure *.1a).   

Figure *.(: compares the percent change in ion conductivity with respect to 

the axial strain for 866,666 Mw PEO samples both inside and outside of the dry 

glove box.  The results demonstrate that the ion conductivity of the PEO increases 

with strain in both ambient and dry environments. However, the ion conductivity 

of the polymer electrolyte appears to increase at a slower rate in the dry 

environment. This indicates that plasticization coupled with mechanical 

deformation of PEO electrolyte can lead to higher enhancement of ion conductivity. 

Tests on both plasticized and unplasticized PEO samples can offer insight into the 

potential electrochemical performance of PEO in a flexible or stretchable battery.  

Because most SPEs have relatively lower ion conductivities at room temperature, it 

is common practice to plasticize the solid polymer electrolyte inside a battery in 

order to enhance its ion conductivity and interface contact with the electrodes. 

The increasing trend in ion conductivity with axial tensile strain infers that 

the structural changes induced in the polymer electrolyte results in altered and 

improved ion conduction. We hypothesize that the stretching and aligning of the 

amorphous polymer chains decreases the degree of tortuosity in the polymer, 

allowing for faster, and less obstructed ion transport through the polymer 

electrolyte.  
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Figure 5.76 Percent ion conductivity enhancement vs. axial strain in wet and dry 
environments for (a) 866k Mw PEO and (b) c66k Mw PEO f8 

To better understand the mechanisms behind the ion conductivity 

enhancement in PEO, we shall delve deeper into the microstructural characteristics 

of the polymer. Semi-crystalline PEO consist of two phases, a crystalline phase and 

an amorphous phase as depicted in Figure *.((.  In the crystalline phase, the ordered 

polymer chains align themselves in regions called crystallites.  The amorphous phase 

of semi-crystalline PEO is generally present on the edges of the crystallites where 

the polymer chains are arranged in disordered, twisted and entangled 

conformations. The polymer chains in the amorphous regions predominantly tie 

one crystallite to another.   
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Figure 5.77 Depiction of semi-crystalline polymer microstructure at various 
stages of tensile deformation f8 

 

Figure 5.75 Polarization Light Microscopy (PLM) images of unstretched (top) 
and stretched (bottom) PEO. (a-b) e6x magnification, (c-d) 766x, (e-
f) 566x, and (g-h) e66x magnifications. f8 

To provide further insight into the effect of stretching on the molecular 

structure of the polymer electrolyte, polarization light microscopy (PLM) was 

performed on the PEO electrolyte samples.  The PLM images in Figure *.(* are of 
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the PEO/LiClOc film in unstretched and stretched states at various magnifications. 

The images show a contrast of color where dark regions suggest amorphous phases 

and light regions indicate crystalline phases.  The dark rings around the crystallites, 

visible at 766x-e66x magnifications, are the entangled polymer chains tying one 

crystallite to its neighbor.  The growth of dark regions, as the polymer transitions 

from the unstretched to stretched state, confirms a growth or extension of the 

amorphous regions as the chains stretch and disentangle. 

The evolution of the microstructure of semi crystalline PEO is illustrated in 

Figure *.((. For small applied stress and strain, the polymer chains elongate 

elastically. The amorphous regions grow and transmit loading that is carried by the 

crystalline grains, and crystallite blocks slide and begin to orient into the direction 

of applied load 768. The mechanical response of the crystalline region is elastic while 

the response of the amorphous region possesses both elastic and viscoelastic 

behavior. Beyond the critical stress and the onset of yielding, favorably oriented 

crystalline grains subject to excessive shear begin to experience an increase in 

dislocations accompanied by transformation into fibrils 768,778. With the increase in 

dislocations, void nucleation, growth and necking occur. As the process progresses 

the force carried dominantly by the crystallites shift to the amorphous regions until 

the chains are fully disentangled. These effects are believed to drive the nature of 

the stress-strain curves shown in Figure *.5. 

The strength of the polymer mainly depends upon the degree of crystallinity, 

temperature, and density among others.  In polyethylene oxide, the amorphous 
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regions of the polymer are the most mechanically compliant part of the 

microstructure during applied tensile loading. The nature of inelastic deformation, 

or plasticity, in semi-crystalline polymers can be preceded by cavitation in the 

amorphous regions; however, the driving mechanisms depend on the strength of 

the crystallite grains and their susceptibility to shear deformation, void nucleation 

and growth 777,77d-75b. 

It is widely agreed upon that ion transport in SPEs is heavily dependent on 

the chain segmental motions of the polymer host.  Increased motion creates more 

coordination sites that lithium ions can use to migrate from one electrode to the 

other.  This is why it has long been believed that order and crystallinity adversely 

affects the ion conductivity of polymer electrolytes.  Additionally, the conformation 

of amorphous polymer chains plays an important role in ion conductivity.  The 

conformation and strength of polymer chains are dependent on several factors 

including the solvent used as well as the drying time 778,756,75b-758.  Collapsed chain 

conformations are inefficient ion conductors because they trap and create a more 

tortuous migration path for lithium ions. Minimizing tortuosity by disentangling 

and opening up polymer chains via stretching can enhance ion conduction by 

increasing the chain’s ability to move, thus creating more coordination sites 8c,88. 

Table 5.b Comparison of through-plane and in-plane CSDICE values f8 
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Table *.1 compares the slopes of the linear trends of the normalized 

conductivity versus strain data, which have been labeled as the coefficient of strain-

dependent ion conduction enhancement (CSDICE). The CSDICE values for the 

through-plane and in-plane conduction are very similar, exhibiting values of 5d.5 

and 5f.e, respectively.  This suggests that ion conductivity growth in thin-film PEO 

with respect to the tensile strain is mainly an isotropic property, as growth in the 

through-plane and in-plane directions are found to be nearly the same.  This further 

supports the theory that the conformations and entanglement of polymer chains 

unravel, which occurs in both the axial and lateral directions of the semi-crystalline 

polymer under tension. 

Equation *.1 is an empirical model for ion conductivity in stretched 

polyethylene oxide 

∆c
cd
= 𝜒𝜀, (2.3)	

where σ3 is the ion conductivity of the sample at an unstretched state, χ refers to the 

CSDICE (presented in Table *.1), and ε is the strain.  Based on the results obtained 

in this study, χ is an isotropic property, and therefore, Equation *.1 can be valid for 

modeling both the through-plane and in-plane conductivities of PEO under axial 

strain.  

Future studies should focus on the effect of material factors on strain-

dependent ion conductivity, including chemically induced conformations of the 

polymer chains (i.e. polymer type, blends, etc.), filler types and dimensions, and salt 
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chemistry, and provide further insight to the underlying phenomena through 

specialized experiments or numerical simulations. The effects of mechanical stress-

strain cycling on the ion conductivity of polymer electrolyte should also be 

investigated in future work. 

2.5 Continuum Model 

A continuum model of the strain-dependent ion conductivity enhancement 

behavior of the PEO electrolyte has been developed that can explain the 

experimental observations75d.  The model couples mass diffusion and displacement 

equations in an effort to better understand the impacts of strain on ion diffusion, 

and will be discussed in detail in this section.   

2.5.1 Mass Balance 

Consider a small solid control volume, Pt, within a body, Ω, with an initial 

concentration of lithium ions.  The mass of the lithium ions within the control value 

can be expressed as 

𝑁𝜌𝑑𝑉 =kW
𝐶𝑑𝑉kW

, (2.4)	

where N, ρ, and C are the species mass fraction, density of the solid, and species 

concentration, respectively with V being the region volume 75d,75f.  The 

concentration of the ionic species can be reinterpreted in terms of species flux cb,75d.  

