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ABSTRACT

Lithium-ion batteries are used in many applications as energy storing devices. In some of
these applications, it is advantageous for the battery to be axially flexible so it can deform in
response to applied loads and/or to accommodate volume change in the active material. Silicon
anodes, for example, have high energy density and can change volume by up to 300% during
charging, providing the potential for self-powered actuators and sensors. This thesis designs
flexible electrodes that can change shape and size with volume-changing active materials.
Design and analysis were performed on several current collector topologies that utilized
compliant array technology to be more flexible. Analysis looked to optimize flexibility while
also maintaining battery integrity and performance. Specific parameters compared between
designs included the maximum stresses, internal electrical resistance, and axial flexibility of the
current collectors. Comparison of designs via these parameters resulted in an array of designs
that could be optimized for the needs of a specific application.
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Chapter 1
Background
Flexible lithium-ion batteries provide opportunity to improve products in several
industries and make new products possible. Flexible batteries ideally have the capability of
storing energy while also taking on different sizes with different charge states. Experimentation
of flexible batteries with different materials has been explored for flexible and wearable
electronics [1]. Existing flexible batteries do experience some limitations with balancing high
flexibility, long life, and energy density [2].
Work has also been done on building batteries that will have significant change in size
when charged. When it is lithiated, silicon in a battery can see changes in volume by as much as
300% [3]. The cells inside battery packs can then be oriented so that strain in the battery cells
results in significant shape change of the battery. In figure 1 below, an array of cells is
transformed from a line into an arc. In this transformation the, top pouch cells would be charged
and have and expansion while the bottom cells would be discharged and have a contraction. The
result of the respective expansion and compression is the formation of an arc.

Figure 1. Two layers of lithium-ion pouch cells
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Applications for flexible battery technology are numerous. One prominent application
would be the possibility of using flexible batteries as an actuator. The ability for flexible
batteries to change shape and size could make them a useful alternative to other kinds of
actuators that are made of several parts and require a power source. This technology could be
implemented in the automotive, medical, wearable electronics, and flexible electronics industries
[1-2].

Compliant Arrays
Increased flexibility in the axial direction can be accomplished through modifying a
material’s stiffness. Modifying a material’s properties, namely stiffness, can be done and
accomplished through the application of Compliant arrays (CAs). CAs are typically panels that
are composed of geometric patterns that repeat over the surface of the material. The specific
pattern on the material can then allow the specimen to exhibit and display different properties
than the original material. CAs can also allow a normally isotropic material to have different
properties in different directions. CAs can allow for material selection charts to be expanded and
allow high stiffness materials to be less stiff [4]. As result, a stiffer conductive material like
copper can be transformed so that it can experience greater strain. The increased elasticity is the
result of the nature of CAs which are composed of flexible members within the array as opposed
to movable joints. A picture of CAs created with SolidWorks modeling can be seen in Figure 2
below. The CA seen in Figure 2a is a unidirectional compliant array, meaning that it is designed
to be fleaxble in one direction. The unidirectional CA seen is designed to be most flexable about
the Y-axis. The CA seen in Figure 2b is a bidirectional array meaning that it is designed to be
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flexable in two directions. The bidirectional CA is designed to be flexable about both the X and
Y axies.

(a)

(b)

Figure 2. Examples of (a)Unidirectional and (b)Bidirectional Compliant arrays

Analytical modeling and testing performed already by researchers at Brigham Young
University has revealed how compliant arrays can impact a material’s bending stiffness [4].
These tests and analyses have given insight as to how material stiffness and strength varies when
bending the material sheet. Analytical work was done to understand the relations between
different shape factors and the resulting material bending property modification. Expanding
research in the area, this thesis aims to develop and analytically model designs intended to
increase flexibility in the axial direction.
CA’s also have the ability to modify metals so that they are significantly more flexible.
Creating highly flexible and conductive materials is made possible by the CA expanded material
selection charts. Work has been done with creating highly flexible conductive materials in
flexible circuit board design [5]. CA research has also been implemented with Kirigami patterns
on lithium ion batteries to improve battery flexibility [6].
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Pouch Cells

