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ABSTRACT 

 

In recent years, the number of electric vehicles (EVs) on the road has increased drastically. In 

parallel to the increase of EVs, there is a proportionate increase in collisions involving them 

which poses a serious risk of Lithium-Ion Battery (LIB) damage. As these EVs and technology 

continue to increase in occurrence and complexity, there must be a similar jump in advanced 

testing and modelling to accurately predict and protect against major failure. FEM has emerged 

as the leading preventative measure for crash analysis but, due to the complexity of modern 

vehicles, these simulations require homogenization of models for simplicity and reduced 

calculation time. This requires experimental equipment to be developed to mechanically deform 

the LIBs in order to obtain load and displacement curves necessary for simulation. These 

simulations are then calibrated in order to represent the experiment that has been completed. 

Thus far researchers have focused on the compression properties but have not provided insight 

into the rebound response of the battery cells. This thesis project is threefold: to develop 

experimental equipment necessary to perform the required deformation testing, use said 

equipment to perform deformation experiments on a series of LIB, and to develop a set of 

models corresponding to the indentation experiments. The simulations from these models 

should accurately represent the compression and rebound portions of the resultant load-

displacement curves. It was determined that adjustment of the final stage of the stress curve 

used in LS DYNA, dictated the response of the rebound curve following compression. The 

comparison of the simulation vs the experimental results of the indentation experiments show 

that depending on the type of loading, different representative material models could be used 

to simulate the cell behavior. Effects of punch head size, element size, as well as punch head 

geometry and material selection were studied in this research. The smaller the punch head the 
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smaller the elements must be to capture the LIB response and similarly the more complex the 

punch geometry the smaller the elements must be. These findings, and the models developed 

will be used to further the research on LIB homogenization and fully modelling rebound curves 

moving forward.  
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CHAPTER 1 

INTRODUCTION 

 

 In recent years the number of electric vehicles (EVs) on the road has increased 

drastically with sites such as Treehugger.com reporting that from 2016 to 2020 total EV sales 

have more than quadrupled [1]. In parallel to the increase of EVs there is a proportionate 

increase in collisions involving them, as one would expect as a direct result of them becoming 

more common on the road. This can pose a serious problem as the power source of EVs can 

undergo catastrophic failure when exposed to physical deformation, which can lead to 

exothermic reactions. This only becomes more severe of an issue, as EVs incorporate higher 

capacity Lithium-ion Batteries (LIBs). Such increase in capacity provides higher energy density as 

well as increased volume which enable the EVs to go further and have more power than in 

previous generations. As these EVs and technology continue to increase in occurrence and 

complexity, there must be a similar jump in advanced testing and modelling to accurately 

predict and protect against major failure.  

 The current method for meeting crash-safety standards is to develop Finite Element 

Modelling (FEM), for design and theoretical limits, followed by actual testing of a nearly 

completed or finished product. This method takes a single solid part and “breaks” it down into a 

culmination of multiple smaller objects called “elements” spanning the continuum. The 

simulation then simultaneously measures forces, displacements and deformations on these 

individual elements and uses these individual calculations to model the entire solid. This method 

is applied to every object within the model and, as a result, simulation times can increase 

exponentially with increasingly complex models. This method of using simulations to develop 

accurate models for the use of design and protection dates back to 1986; however, at the time 
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was limited to 8000 individual elements and needed to use a super computer in order to solve 

the calculations [2]. In the 1980s vehicles were far simpler and had limited technology 

comparatively speaking to modern vehicles. Today’s EVs typically utilize LIBs that have 100 

internal layers each (comprised of anode, cathode and separators) and, using the recent Tesla 

Model S as an example, house over 8000 individual LIBs [3]. When we consider that every part is 

broken down into individual elements and that there are more than 800,000 different layers in 

the LIBs of the battery pack it is easy to see how quickly a model can reach the order of 100s of 

millions of elements. This scale of model would require the use of supercomputers for days, if 

not weeks, of calculation time per simulation. As such there is a need to simplify these 

simulations in order to cut down on computation time and increase the ability for iterative 

design. 

  With the goal of reduced calculation time of simulations, the focus is now to reduce the 

overall complexity of the LIB models. The solution is to create homogenous models of the LIBs 

that would react in the same way as the actual battery. This is completed by developing 

structures to plastically deform the individual LIBs to obtain experimental data that will later be 

used to create solid models within a simulation software. As there are many different ways a LIB 

can be deformed there will need to be a series of structures developed to accommodate these 

different loading scenarios. Some of the most common loading patterns are 

compression/indentation, shear loading, three-point bending (3PB), and confined axial loading 

which can lead to buckling of the LIB. A less common scenario that could provide additional 

insight is an analysis of long-term compression testing during cycling. Since these loading 

scenarios provide a wide range of information a testing device will be developed for each case. 