The net rate of lithium ions transported into the control volume is given as 
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− 𝛟 ∙ 𝐧𝑑𝐴qkW
+ ℎ𝑑𝑉kW

, (2.5)	

where ϕ is the species flux, n is an outward normal unit vector indicating flux 

direction, A is the area of the flux control surface, and h is the ion supply for the 

body.  Mass balance can then be rewritten as   

𝜌𝑁𝑑𝑉 =kW
𝐶𝑑𝑉kW

= − 𝛟 ∙ 𝐧𝑑𝐴qkW
+ ℎ𝑑𝑉kW

. (2.6)	

By applying the divergence theorem,  

𝐶 + 𝑑𝑖𝑣𝛟 − ℎ 𝑑𝑉kW
= 0  (2.7)	

and	 	

𝐶 + 𝑑𝑖𝑣𝛟 − ℎ = 0, (2.8)	

Equation 5.f, can be used to model mass diffusion through the control volume.  For 

convenience, it can be assumed that there is no ion generation and set h=6 cb,75d.   

 It is appropriate to use Fick’s laws when mass diffusion is the product of a 

concentration gradient.  However, in the case of a stretched electrolyte, mass 

diffusion is also affected by stress gradients 56,55,cb,75d-75g.  Thus, the total ion flux must 

also account for ion diffusion through both concentration and stress gradients, 

𝜙>'+/| = −𝐷~∇C−𝐷c∇𝜎 = 𝐶𝑣, (2.9)	

where D is the diffusion coefficient, 𝜎 is applied stress, and v is the velocity of the 

diffusing species.  Total flux can be further expanded when the chemical potential 

gradient, which is the driving force behind ion diffusion, is considered, producing 
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𝜙>'+/| = −𝑀C∇µ  

and 

𝐷~∇C+𝐷c∇𝜎 = 𝑀C∇µ, 

(2.10)	

where µ is chemical potential and M is the mobility tensor of the lithium ion species 

56,55,cb,75d,75f,7b6. 

2.5.2 Elasticity 

 Modeling elasticity can be derived using the first law of thermodynamics, 

𝑄 = 𝑊< −
(�
(+

, (2.11)	

where Q is the heat dissipation, W is external work or power, and E is the stored 

internal energy of the system. Assuming the body acts elastically, such that Q=6, 

equation 5.77 can be simplified to  

𝑊< =
(�
(+

. (2.12)	

Assuming all work on the body is purely mechanical, the external power supply can 

only be due to surface or body forces.  The work equation can then be rewritten as  

𝑊 = 𝒕𝒆 ∙ 𝐯𝑑𝐴qkW
− b𝟎 ∙ v𝑑𝑉kW

, (2.13)	

where te is the external traction applied to the control surface, b: is the external 

body force applied to the body, and v denotes the velocity vector 75d.  By using the 

definition of infinitesimal strain 7f,56,57,768,75d,75f,7b7 
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𝜀 = �
�
∇𝐮 + ∇𝐮> , (2.14)	

where 𝜀 is strain and u denotes the displacement vector, the stored internal energy 

of the system can be expressed as 

𝐸 = 𝑈 ∇u 𝑑𝑉kW
 , (2.15)	

where U is the volumetric internal energy of the body 75d.  Work, as defined in 

Equation 5.77, can be rewritten as 

𝑊 = 𝒕𝒆 ∙ 𝐯𝑑𝐴qkW
− b𝟎 ∙ v𝑑𝑉kW

= q�
q�
∙ 𝜀𝑑𝑉kW

. (2.16)	

Applying the divergence theorem and rearranging terms yields 

te − q�
q�
𝐧 ∙ 𝐯𝑑𝐴qkW

+ div q�
q�

+ b0 ∙ v𝑑𝑉 = 0kW
. (2.17)	

Substituting stress for the change in internal energy with strain results in the 

governing equation for elasticity 56-55,768,75d,75f,7b6-7bb, 

div𝝈 + 𝐛𝟎 = 0  
(2.18)	

𝝈𝐧 = 𝐭𝐞 . 

2.5.3 Coupling Diffusion and Elasticity 

 To couple diffusion and elasticity, the energy due to diffusion must be 

considered in the total energy term cb,75d,75f, 

𝐸 = 𝑈 ∇u, C 𝑑𝑉kW
 . (2.19)	

Work exerted onto the body can then be expressed as 
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𝑊 = 𝒕𝒆 ∙ 𝐯𝑑𝐴qkW
− µ𝛟 ∙ 𝐧𝑑𝐴qkW

+ 𝜇ℎ𝑑𝑉kW
 . (2.20)	

By expanding the flux term, which is the chemical contribution to energy, the work 

equation can be written as 

𝑊 = 𝒕𝒆 ∙ 𝐯𝑑𝐴qkW
− 𝛟 ∙ ∇𝜇 − 𝜇𝐶 𝑑𝑉kW

 . (2.21)	

Total heat dissipation is then defined as 75d 

𝑄 = 𝜇 − q
q~

𝐶𝑑𝑉kW
+ div q�

q�
+ b0 ∙kW

v𝑑𝑉 − 𝛟 ∙ ∇𝜇 𝑑𝑉kW
+ te − q�

q�
𝐧 ∙ 𝐯𝑑𝐴qkW

 . 
(2.22)	

So as not to violate the second law of thermodynamics, Q must be greater than or 

equal to zero.  To do so, flux is defined as 

𝛟 = −𝛾∇𝜇 , (2.23)	

where 𝛾 is diffusivity and is a value greater than or equal to zero, to ensure that 

𝛟 ∙ ∇𝜇 ≤ 0. (2.24)	

 The governing equations required for coupling diffusion and elasticity are as 

follows 75d: 

ε = �
�
∇𝐮 + ∇u>  , 

𝜎 = q�
q� ~

 , 

𝜇 = q�
q� �

, 

(2.25)	
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𝑑𝑖𝑣𝝈 = 0, 

𝝈 ∙ 𝐧 = 𝐭𝐞, 

𝛟 = −𝛾∇𝜇	, 

𝐶 + div𝛟 − h = 0. 

2.5.4 Small Deformation Development 

Assuming elastic behavior within the solid polymer electrolyte, the internal 

energy of the electrolyte at low strains can be defined using strain and lithium ion 

concentration with respect to initial concentration.  The volumetric internal energy, 

𝑈 = �
�
∇u ∙ ℂ∇u + 𝛼 𝐶 − 𝐶' 𝑇𝑟 ∇𝑢 +  

𝑅𝑇𝐶 𝑙𝑛 ~
~¢

− 1  , 
(2.26)	

 is the sum of the energy contributions due to elastic strain, diffusional strain, and 

concentration change, where ℂ is the fourth order stiffness tensor, and RT is simply 

the product of temperature and Universal Gas constant 56,75d.  Taking the volumetric 

internal energy differential, the governing equations in Equation 5.5b are reduced 

to 

𝑑𝑈 = q�
q∇) ~

𝑑∇𝑢 + q�
q~ �

𝑑𝐶 , 

𝜇 = q�
q~ @

= 𝛼∇ ∙ 𝑢 + 𝑅𝑇𝑙𝑛 ~
~¢

, 

𝜎 = q�
q∇) ~

= ℂ∇𝑢 + 𝛼 𝐶 − 𝐶' 𝐈. 