The pouch cell is a battery that is contained within a thin pouch. In the pouch cell
conductive foil tabs are welded to the cathode and anode and exit through the side of the pouch
cell. Individual pouch cell design is typically composed of two current collectors coated with an
active material that are kept out of contact through use of a separator. The current collectors in
the pouch cells are typically thin cooper and aluminum sheets. These sheets allow bending out
of plane with little resistance due to their minimal thickness, but are not nearly as flexible in the
axial direction. Modifying the design of the copper and aluminum foils to be flexible in the axial
direction would allow for the pouch cell to experience size change in the axial direction

Goals of Research

Research was conducted to maximize the design of pouch cell current collectors by
increasing battery axial flexibility while minimizing any hinderance to battery performance.
Criteria measured to determine success of design were relative axial flexibility, relative
maximum internal stress, and relative electrical resistance. Axial flexibility of the current
collectors relative to a pouch cell was compared as a more flexible current collector would allow
for a more flexible pouch cell. Designs with current collectors that are able to deform easier
would have less of a hinderance on active material that is undergoing size change. A more
flexible current collector would mean that less of the active materials expansion would be
constrained by the rigid components of the cell. As Result, more flexible current collectors
would allow the pouch cells to have a greater ability to actuate and perform external work.
Maximum internal stress was also a consideration of design as it characterized the material
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limitations of the current collectors. Lower internal stresses would correspond to better load
cycling of the current collector when charging and discharging the battery. High stresses on the
current collectors could result in tears of the current collector. Relative electrical resistance of
the designs was also compared to a standard pouch cell. Drastic changes in the battery’s internal
resistance would impact its ability to act effectively as a battery.
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Chapter 2
Analysis Tools
To analyze the effectiveness of the different battery designs, analysis tools including
SolidWorks and Ansys were used to simulate structural and electrical properties of design.
SolidWorks was used for all of the 3D modeling of the current collector and battery designs.
SolidWorks simulation was used to provide preliminary understanding and verification of
principles of design. SolidWorks models of current collectors and battery designs were then
imported into Ansys structural and electrical simulations for more thorough inspection. All
properties of the individual designs seen in figures and calculations of this thesis use the results
of the Ansys simulations.
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Chapter 3
Simulation Configuration and Parameters
Simulations performed in SolidWorks and Ansys aimed to analyze the flexibility,
maximum stresses, and internal resistance of the battery. These properties allowed the
comparison of different designs and highlighting of trends.
Table 1. Material Properties

Property

Copper

Active Material

Young’s modulus

1.2x1011 Pa

N/A

Poisson ration

0.355

N/A

Resistance

1.678x10-8 Ω m

0.01 Ω m

Within simulations, certain bounding parameters were put on the designs so that they
could be accurately compared. For all of the designs, the same copper and active material
parameters were assumed. The parameters used for the copper and active material can be seen
above in Table 1. The designs were also bounded by the same size dimensions. The basic
orientation of each design can be seen in Figure 3 below. Each current collector design was
50mm in the X direction, 20mm in the Y direction, and 1mm in the Z direction. When
performing structural simulations on the current collector, active material was not attached to the
copper as the active material would be the object applying the loading force. However, the
active material was included in the electrical simulation as it was needed to have a holistic
picture of internal resistance. In the electrical simulation, the active material was defined to
cover the surface area of the copper current collector (20mm x 50mm). The active material was
also defined to be 2mm in thickness.
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Figure 3. Example current collector design defining coordinate orientation

Flexibility

To analyze the flexibility of the current collectors, the extension of the current collector
under a prescribed loading force was measured. The extension of each current collector was
measured after applying a force of 10N in the X direction. When modeling, the left end of the
current collector as seen in Figure 3 (the X = 0 plane) was fixed in the X direction via a roller
constraint. A fixed support was also put at the location X = 0 and Y = 0. The prescribed loading
force was applied at the right end of the current collector as seen in Figure 2 (the X = 50 plane).
The prescribed force was distributed evenly over the entire X = 50 surface of the current
collector. Running the designed simulation outputted the directional deformation of the current
collector. The directional deformation could then be compared to other designs. Designs with
larger directional deformation in the X direction proved to be more flexible designs.
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Stress