Data from each of the testing scenarios listed can be used to create homogenous cell level 

models repeating these experiments within a series of LS DYNA simulations. A range of LS DYNA 



3 

materials will be used to model the LIBs isotropically or anisotropically, depending on the nature 

of the loading scenario, and the accuracy requirements of the simulation. While the focus of 

many different researchers has been on the loading portion of the simulations, there has not 

been substantial research into characterization of the return curve post compression. In order to 

attempt to address this, FE models will be developed for through thickness compression and 

punch loading of cells with special consideration given for the return portion of the curve. These 

calibrated cell level models will be used as guides for future calibration of return curves for 

different loading scenarios. Additionally, they can also later be used to create larger 

homogenous models for simulations of an entire battery pack or even an entire vehicle. The 

results of this work will help to lead to battery pack optimization through minimizing dead 

weight, battery pack performance and energy density. 
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CHAPTER 2 

LITERATURE REVIEW 

 As a result of the previously described increase of LIB usage there has been a substantial 

and proportional increase into the research of these LIBs performance, deformation, failure 

criteria and more. Learning from these established research sources will build the back bone of 

what can be completed moving forward and can help propel the Electric Vehicle Safety Lab’s 

research completed by myself, as well as fellow and future researchers, moving forward. These 

studies have been focused on a range of battery form factors, such as cylindrical cells [4]–[21], 

Pouch Cells [4], [10], [11], [17], [18], [20], [22]–[39], and Prismatic Cells [20], [33], [38], [40]–

[42], as these represent the vast majority of LIBs used in the field today with special 

consideration for the “18650” cylindrical cells and pouch cells of varying geometries as they are 

the most commonly utilized form factors. These studies and experiments can also take place on 

a range of different levels, for any of the cells listed, from the microscale models, such as the 

internal layers of anode cathode and separator, as well as macroscale models, such as cell, 

modules or packs of LIBs, see Figure 1. With this in mind, it is now possible to obtain a better 

understanding of the different focus’s researchers have taken thus far and learn from their 

findings.   

 

 

Figure 1. Gradient From Macro Scale to Micro Scale 
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In nearly every instance of research document referenced; the beginning stage of their 

procedure was focused on mechanical testing. This stage will vary substantially depending on 

the goals and expectations of that particular research group however. For example; Kermani et 

al. report on a series of experiments performed by recent researchers on pouch cells both with 

and without their protective casing (Figure 2). In these experiments they utilized flat plate 

compression, hemispherical punch indentation, three-point bending, and both confined and 

unconfined axial compression [11]. While these experiments demonstrate a wide range of 

loading scenarios that could be considered for future work and provide visual aids for their 

development, it should be noted that this is not a comprehensive list of loading scenarios that 

could be applied. In addition to loading scenarios differences, there are also differences in the 

scales of mechanical testing.  

While mechanical experimentation on the cell level is completed in the work by several 

researchers, other papers have worked on microscale testing focused on the internal layers of 

the cell [4], [24], [25], [39]. This is important in order to develop a better understanding of the 

impact that different anode, cathode and separator materials, as well as electrolyte and 

additives, have on the behavior of the LIB. This can become increasingly important when 

expanding one’s research into the optimization and longevity of LIB as damage to the separator 

layer permits contact between the anode and cathode leading to internal short circuit and 

exothermal reaction. For example: Sahraei et al. performed a series of experiments on the 

internal layers of a LIB in various loading conditions. They found that, depending on the material 

being tested, there would be substantial differences in ultimate strength and additionally, the 

failure of a cell could differ substantially based on loading scenario [24]. Similarly, there was a 

study completed demonstrating a relationship between loading direction, loading type, 

separator material and separator porosity. Zhang et al. determined that using more complex  



6 

 

 

 

 

Figure 2. Various Testing Fixtures from Kermani Et Al. [11] 

 

  



7 

manufacturing practices, during the development of LIB separator layers, will lead to a 

substantial increase in ultimate strength in nearly every loading scenario [39]. These types of 

studies have shown that failure of a cell could differ substantially based on loading scenario and 

composition of the electrode stack [24]. Similarly, there was a study completed demonstrating a 

relationship between loading direction, loading type, separator material and separator porosity. 

These types of studies are crucial to understanding the patterns of failure in LIB and develop 

experimental set up required in order to perform characterization tests. What is interesting to 

note is the similarity between the full cell indentation and LIB layer indentation testing 

apparatuses which will be expanded on later.   