(2.27)	
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Using these equations, the ion flux in terms of displacement and concentration is 

expressed as 75d 

𝐷~∇C + 𝐷c∇ ℂ∇𝑢 + 𝛼 𝐶 − 𝐶' 𝐈 = 𝑀𝐶∇ 𝛼∇ ∙ 𝑢 +

𝑅𝑇𝑙𝑛 ~
~¢

. 
(2.28)	

2.6 Conclusions 

In summary, in situ impedance spectroscopy during the tensile deformation 

of stretchable PEO/LiClOc electrolyte film shows increase in both the through-plane 

and in-plane ion conductivities of the polymer electrolyte. This phenomenon is 

mainly attributed to the disentanglement of polymer chains during tensile 

deformation that consequently, reduce the degree of tortuosity in the path of ion 

transport. The increase in ion conductivity of PEO follows a linear trend, and the 

slopes of the normalized conductivity vs. strain data termed as the CSDICE, for both 

the through-plane and in-plane experiments exhibit values of 5d.5 and 5f.e, 

respectively.  The similarity of these values suggests that the CSDICE is an isotropic 

property of the polymer electrolyte, describing the physical interactions of polymer 

chains during stretching.   Furthermore, a continuum model of the strain-dependent 

ion conductivity enhancement behavior was developed.  This model adequately 

models the mechanical and electrochemical coupling behavior of the PEO-based 

electrolyte seen in the in situ experiment.  

  



 

 51 

Chapter 3: The Investigation of Molecular 

Weight Blends in Pure and 

Nanocomposite Polyethylene Oxide 

Electrolytes 

3.1 Overview 

The effect of differential molecular weight (Mw) blending on the mechanical 

and electrochemical properties of thin-film, solid polyethylene oxide (PEO) is 

explored. The mixture of large and small molecular weight PEO affects polymer 

chain packing, thus affecting both mechanical strength and ion conductivity of the 

electrolyte films.  As the low molecular weight PEO content increases, the 

electrolyte loses its mechanical integrity, but shows enhanced ion conductivity.  

Furthermore, graphene oxide (GO) nanofillers is introduced to the molecular weight 

blended electrolytes and the mechanical and electrochemical properties of the 

nanofilled composites are studied.  A 7%wt. GO content noticeably enhances the 

mechanical properties of the molecular weight blends, but does not uniformly 

enhance ion conductivity.  The effect of graphene oxide on electrochemical 

performance appears to dominate over the effect molecular weight blending. 

3.2 Introduction 

In recent years, there has been a growing interest in developing flexible and 

stretchable energy storage devices to accommodate a wide range of applications 

including medical implants, textiles, and stretchable electronics f6-fd,fg-g5,7bc-7c7.  The 
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superior attributes of lithium ion batteries, including energy density and efficiency, 

make them an attractive energy storage option for integration with such 

technologies.  However, lithium ion batteries have recently been under severe 

scrutiny due to the growing media coverage of battery fires.  Battery fires are the 

result of thermal runaway events, often caused by manufacturing defects or 

improper handling of the battery.  Conventional batteries using an organic liquid 

electrolyte are more likely to undergo thermal runaway due to the mechanical, 

electrochemical, and thermal instability of the electrolyte, making them an 

irresponsibly unsafe electrolyte material for flexible, stretchable, and deformable 

batteries 5f,b5,bb,be.  Furthermore, batteries using liquid electrolytes are often 

associated with the inherent disadvantages of leakage, dendrite growth, and solid 

electrolyte interphase. 

Solid polymer electrolytes (SPEs) are a safer and more attractive electrolyte 

alternative for flexible and stretchable lithium ion batteries, offering the necessary 

mechanical, thermal, and electrochemical stability required for such applications 

bf,86,f7,f8,7c5.  In addition, SPEs offer the benefits of dendrite growth suppression and 

thin film manufacturability. Unfortunately, SPEs are known to have very low ion 

conductivities compared to other lithium-ion battery electrolytes.  

Many methods for enhancing the ion conductivity of SPEs have been 

proposed including the use of nanoparticles bc,ef,85,8c,f7 or creating polymer blends 

ee,ed,8f.  Furthermore, the molecular weight of the polymer matrix also affects the 

electrolyte’s conductivity.  For example, the ion conductivities of 866k and 766k 
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molecular weight poly(ethylene oxide) (PEO) have been reported to be 76-f S cm-7 

and 76-d S cm-7, respectively bc,f8.  This order of magnitude variance in ion 

conductivity stems from the difference in the degree of amorphicity of the different 

molecular weights, with 766k PEO having a higher degree of amorphicity.  

Additionally, amorphicity of the polymer chains affects the mechanical strength and 

electrochemical properties of the polymer electrolyte material, with higher degrees 

of amorphicity corresponding to decreased material strength and enhanced 

electrochemical performance.   

Many of the polymer blend studies for battery electrolyte applications 

involve cross-linking two or more different polymer materials ee,ed,8b,8e,8f,dg,gf,7cb.  

There are limited studies investigating the effect of differential molecular weight 

PEO blends on polymer properties, most of which are related to drug delivery 

systems g8,7cc,7ce.  The present study takes the novel approach of investigating the 

effect of differential low (766k) and high (866k) molecular weight blends on the 

mechanical and electrochemical performance of PEO to determine an optimal 

balance of electrolyte properties for flexible and stretchable lithium ion batteries.   

Previously, it was found that the addition of GO fillers could effectively 

improve both ion conductivity and mechanical properties of 766k Mw solid PEO 

electrolyte bc,85,f7. Here, we investigate how the inclusion of graphene oxide (GO) 

nanosheets to the PEO molecular weight blends affects the polymers’ mechanical 

and electrochemical properties, and we can determine the influence of varying 

molecular weight on the degree of effectiveness of GO fillers.  
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3.3 Methods 

3.3.1 PEO 100k/600k Mw Electrolyte Fabrication 

The thin-film poly(ethylene oxide) electrolyte samples were prepared using 

a solution-cast method.  5g of PEO (Aldrich), with varying contents of 766k and 

866k molecular weights, and 6.bg of LiClOc (gg.gg%, Aldrich) were dispersed in 

anhydrous acetonitrile (gg.g%, Sigma-Aldrich).  The electrolyte solutions were 

stirred at room temperature for 5c hours, then dried at e6°C under a slight vacuum.  

The films were then transferred to the argon-filled glove box and allowed to dry for 

an additional g8 hours prior to use in an effort to ensure solvent removal from the 

films. 

3.3.2 PEO/GO 100k/600k Mw Nanocomposite  

It is a common practice to introduce to solid polymer electrolytes as a means 

for enhancing ion conductivity, as previously discussed in section 5.6.7.  The 

nanofiller material used in this research is a graphene oxide (GO) powder (Graphene 

Supermarket) with layer dimensions of approximately 6.e-e microns in length and 

width and 7.7±6.5nm in thickness.  Based on previous work, all nanocomposite 

electrolyte films used in this study contain a 7% wt. GO bc. 

3.3.3 Thermogravimetric Analysis (TGA) 

A thermogravimetric analysis (TGA) desorption test was performed using a 

TA Instruments TGA from 5e oC to de6 oC.  The decomposition temperature of the 

samples containing 6%wt., 5e%wt., and 766%wt. 766k PEO, and 766%wt. 766k PEO 
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+ 7% GO were compared.  The thermogram seen in Figure 2.( shows that the 5e% 

blend has the highest decomposition temperature while also showing that the 

decomposition temperatures of the GO filled and unfilled polymer samples are 

similar, suggesting that a 7% GO content does not significantly impact the thermal 

properties of the material.  