To analyze maximum stress, the current collector specimens were each given a
prescribed displacement in the X direction. The prescribed displacement was set to 1mm. When
modeling, the left end of the current collector as seen in Figure 3 (the X = 0 plane), was fixed in
the X direction via a roller constraint. A fixed support was also put at the location X = 0 Y = 0.
The prescribed displacement was applied at the right end of the current collector as seen in
Figure 3 (the X = 50 plane). The result of the prescribed displacement would cause the edge of
the current collector to move from the X = 50mm location to the X = 51mm. Running the
designed simulation would output the maximum stresses on the copper, and would output the
location of the respective stresses.

Electrical Resistance

In the determination of the internal resistance of the battery it as assumed that current
would be provided evenly from the active material. In the model a sheet of active material was
fixed to the surface of the current collector as seen in Figure 4 below. In simulation, current was
supplied by the active material and flowed to electrical ground located at the X = 0 surface of the
current collector. By using a prescribed current supplied by the active material a voltage could
be acquired at different locations of the current collector relative to ground. The output of the
simulation gave the respective voltage at every point or node in the battery. Dividing the total
voltage difference between the active material and the X = 0 position by the total current
provided total resistance for each battery specimen. As result, the total current supplied by the
active material was designated as 1 Amp, and the X = 0 position was set to ground or 0 volts. It
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was assumed that resistance at the interface of the current collector and active material would be
equal to that of the active material due to the uniform mixing of the binder. Any air gaps in the
current collectors were assumed to have infinite resistance. More visual clarification about how
simulations were executed can be seen by an example in Appendix A

Figure 4. Electrical Simulation Set-up
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Chapter 4
Maximizing Performance
Building off of prior art on compliant arrays, while also considering important battery
properties, allowed for designs to be produced that would maximize axial flexibility.
Considerations and different design parameters were then analyzed and verified by modeling and
performing parameter specific simulations. Other design modifications and adjustments were
made to minimize internal stresses experienced in the current collector and minimize the
electrical internal resistance of the battery

Maximizing Flexibility

To maximize flexibility, several different array configurations were analyzed. Variables
that were varied and analyzed included kerf of slots in designs, beam thicknesses, unit repetition,
and internal curvatures.
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(b)

(c)
(a)
Figure 5. (a) Repeating Units vs Flexibility Graph (b) 12-unit design (c) 8-unit design

As seen in Figure 5a, it was found that as the number of repeating units increased the
resulting flexibility of the current collector increased. In Figure 5b, the design has 12 repeating
units compared to Figure 5c which only has eight repeating units. Figure 5c has eight repeating
units because it is composed of eight identical rectangles. By increasing the number of units in
the current collector, the number of flexible members increased and as result made the design
deform in the axial direction easier. The design in Figure 5b proved to be 160 times more
flexible than an unmodified copper current collector.
When varying the kerf, it was found that designs with smaller kerf tended to be more
flexible as they could contain more flexible members in the design. Beam thicknesses, when
decreased, also allowed for more flexible members to be included in the set dimensions of the
designs.
Minor fillets were also added to slots in the different geometries that were analyzed. The
minor fillets were added due to manufacturing limitations and knowledge of stress
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concentrations in the areas with sharp corners. As the fillet radius was increased it was noted
that the designs tended to become less flexible.

Minimizing Stress Concentrations

Several of the designs had large variance in internal stresses. The internal stresses tended
to appear at the sharp corners of many of the slots in the designs. Designs with smaller kerfs and
more members tended to have larger corresponding stresses. Filets were increased to help
reduce stresses in designs that had values of high stress recorded. Figure 6 below depicts the
large stress concentrations at the end of a cut in a current collector. The image in Figure 6b
indicates the high stresses associated with a sharper corner. Figure 6c indicates the lower
stresses as result of the larger fillet radius. However, the flexibility in the axial direction of the
Figure 6b design is less than that of the Figure 6c design.