 

Figure b.7 TGA of various molecular weight blend polymers comparing 
decomposition temperatures 

3.3.4 Mechanical Testing 

The molecular weight blend electrolyte samples were loaded into a MARK-

76 ESMb67L motorized test stand in ambient room conditions and strained at 76 

mm/min.  The yield strength, ultimate tensile strength, and Young’s modulus were 

determined for each molecular weight blend.   

3.3.5 Impedance Testing 

The ion conductivities of the electrolyte films were calculated using the 

obtained bulk resistance values via electrochemical impedance spectroscopy.  The 
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polymer samples were placed between two stainless steel electrodes connected to 

an Autolab multichannel potentiostat fitted with an FRA module.  The bulk 

resistances of the samples were measured in the range of 7MHz-76Hz. 

3.3.6 In Situ Impedance Spectroscopy Setup and Test Procedure 

 
Figure b.5 In situ ion conductivity set up  

Figure 1.* depicts the in situ impedance spectroscopy test setup.  The 

polymer electrolyte sample was loaded into the MARK-76 ESMb67L motorized test 

stand in ambient room conditions.  Aluminum foil electrodes were placed on with 

either side of the electrolyte and clamped together using plastic pins in order to 

minimize the contact resistance between the electrode and the electrolyte.  The 

aluminum foil electrodes were constructed in our lab by adhering a layer of 
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aluminum foil to wooden columns using a double-sided adhesive.  Electrical tape 

was then used to mark off two identically sized aluminum foil rectangles.  The 

exposed aluminum surfaces acted as the electrodes.  Copper leads connected the 

aluminum foil electrodes to the Autolab potentiostat for impedance spectroscopy.  

The electrolyte samples were stretched in 6.emm increments and impedance 

spectroscopy was performed at each increment in order to quantify the effect of 

strain on ion conductivity. 

3.3.7 Differential Scanning Calorimetry 

Generally, Differential Scanning Calorimetry (DSC) is used to detect phase 

transitions by measuring heat flow as a sample is heated and cooled.  DSC is also 

commonly used to observe slighter physical changes including glass transition 

temperature (Tg), which is the temperature at which amorphous materials move 

from a brittle, glass-like state to a rubber-like state.  For this research, DSC was also 

used to determine the %crystallinity and melting temperature of the polymer 

electrolyte materials. 

3.3.8 Scanning Electron Microscopy 

Scanning Electron Microscopy was employed to qualitatively observe the 

microstructural differences among the molecular weight PEO blend electrolyte 

samples.  Additionally, SEM was used to observe how graphene oxide nanofillers 

affect the molecular weight blend polymers. 
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3.4 Results and Discussion 

3.4.1 Differential Molecular Weight PEO Blends 

As previously mentioned, solid polymer electrolytes offer enhanced safety 

and mechanical stability compared to their liquid counterparts.  Thus, it is 

important to define their mechanical properties to assess their mechanical 

compatibility with flexible and stretchable batteries.  The electrolyte films tested 

contain 6%, 75.e%, 5e%, bd.e%, or e6%, by weight, 766k PEO with the remaining 

PEO content being 866k PEO. Figure 1.1 plots the average elastic modulus, yield 

strength, ultimate tensile strength (UTS), and percent elongation of the PEO 

molecular weight blended electrolyte films. 

 

Figure b.b (a) Elastic modulus, (b) yield strength and ultimate tensile strength, 
(c) % elongation, and (d) photo images of a PEO sample subject to 
tensile deformation. 
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As expected, the strength of the molecular weight blends decreases with an 

increasing content of 766k PEO.  This is because higher molecular weight polymers 

tend to be more mechanically stable because their longer molecular chains restrict 

chain mobility.  Mechanical data was not obtained for polymer blends containing 

more than e6% 766k PEO because these polymers were too fragile and 

environmentally sensitive to be reliably and uniformly strained.  

 

Figure b.c (a) Log scale ion conductivity and (b) glass transition temperature of 
PEO molecular weight blends 

 

Mechanical strength and ion conductivity are inversely related in most 

electrolytes, including polymers.  The material structure of the electrolyte dictates 

ease of ion transport, with liquids being the most effective medium.  In polymer 
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electrolytes, lower molecular weight polymers exhibit higher conductivities due to 

shorter molecular chain lengths and increased chain motion e6,d5,d8,766-76b,7c8,7cd, 

which is also the cause of their poor mechanical stability.  The effect of molecular 

weight on ion conductivity is verified by the reported values of 76-f S cm-7 and 76-d S 

cm-7 for pure 866k Mw and 766k Mw PEO, respectively bc,f8.  Thus, the ion 

conductivities for the molecular weight blended samples should increase with the % 

wt. of 766k PEO, as demonstrated in Figure 1.2.  

 
 

Figure b.e  SEM images of PEO molecular weight mixtures 

To further verify the ion conductivity data, a DSC analysis was performed to 

determine the glass transition temperatures (Tg) of the PEO blend samples.  The 
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glass transition temperature corresponds to a material’s degree of crystallinity with 

higher molecular weight polymers possessing higher glass transition temperatures 

due to the restricted motion of the long polymer chains.  Similarly, lower molecular 

weight polymers often exhibit a lesser Tg due to the shorter molecular chains 

between the crosslinked points 7cd.  The DSC results, seen in Figure 1.2b, correlate 

well with the ion conductivity data and show an inverse trend with the 5e% sample 

exhibiting the lowest glass transition temperature. 

Scanning electron microscopy (SEM) was used to qualitatively evaluate the 

electrolyte structure.  The images in Figures 1.3 and 1.4 clearly demonstrates the 

effect of molecular weight on the electrolyte structure.  Figure 1.3 shows the 

changing ratio of large to small PEO crystals, which corresponds to the ratio of 866k 

Mw and 766k Mw PEO in the electrolyte films.  The pure 866k Mw sample contains 

tightly packed polymer crystallites with clearly defined crystal edges, whereas the 

pure 766k Mw sample contains more loosely packed crystallites with no clearly 

defined edges.  Figure 1.4 provides close-up SEM images of the 6%, 5e%, e6%, and 

766% polymer films.  These images more clearly show how molecular weight 

content affects polymer chain packing and ultimately, ion conductivity.  
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Figure b.8 Close-up SEM images of the 6%, 5e%, e6% and 766% PEO molecular 
weight blends. 

3.4.2 Differential Molecular Weight Polymer Nanocomposite Blends 

 

Figure b.d Schematic of unfilled (left) and filled PEO (right) depicting how 
nanofillers affect the polymer chain conformation 

Introducing nanofillers to the polymer matrix has been shown to enhance 

ion conductivity of polymer electrolytes bc.  The positive role of nanofillers on 

electrochemical performance is believed to be a product of increased salt 

dissociation facilitated by high dielectric constant fillers, disentanglement of chain 
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conformations, and an increase in free volume of the polymer host, depicted in 

Figure 1.5 85.   

 

Figure b.f Comparison of (a) Elastic modulus, (b) yield strength, (c) % 
elongation, and (d) ultimate tensile strength of PEO molecular 
weight blends and PEO blends + 7% GO 

The effect of graphene oxide (GO) nanoparticles on the mechanical and 

electrochemical properties of the molecular weight polymer blends was also 

investigated.  The addition of nanoparticles to PEO changes the polymer matrix and 

consequently affects the electrolyte’s properties, often causing an enhancement of 

both mechanical and electrochemical properties bc,8c.  Figure 1.6 compares the 

mechanical properties of the GO filled and unfilled PEO blends, showing a general 

enhancement of the elastic modulus, yield strength, and ultimate tensile strength in 

the nanocomposite blend samples.  However, % elongation suffers suggesting that 
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the addition of graphene oxide causes the polymer blends to be more brittle.  The 

mechanical properties of both the filled and unfilled PEO molecular weight polymer 

blends are summarized in Table 1.(. 

Table b.7 Comparison of mechanical properties of filled and unfilled PEO 
molecular weight blends. 

 

Figure 1.7a compares the ion conductivities of the GO filled and unfilled 

molecular weight blend samples.  The effect of GO on ion conductivity increases 

with an increasing 766k Mw PEO content and is most pronounced in the pure 766k 

Mw PEO samples.  While GO enhances the ion conductivity of all the molecular 

weight blends, GO appears to be most effective in opening up smaller entangled 

chain conformations, thus decreasing the degree of tortuosity in the path of ion 

transport.  Figures 1.7b supports this ion conductivity trend by showing a decrease 

in glass transition temperature, with the GO filled PEO electrolytes showing a faster 

rate of change.  
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Figure b.g Comparison of (a) Log scale ion conductivity, (b) glass transition 

temperature 

SEM images of GO filled and unfilled 766k Mw PEO electrolytes are 

compared in Figure 1.(: to qualitatively observe the effect of on the electrolyte’s 

molecular structure.  Table 1.* summarizes the ion conductivity and DSC data for 

both the GO filled and unfilled PEO molecular weight blend electrolytes. 

 
Figure b.76 SEM images of (a) 766kMw PEO and (b) 766kMw PEO + 7% GO 
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Table b.5 Average ion conductivity, glass transition temperature, % 
crystallinity, and melting temperature for all PEO molecular weight 
blends and PEO blends + 7% GO 

 
 

The 5e%wt. 766k Mw PEO blend was chosen for use in the stretchable 

lithium ion battery, described in Chapter e, for its mechanical and electrochemical 

property balance.  Although the GO filled samples exhibited enhanced mechanical 

strength and ion conductivity they also have small elastic strain regions.  Comparing 

the filled and unfilled 5e% blends, yielding occurred at a 7.e% strain in the GO filled 

samples versus a c.b% strain in the unfilled samples.   

3.4.3 Strain-Dependent Ion Conductivity 

An in situ ion conductivity study was performed to investigate how strain 

affects ion conductivity in the 5e% electrolyte.  Figure 1.((a plots logarithmic ion 
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conductivity, showing an increase in conductivity as the samples are strained to 7e%.  

Figure 1.((b depicts the normalized ion conductivity data with strain, where σ6 is 

the unstrained conductivity.  The slope of the linear trend, describing the rate of ion 

conductivity change with strain, is the coefficient of strain dependent ion 

conductivity enhancement (CSDICE).  For the 5e% blend, the CSDICE value is 

5f.ceb, similar to a previously reported value of 5d.55f for pure 866k PEO f8.  The 

similarity in these CSDICE values is expected as the polymer host in the 5e% blend 

consists mostly of 866k PEO. 

 

Figure b.77 (a) logarithmic ion conductivity deformed 5e% samples vs. tensile 
strain and (b) enhancement in ion conductivity vs. tensile strain 
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3.5 Conclusions 

In summary, the mechanical and electrochemical behaviors of nanofilled and 

unfilled PEO molecular weight blended electrolytes, containing differential 

amounts of 766k and 866k PEO, were determined.  The elastic modulus, yield 

strength, and ultimate tensile strength of the polymer blends steadily decreases with 

an increasing 766k PEO content.  Adding 7%wt. GO nanoparticles enhances the 

mechanical strength of the polymer films, but also causes them to be brittle and 

negatively affects the elastic strain region of the electrolyte.   

The ion conductivities of the filled and unfilled molecular weight blend 

electrolytes followed a linearly increasing trend with an increasing content of 766k 

Mw PEO.  The effect of graphene oxide nanoparticles on ion conductivity 

enhancement is most pronounced in the pure 766k Mw PEO samples.  This suggests 

that the ability to open up or disentangle chain conformations and enhance ease of 

ion transport across the electrolyte membrane is limited in high molecular weight 

polymer electrolytes.  DSC data, including glass transition temperature and percent 

crystallinity, for all of the samples further confirmed the ion conductivity 

enhancement trends in the filled and unfilled PEO molecular weight blend 

electrolytes.  

An in situ ion conductivity test was performed to observe the effect of strain 

on ion conductivity in the 5e% electrolyte.  The 5e% unfilled sample was chosen for 

its balance of mechanical and electrochemical properties and its larger elastic strain 

region when compared to its 5e% + 7% wt. GO counterpart.  The in situ test results 
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reveal an increase in conductivity with strain and the material’s CSDICE value is 

5f.ceb, which is similar to a previously reported value of 5d.55f for a pure 866k 

PEO electrolyte film. 
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Chapter 4:  Stretchable Lithium Ion Battery 

Displaying Enhanced Performance 

with Strain 

4.1 Overview 

 Development of stretchable batteries is an emerging field in the energy 

storage space.  A fully stretchable lithium ion battery, in which all components 

including the electrodes, electrolyte, and encapsulation are stretchable, has yet to 

be developed.  Previous work has shown that solid polymer electrolytes are a viable 

stretchable battery electrolyte option.  Kelly et al., demonstrated that ion 

conductivity of a PEO-based electrolyte increases linearly with tensile deformation.  

Here, solid polyethylene oxide is used to develop a stretchable lithium ion battery, 

using a sliding electrode design, and the effect of electrolyte strain on overall battery 

performance is investigated. 

4.2 Introduction 

 There has been a heavy interest in using lithium ion batteries as energy 

storage devices for decades.  This is because lithium ion batteries can achieve higher 

gravimetric energy densities compared to other commercially available battery 

chemistries, such as alkaline and nickel metal hydride.  Being able to meet the 

mobile energy demands of electronic devices without requiring heavy and bulky 

batteries is critical for this day and age.  Furthermore, the demand for flexible and 
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stretchable batteries will rise as technology becomes increasingly integrated into 

our daily lives. 

The recent media coverage of Samsung battery fires due to thermal runaway 

have brought heavy attention to lithium ion battery safety for at least the fourth 

time in the past four years.  Thermal runaway can be initiated through various 

mechanisms including external heating, mechanical trauma, and battery misuse.  In 

many cases, shorting causes the battery temperature to rise until a critical 

temperature reached, at which the battery undergoes self-heating and ignites the 

flammable electrolyte.  Further heating causes the conventional battery cathode 

(lithium cobalt oxide, LiCoO5) to ignite and catastrophic failure 5f-be. 

The inherent mechanical and thermal instability of organic liquid 

electrolytes make conventional lithium ion batteries an unsafe energy storage 

option for wearable, implantable, and deformable electronic devices.  Methods for 

enhancing battery safety include liquid electrolyte additives or replacement.  

Recently, solid ceramic and polymer electrolytes have garnered great attention for 

their high thermal stability.  Solid ceramics offer high ion conductivities, but are 

unsuitable for flexible and stretchable applications b7,b5,c7,eg,7cf,7cg.  In contrast, solid 

polymer electrolytes pliable, but suffer from low ion conductivities. 