(a)

(b)
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(c)

Figure 6. Stress concentrations (a) 10-unit design (b) Small fillet stress concentration (c) Large fillet stress
concentration

To gain the greatest reduction of internal stress on the current collector, holes were
incorporated into the designs at locations of high stress concentrations. The holes helped to
mitigate the higher stresses that were being observed. The designs seen in Figure 7 are an
example of how holes could be incorporated into the design at areas of high stress concentration.
Multiple simulations were run with different size holes to observe the impact the holes had on
the structural and electrical performance of the battery. The graph in the left of Figure 7 depicts
that the maximum stress within each respective design decreases as hole radius decreases. The
Design in Figure 7b, when displaced 1mm in the axial direction, had a max stress of 1290 MPa.
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Meanwhile the design in Figure 7c, under the same loading conditions, had a max stress of 240
MPa.

(b)

(c)
(a)
Figure 7. Reducing Stress (a) Hole radius vs max stress graph (b) 0.25mm radius design (c) 1.5mm radius design

Minimizing Resistance

When maximizing flexibility of the current collectors it was often found that internal
resistance of the battery was increased. By removing copper material from the current collector
and creating several flexible members that the battery current would have to run through, the
resistance of the battery was increased.
It was discovered that areas of increased resistance were located at areas where active
material was not present. Cutting arrays in the copper collectors caused locations of the active
material to not be in direct contact with the current collector and increase battery internal
resistance.

Figure 8 below shows how a hole impacts the electrical resistance of a battery. The

colors in the figure shown below dictate the resistance relative to the edge of the current collector
that would be connected to the battery terminal. Blue indicates lower resistance while red
indicates higher resistance. The holes seen in the current collector appear to increase the path
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length that current must travel through the active material. As result, waves of non-uniform
resistance can be observed in Figure 8 below inside of the active material. The increased path
length results in the higher resistances values for the battery designs that are observed.

Figure 8. Section view of resistance of battery with holes in current collector

To reduce the impact of the holes and openings with exposed active material, designs
attempted to reduce less copper from the current collectors. Figure 9 below shows how a design
minimized the amount of active material without copper contact. Figure 10 shows the result of
incorporating more copper into the array. Inside the active material resistance is observed to
increase almost perfectly uniformly with equal distance into the active material. The uniformity
is indicative that the design requires a smaller path length through the active material.
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Figure 9. Design with less copper reduction

Figure 10. Section view of resistance of battery maximizing copper usage
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Chapter 5
Conclusions and Recommendations
The creation of several designs of varied characteristics and features allowed for a more
holistic picture of successful current collector design. To achieve maximum flexibility in the
axial direction it was determined that the most successful designs would have several internal
flexible members small in size. It was discovered that manufacturing would be a limiting factor
as designs with increasingly small features typically performed the best. It was also discovered
that stress could be reduced via cutting large arcs or holes in the current collectors. Stress
relieving arcs and holes proved to relieve high stress concentrations that would eliminate the
feasibility of several designs based on their material limitations. These arcs and holes also
helped to aid in the enhancement of axial flexibility. It was also discovered that decrease in
battery performance and electrical internal resistance could be mitigated by the inclusion of
stress relieving arcs. These arcs, when properly placed, could effectively maximize the amount
of copper remaining in the current collector.
In Figures 11 and 12 below several designs are plotted relative to each other based on
their performance in the categories of Flexibility, Stress, and Resistance. Figure 11 shows how
flexible each design was in comparison with its resistance. Designs in the left upper region of
the graph proved to be the most successful as they attained high flexibility and good resistance
properties. The designs with stress relieving arcs shown as grey squares on the graph were the
most successful at attaining at high axial flexibility and low resistance.
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Figure 11. Comparing Flexibility and Resistance of Current Collector Designs

Figure 12 shows the maximum stresses for each design in comparison with its resistance.
Like in Figure 11, designs in the left upper region of the graph proved to be the most successful
as they attained high reduction in internal stresses and good resistance properties. The designs
with stress relieving arcs seen as grey squares, and the designs with holes at maximum stress
points seen as orange triangles, were the most successful at attaining reduction of internal stress
and low resistance. More clarification about design classification can be seen in Appendix B.