Methods for enhancing the ion conductivity of solid polymer electrolytes 

include adding nanoparticles b,5g,bc,e8,85,f7,7c5, polymer blending c6,ed,86,ge,g8,77e, and 

plasticization.  All of these methods aim to enhance molecular chain mobility 

through creating more amorphicity within the polymer matrix.  Unfortunately, the 



 

 72 

best reported conductivity that was achieved is still two orders of magnitude less 

than the conductivity of liquid electrolytes.  However, polymer electrolytes remain 

to be the best and safest electrolyte option for the next generation of flexible and 

stretchable lithium ion batteries. 

While there is a substantial amount of work in developing flexible lithium 

ion batteries g,cg,f7,fg, work in stretchable batteries is an emerging field.  In 567b, Xu 

et al., developed a stretchable battery consisting of individual cells electrically 

connected using spring-like wires fd.  The battery is capable of achieving strains 

upwards of b66%.  Additionally, Xu et al., report a high initial area capacity of 7.7 

mAh cm-5.  Unfortunately, the battery experiences rapid capacity fading over the 

first twenty cycles.  In 567e, Song et al., created a kirigami inspired stretchable 

lithium ion battery gb.  Based on its folding design, the battery is able to stretch 7e6% 

and exhibits a stable capacity at both stretched and unstretched states up to 56 

cycles.  However, from cycles 56-766 at its fully stretched state, the battery 

experiences a b6% capacity drop. 

The stretching mechanism of these batteries is based on design.  The battery 

cells themselves are stationary while the electrical connections are free to deform.  

This study presents a fully stretchable lithium ion battery based on a sliding 

electrode design.  The battery uses the 5e%wt. 766k Mw PEO blend described in 

Chapter b, containing a three to one ratio of 866k Mw to 766k Mw PEO, in and 

investigates the effect of tensile deformation on overall battery performance. 
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4.3 Methods 

4.3.1 Stretchable Battery Fabrication 

The battery is composed of two layered LiFePOc electrodes and two layered 

graphite electrodes separated by a thin film, PEO-based electrolyte, as seen in 

Figure 2.(.  With this configuration, the electrodes slide, increasing the exposed 

electrode area, while the electrolyte stretches when the battery is strained.  Each 

electrode measures 7cm in width and 5cm in length.   

 

 

Figure c.7 (a) Diagram of stretchable battery with (b, c, d) SEM images of the 
stretchable battery cross-section. 

The battery contains a small amount of liquid electrolyte to enhance the 

electrode-electrolyte interface contact.  The battery electrodes were soaked in liquid 

electrolyte and the amount of liquid absorbed made up 76% wt. of the battery 

electrolyte.  The remaining liquid was removed from the electrode surfaces, making 

the electrodes appear dry. 
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Copper tape was used as electrical leads to connect the battery to the Autolab 

battery tester and the battery was encapsulated in a VHB double-sided adhesive 

manufactured by bM.  The encapsulated battery was then laminated twice using a 

standard a laminating machine.  The heat and pressure applied during lamination 

further improves the electrode-electrolyte interface contact.  Finally, the lamination 

plastic is removed from the battery and the battery is ready for use. 

4.3.2 Battery Testing 

 

Figure c.5 Pictures of (a) the stretchable battery experimental setup, (b) a 
battery under tensile strain, and (c) a pinned battery. 
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The encapsulated battery is placed in a manual, horizontal tensile test stand 

in an argon filled glove box (Figure 2.*a).  Electrical wires connect the copper leads 

to the Autolab battery tester capable of conducting electrochemical impedance 

spectroscopy, cyclic voltammetry, and chronopotentiometry.  The battery is 

strained in small increments, demonstrated in Figure 2.*b, and pinned to reduce 

the contact resistance between the battery electrodes and electrolyte, seen in Figure 

2.*c.   At each strain increment charge/discharge cycling data is obtained and at 

varying strain increments electrochemical impedance and cyclic voltammetry data 

are collected to further quantify electrochemical change with strain. 

4.3.3 Mechanical Testing 

The stretchable battery was loaded into a MARK-76 ESMb67L motorized test 

stand in ambient room conditions and strained at 76 mm/min.  The yield strength, 

ultimate tensile strength, Young’s modulus, and % elongation of the battery were 

determined.  Additionally, the elastic VHB encapsulation material was 

independently tested to determine its Young’s modulus, ultimate tensile strength, % 

elongation.  The adhesive strength of the VHB material was determined using a T-

peel test.  

4.4 Results and Discussion 

4.4.1 VHB Encapsulation Material 

The stretchable battery is composed of mechanically incompatible materials; 

the electrode substrates are foils, the electrolyte is a viscoelastic, semi-crystalline 
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polymer, and the encapsulation is an elastic adhesive.  The mechanical behavior of 

the 5e% 766k Mw PEO molecular weight blend polymer has been studied and 

reported in Chapter b.  It is important to also determine the mechanical properties 

of the VHB encapsulation material.  The mechanical and adhesive strength of the 

VHB material was determined and a summary of the VHB mechanical properties 

can be found in Figure 2.1.  

 
Figure c.b (a) Table of VHB mechanical properties, (b) VHB stress-strain curve, 

(c) photo images of VHB under tensile load, (d) adhesive strength-
strain curve, and (e) photo images of the peeling test. 

More important than its mechanical properties, the VHB’s ability to provide 

a hermetic seal was investigated and the results are shown in Figure 2.2 and Figure 

2.3.  An unstrained battery was charged/discharged at a constant current of 6.7mA 

outside of the glove box.  The discharge capacity and Coulombic efficiency vs. cycle 

of the battery are provided in Figure 2.2a – Figure 2.2b, respectively.  The battery 

experiences rapid capacity fading, suggesting oxidation.  This is confirmed by the 
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battery’s low and decreasing efficiency, which indicates ion trapping.  Furthermore, 

Figure 2.2c captures the clear and progressive oxidation of the battery cathode with 

every charge/discharge cycle.   

 

Figure c.c Plots of the (a) specific capacity and (b) coulombic efficiency vs. 
cycle of an unstrained battery tested outside of the glove box.  (c) 
Corresponding images of battery degradation with cycle. 

A second unstrained battery was charged and discharged in the room 

conditions for 56 cycles then charged and discharged for additional f6 cycles in an 

inert environment to see if the battery could stabilize and recover some of the 

capacity that was lost when outside of the glove box.  Figure 2.3a and Figure 2.3b 

compare the cycling behavior of the battery depicted in Figure 2.2 (orange) and the 

battery just described (blue).  The second battery (blue) shows significant capacity 

loss in the first 56 cycles, but then stabilizes in the following cycles after being 

moved into the glove box.  The Coulombic efficiency of the battery continues to 
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increase after the first 56 cycles indicating that there was no additional ion trapping 

when the battery was in the inert environment.  

 

Figure c.e Plots comparing the (a) specific capacity vs. cycle and (b) coulombic 
efficiency vs. cycle of two batteries tested inside and outside of the 
glove box. 

This data suggests that the VHB adhesive does not hermetically seal the 

battery and all further testing of the stretchable battery should be conducted in an 

inert environment.  Although this is not ideal nor a realistic environment for 

commercial application, this study is a fundamental investigation of the effect of 

electrolyte strain on the electrochemical performance of a stretchable lithium ion 

battery. 

4.4.2 Stretchable Battery Mechanical Analysis 

Figure 2.4 depicts the mechanical testing and analysis of the stretchable 

battery.  The plot in the upper left compares the stress-strain curves of the battery 

and the 5e% 766k Mw PEO electrolyte and the table to the right summarizes and 
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compares the mechanical properties of the battery, PEO electrolyte, and VHB 

encapsulation.   

 

Figure c.8 Comparison of electrolyte and battery stress-strain curves, table of 
mechanical properties for the 5e% 766k Mw PEO electrolyte, VHB, 
and battery, photo images of the battery under tensile loading 

The mechanical behavior of the battery is mainly influenced by the 

mechanical properties of the electrodes, electrolyte, current collectors and 

encapsulation, and the design of the battery.  The points on the battery stress-strain 

curve are paired with photo images of the tensile test.  The points denote failure of 

the electrolyte (A), failure of the VHB (B,C), and failure of the battery (D).  The first 

spike in the battery stress-strain produces an elastic modulus of 7e.7 MPa, yield stress 

of .ccb MPa, and an ultimate tensile strength of 6.8gc MPa.  These values are similar 

to those of the 5e% 766k Mw PEO electrolyte, listing strength values of 7b.c, 6.edc, 

and 6.f6d, respectively, supporting that point A is the failure of the electrolyte.  The 

battery then shows elastic deformation with an elastic modulus of 6.bbc and an 
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ultimate tensile strength of 6.cgf, which is more similar to the property values of 

6.65b MPa and 6.b6b MPa, respectively, of the VHB material. 

4.4.3 Electrochemical Analysis 

The battery was charged and discharged at 6.7 mA for 56 cycles at each strain 

increment.  In its unstretched state, the battery exhibits an initial capacity of 6.7 

mAh cm-5, which steadily rises to 6.7f mAh cm-5 during the first 56 charge-discharge 

cycles, seen in Figure 2.5.  This initial cyclic capacity increase could be due to 

optimization of the electrode-electrolyte interface and increased availability of 

activation sites caused by the deformation and volume changes of the electrode 

materials as they are repeatedly lithiated and delithiated 7e6.  Subsequent battery 

testing occurred at 5%, e%, and 76% strains.  At a 10% strain, the battery underwent a 

total of 60 charge-discharge cycles to determine if capacity degradation would continue or 

stabilize.  

 
Figure c.d Area capacity vs. cycle and coulombic efficiency vs. cycle for each 

strain increment of the battery 
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Figure 2.5 clearly shows a notable increase in capacity with battery strain 

followed by steady capacity fading over the subsequent charge-discharge cycles.  

The initial rise in capacity with strain is likely due to a combination of factors: 

1. Enhanced ion conduction through the strained polymer electrolyte 

2. Increased electrode surface area and available activation sites 

3. Solid-electrolyte interphase (SEI) destruction.   

SEI is an ionically conducting passivation layer that forms over the anode 

surface, as seen in the SEM images comparing pristine and used graphite in Figure 

2.6a and Figure 2.6b.  SEI is composed of electrolyte degradation materials and is 

most commonly seen in batteries with liquid electrolytes.   The SEI layer stabilizes 

chemical reactions occurring at the electrode surface by preventing further 

electrolyte degradation.  The SEI layer stabilizes chemical reactions occurring at the 

electrode surface by preventing further electrolyte degradation.  However, the SEI 

also slows ion transport at the anode surface, causing a drop in capacity.  Stretching 

the battery disrupts this SEI layer and exposes more active materials to the battery 

electrolyte, thus enhancing the battery capacity.  SEI formation is expected within 

the cell because this stretchable battery contains a 76% wt. content of liquid 

electrolyte.   

 On the other hand, SEI formation and accumulation is responsible for the 

continuous capacity fading at each strain increment, as seen in Figure 2.5.  The 

stretchable battery achieves a Coulombic efficiency of approximately g8% to gd%, 
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meaning that ions, and ultimately capacity, are lost upon battery discharge.  We 

hypothesize that ion trapping within the battery cell is a result of SEI accumulation.  

As previously mentioned, the SEI layer is disrupted with tensile deformation, but is 

rebuilt over the 56 charge-discharge cycles at each strain increment.  The 

continuous cycle of SEI destruction and reformation causes SEI materials to 

accumulate within the battery and impede lithium ion transport to and from the 

electrodes.  

 
Figure c.f SEM images of pristine (a) graphite and (c) LiFePOc electrodes.  SEM 

images of used (b) graphite and (d) LiFePOc electrodes. 

The Nyquist plots and voltagramms in Figures 2.7a and 2.7b, respectively, 

support this hypothesis of ion trapping due to SEI accumulation.  The Nyquist plots 

show an increasing solid electrolyte interphase (SEI) resistance, depicted with the 

red arrows in Figure 2.7a, suggesting there is an increase in SEI materials within 
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the cell at each strain increment.  Additionally, the Nyquist plots reveal an 

increasing SEI capacitance with strain, denoted by blue arrows in Figure 2.7a, 

which is supported by the decreasing reduction potential with strain, seen in Figure 

2.7b.  As SEI continues to accumulate within the cell, charge polarization at the 

electrode-SEI interface occurs more readily, due to the growing inability of the ions 

to intercalate to and from the battery electrodes. 

 

 

Figure c.g (a) Nyquist plots at 6%, 5%, e%, and 76% strains with equivalent 
circuit inset and (b) voltagramm of the stretchable battery at the 
corresponding strain increments. 
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There is a clear and positive relationship between tensile strain and battery 

capacity, as demonstrated in Figure 2.5, but this strain-dependent capacity 

enhancement behavior is limited by the mechanical degradation of the strained 

battery electrolyte.  When the polymer electrolyte is strained elastically to 5% and 

e%, capacity improves by bb% and b5%, respectively.  However, when the electrolyte 

is strained plastically to 76%, the battery capacity only grows by 7e% and capacity 

fading occurs more rapidly during the subsequent cycles.  This suggests that past 

yielding, the effect of the compromised mechanical stability of the stretched 

polymer electrolyte outweighs the strain-dependent ion conductivity enhancement 

behavior of PEO.  Furthermore, extended cycling of the battery at a 76% strain 

reveals continued capacity fading (Figure 2.5), increased SEI resistance and 

capacitance (Figure 2.6a), and an additional oxidation reaction peak (Figure 2.6b) 

at cycle 756, implying that a secondary reaction is occurring within the cell.  

Therefore, thinning and continued mechanical degradation of the polymer 

electrolyte allows for some electrochemical instability within the battery. 

4.5 Conclusions 

A LiFePOc/graphite stretchable lithium ion battery with a sliding electrode 

design was fabricated using the 5e% 766k Mw PEO molecular weight blend 

electrolyte, chosen for its balance of mechanical and electrochemical properties.  

The stretchable battery was cycled at 6%, 5%, e%, and 76% strain increments and 

exhibits a near b6% capacity enhancement with elastic strain.  This capacity 

enhancement is due to the combination of greater electrode area exposure, 
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enhanced ion mobility of the strained polymer electrolyte, and disruption of the SEI 

layer.  However, capacity fading is also observed over the 56 cycles following each 

strain increase as a result of ion trapping and SEI accumulation within the battery 

cell.   

At a 76% strain, which is within the plastic deformation zone of PEO, the 

battery capacity cannot achieve the same b6% improvement as it did when strained 

elastically at 5% and e%.  Furthermore, the battery exhibits more rapid capacity 

fading in the following 56 cycles.  This suggests that the effect of mechanical 

degradation in plastically deformed PEO outweighs the strain-dependent ion 

conductivity enhancement behavior of the electrolyte.   