Figure 12. Comparing Maximum Stress and Resistance of Current Collector Designs
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Recommended Design

When weighting the parameters of axial flexibility, maximum stress, and internal
resistance equally an optimal performing design could be determined. The equation used to rank
designs can be seen below as equation 1. A design that is the best in every category would
receive a design score of 1.
1 𝐹 − 𝑊𝐹
1 𝑀𝑆 − 𝑊𝑀𝑆
1 𝑅 − 𝑊𝑅
𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑐𝑜𝑟𝑒 = [ ∗
]+[ ∗
]+[ ∗
]
3 𝐵𝐹 − 𝑊𝐹
3 𝐵𝑀𝑆 − 𝑊𝑀𝑆
3 𝐵𝑅 − 𝑊𝑅
Where:

(1)

F = % increase in Flexibility of design
WF = % increase in Flexibility of design of the least flexible design
BF = % increase in Flexibility of design of the most flexible design
MS = % reduction in maximum stress of design
WMS= % reduction in maximum stress of the design with the highest maximum stress
BMS= % reduction in maximum stress of the design with the lowest maximum stress
R = % increase in internal resistance
WR = % increase in internal resistance of design with the most increase in internal resistance
BR = % increase in internal resistance of design with the least increase in internal resistance

The best performing design can be seen in Figure 13 below. This design received a
design score of .956 as it scored very well in multiple categories. The design is roughly 4700
times more flexible than a copper current collector not incorporating compliant array technology.
Additionally, the total internal resistance of this design is also only increased by 2.9% and the
maximum stress is decreased by 92%. The design incorporates “C” like arcs and several long
flexible members. These features allow the design to have high axial flexibility, low maximum
stress, and less internal resistance.
If the desired parameters were not equally weighted the design seen in Figure 13 below
may not be the optimal design. If only considering flexibility, and disregarding stress and
battery performance, designs incorporating large holes would perform the best. Copper used to
cover the large areas of exposed active material in the holes results in a slight decrease in
flexibility. Meanwhile, if resistance were weighted as highly important, designs similar to
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Figure 12 would likely be desired for their low internal resistance characteristics. If reducing
maximum stress was weighted as the most important factor, the result would aim toward designs
with large stress relieving holes or designs with stress relieving arcs, as both of these categories
perform equivalently well in this area.

Figure 13. Optimal design when weighting Flexibility, Stress, and Resistance equally

Future Production and Physical Testing

In the future, the analytical techniques used to determine how to optimize a current
collector might be validated via physical manufacture and test of the designs. Manufacture of the
current collector designs might be performed using a laser cutter or chemical etching process.
All designs created and simulated used a kerf of .017mm or greater due to perceived
manufacturing limitations. Designs produced and simulated in this thesis did not include or
account for a heat effected zone caused by a laser cutter. Designs assume uniform properties of
copper and active materials along with perfect manufacturing. These factors would come into
account during the manufacture and testing of physical designs.
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Appendix A
Example of how properties were simulated in Ansys (10-unit design)

Copper current collector 10-unit design

Copper current collector 10-unit design
with active material

Specify material parameters

Create mesh (2.5*10-4m)
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Structural Constraints for Directional Deformation Simulation (Flexibility)
Fixed Support

Fixed Support

Frictionless Support

Prescribed Force

Fixed Support

Directional Deformation Results (Flexibility)
Fixed Support

Structural Constraints for Maximum Internal Stress Simulation
Fixed Support

Fixed Support

Frictionless Support

Fixed Support

Maximum Stress Results

Prescribed Force
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Electrical Constraints for Maximum Internal Resistance
Fixed Support

Prescribed Current

Prescribed Voltage

Voltage Results that are analogous to Resistance
Results
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Appendix B
General Classification of Designs

Designs with varied kerf

Designs with stress relieving holes

Designs with stress relieving arcs
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