Although this battery is unable to achieve large tensile deformations, like the 

batteries reported by Xu et al. fd and Song et al. gb, it is fully stretchable, does not 

require additional parts that add mass and volume to the battery, and shows 

capacity increase with elastic strain.  
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Chapter 5: Conclusions and Future Work 

5.1 Conclusions 

 The demand for flexible and stretchable energy storage will rise as devices 

get smaller and more integrated into our daily lives.  Lithium ion batteries have been 

a popular energy storage option for decades because of their ability to achieve high 

energy densities.  However, the number of recent incidences of publicized battery 

fires has caused growing concerns with respect to the safety of these batteries.   

  Using conventional lithium ion batteries for flexible and stretchable 

electronics devices is not an option, especially when these batteries will likely be 

next to or on human beings.  However, the development of safe lithium ion batteries 

is feasible by replacing the chemically and mechanically unstable organic liquid 

electrolyte with a solid polymer.  Although solid polymer electrolytes are unable to 

achieve ion conductivities comparable to that of liquid electrolyte, they do offer the 

mechanical and thermal stability necessary for deformable batteries. 

 Development of stretchable lithium ion batteries is an emerging area of 

research.  Being able to account for the dynamic interplay of mechanical stresses 

and chemical reactions while trying to build a battery that is reliable is a challenging 

task.  Most of the previously published work on stretchable lithium ion batteries is 

based on the battery pack design.  This dissertation is unique as it presents the 

feasibility of using solid polymer electrolytes to develop fully stretchable lithium ion 

batteries, in which all battery components are deformable. 
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 The effect of tensile strain on PEO-based polymer electrolyte properties was 

first investigated to determine the practicality of developing a stretchable and 

lithium ion battery.  An in situ ion conductivity experiment revealed that tensile 

deformation positively affects ion conductivity.  It is hypothesized that the 

conductivity enhancement is the result of creating more amorphous regions within 

the polymer electrolyte through mechanical means.  Amorphicity is important in 

semi-crystalline polymers because it is widely agreed upon that ion transport occurs 

through the chain segmental motions of the polymer host. 

 It has been determined that polyethylene oxide is a viable electrolyte option 

for stretchable lithium ion batteries.  And although stretching enhances the 

electrolyte conductivity, the issue of low ion conductivity remains.  Methods for 

increasing the ion conductivity of solid polymer electrolytes includes plasticization 

and the introduction of, both of which enhance the polymers’ degree of amorphicity.  

However, plasticization, which is the act of softening the polymer through the 

addition of liquid electrolyte, compromises the mechanical stability and, ultimately, 

the safety of the polymer electrolyte.  Although have shown promising results with 

regard to ion conductivity, they often cause the polymer electrolyte to become more 

brittle.  Neither of these ion conductivity enhancement methods are practical for 

stretchable battery applications. 

 Instead, this dissertation presents an alternative method for optimizing the 

mechanical and electrochemical properties of PEO-based electrolytes through 

molecular weight blending.  High molecular weight polymers often exhibit greater 
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mechanical stability and lower ion conductivity because of they are composed of 

long polymer chains.  On the other hand, low molecular weight polymers consist of 

short molecular chains allowing for more free motion of the chains.  This allows for 

enhanced ion conductivity for the cost of sacrificing mechanical strength.  Polymer 

electrolytes consisting of high (866k) and low (766k) Mw PEO mixed in various 

ratios were subjected to mechanical testing and electrochemical impedance 

spectroscopy.  As expected, the mechanical strength of the electrolyte films 

decreased and the ion conductivity increased with an increasing content of the low 

Mw PEO. 

 The polymer molecular weight blend containing a 5e% 766k Mw PEO 

content (a three to one ratio of 866k to 766k Mw PEO) was used to develop a 

stretchable and lithium ion battery based on a sliding electrode design.  The battery 

was subject to electrochemical testing while deformed at various strain increments.  

The battery maintained a high area capacity > 6.7d mAh cm-5 at each strain 

increment of 5%, e%, and 76%.  The battery was cycled twenty times at each strain 

and exhibited an initial spike in capacity followed by steady capacity fading.  The 

capacity spike is the result of the combination of electrolyte deformation, a larger 

exposed electrode area and more activation sites, and SEI layer destruction.  The 

subsequent capacity fade is the result of SEI formation and accumulation and a 

growing double-layer capacitance at the electrode-electrolyte interface with each 

strain. 
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 Furthermore, although ion conductivity appears to increase with strain, the 

change in battery capacity with strain does not follow the same trend. Stretching 

may cause an increase in capacity, however the capacity increase of the battery 

deformed within its elastic region is larger than that of the battery deformed past 

yielding.  This suggests that the effect of the compromised mechanical strength of 

the electrolyte past yielding plays a greater role in battery performance than the 

strain-dependent ion conductivity behavior of the electrolyte.  Ultimately, this work 

has successfully demonstrated the possibility of developing safe and fully 

stretchable lithium ion batteries. 

5.2 Future Work 

5.2.1 Battery Development 

 The present work demonstrates proof of concept, but future work lies in 

improvement of the battery materials.  First, PEO, and most polymers, have small 

elastic regions.  Finding or developing a more elastic electrolyte material is vital in 

order for the battery to achieve larger elastic strains.  Second, it is necessary to 

develop electrochemically and mechanically compatible stretchable electrodes.  

Ideally, the mechanical properties of the electrodes, and encapsulation for that 

matter, should be similar to those of the stretchable electrolyte in order to maximize 

the mechanical longevity of the battery.  Third, finding a suitable encapsulation 

material is critical.  Capacity fade due to the inability of hermetically sealing the 

battery in a soft and deformable encapsulant is a common problem seen across 

lithium ion battery research.  Finding an appropriate encapsulation material is 
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necessary for commercial use.  The encapsulation material should be soft enough to 

stretch, but stiff enough to keep the battery components in place and ensure 

adequate contact pressure between the battery components to reduce the electrode-

electrolyte interface resistance. 

5.2.2 Fundamental Studies 

 In addition to improving the battery materials and design, fundamental 

studies are necessary for better understanding the ion transport mechanisms in 

strained electrolytes.  This work provides a mechanistic hypothesis for the strain-

dependent ion conductivity enhancement behavior of solid PEO, but further 

investigation is needed to verify or disprove this postulation.  Furthermore, it would 

be interesting to understand the effects of various polymer parameters, such as 

composition, molecular weight, salt content, polymer blending, etc., on this 

observed strain-dependent conductivity enhancement.  Similarly, further 

investigation of the strain-dependent capacity enhancement mechanisms of the 

battery is needed and the effect of large electrolyte strains on battery performance 

should be explored. 

 Lastly, although this dissertation did not cover the specifics of certain testing 

procedures, understanding why these PEO-based batteries can be continually 

overcharged without signs of battery performance degradation needs to be 

researched.  Overcharging lithium ion batteries can cause lithium plating, 

increasing the potential for an internal short resulting in thermal runaway.  

Additional work should focus on the electrode-electrolyte interface to determine if 
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the solid polymer electrolyte prevents lithium plating with continual overcharging 

as well as study the degradation of both electrode and electrolyte materials when 

overcharged. 

 The vision for this research is to develop fully stretchable lithium ion 

batteries as energy storage options for wearable, implantable, and stretchable 

electronic devices.  There are many challenges that need to be resolved in order to 

develop a commercially viable stretchable lithium ion battery.  The work presented 

in this dissertation lays out the necessary framework to overcome such challenges 

toward a successful stretchable battery development. 
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