 In order to achieve the testing described thus far there is a need to develop mechanical 

fixtures which would be connected to a force and displacement measurement apparatus in 

order to accurately measure all of the required aspects of the experiment for use in later 

modelling. While none of the documents provide dimensional or structural information on their 

testing structures, many of them do provide high quality pictures of the devices that can be used 

in the development of new designs. Zhu et al. provide a perfect layout for a confined axial 

compression fixture, as shown in Figure 3 a [28]. Sahraei et al. demonstrates a 3PB set up for 

18650 cylindrical cells, see Figure 3 [6]. Figure 2 above showed a narrow view of the testing 

structures used in the experiments completed for indentation, 3PB and buckling respectively 

[11]. These different images provide telling information as to the form, relative size, and 

function of the different structures in each case. What can vary substantially however is the 

mounting adaptors to connect these devices to the load cell of the test frame. Parameters to 

consider include material selection, punch size and additional features such as connections for 

an additional Linear Variable Differential Transformer (LVDT) or similar equipment.  
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(a) 

 

(b) 

 

(c) 

Figure 3. Confined Axial Loading, Indentation Punch Heads and 3PB Testing Devices 

 Following the mechanical testing of these LIB and/or layers described above, most 

publications have covered some aspect of modelling of the deformation in an attempt to 

capture the mechanical response of the cell. In many cases the software LS DYNA has been 

utilized for this application as it is heavily favored in the automobile industry but other software 

could be utilized as well. This modelling can take many different approaches such as the 

accurate modelling of a LIB in full detail, including internal layers [30], or it could take a 

homogenous approach to create simplified versions of the battery for different loading 

scenarios[6], or it could even expand the model for a Multiphysics approach when it 

incorporates electrical and thermal responses as well [15]. While these simulations can be 

incredibly open ended, it is important to understand that this is a crucial step as development of 

future LIB and protective structures require more efficient forms of simulation in order to 

expedite the research and development stages or production. For example: Gilaki et al. used this 
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mentality to develop an iterative process that builds from an initial simulation onward with the 

ultimate goal of designing a support structure for a LIB pack connected to a chassis [43]. While 

this is an ultimate process change based on simulations, it demonstrates the capability of this 

approach in automobile and LIB development.  

 

 

(a) 

 

(b) 

Figure 4. Ls Dyna Model and Associated 3PB Experiment From Sahraei Et Al. [6] 

  

The referenced publications have differed in scope and focus and have been used in a 

multitude of ways. Understanding what has been completed thus far is the first step into moving 

research forward by development of robust and dynamic testing equipment and utilization of 

that equipment to assist in the development of homogenous models.   
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CHAPTER 3 

FIXTURES DEVELOPED FOR TESTING  

In this Chapter the development of the experimental testing structures is detailed based 

on lessons provided from previous researchers. This is required in order to create or duplicate 

any tests for the Lithium-Ion batteries that would be used in our testing. Substantial time would 

need to be invested to ensure that these structures would accurately provide the information 

needed, while under high compressive loads, repeatedly without fail. Most of these systems 

would be installed onto the Instron 5985 which has a maximum limit of 250 kN.  

 

 

Figure 5. Example of The Instron 5985 

 

Indentation Loading 

 Indentation of a LIB is one of the most commonly investigated forms of mechanical 

deformation as shown through the referenced papers above. This is due to the fact that, as a 

consequence of daily use of EVs on the road, there is a risk of indentation from a large 

assortment of objects and geometries. As such it is critical to determine how the LIBs being 
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tested here would respond to the indentations of this sort. In order to achieve these testing 

scenarios many indentation punches have been developed but only three individual cases were 

used in these experiments while the remaining punches are to be used in future experiments. 

The most commonly used punches are Large Hemispherical, Medium Hemispherical, Small 

Hemispherical, Flat Cylindrical and Conical. It should be noted that there are varying opinions of 

what is classified as a medium or large hemispherical punch so, as a result, a 4th Extra Large 

Hemispherical punch was developed but not used for the experiments to follow. With this in 

mind, each punch was developed in SOLIDWORKS to be interchangeable with the Instron 

through the use of a 5/8”-11 set screw that would thread into the bottom of the punch and 

similarly be threaded into the control arm of the Instron (Figure 6 for reference).   

 

  

 
(a) 

 

 
 
 

(b) 

 

 
(c) 

Figure 6. CAD Render of Small Hemispherical Punch Design 

 

 This method of designing the parts in SOLDIWORKS for interchangability and then 

machining them was repeated for all 6 punches. Due to the geometric complexity of these parts, 

as a result of the spherical or conical surfaces, these parts needed to be completed using a three 
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axis Computerized Numerical Control (CNC) machining . To make the process smoother, and less 

prone to failure, all punches are machined from highly machinable 1215 Steel. The final punches 

can be found in Figure 7 and critical dimensions are provided in Table 1.  

 

 

Figure 7. Fully Machined Testing Punches and Threaded Instron Connection 

 

Table 1. List Of All Testing Punches and Critical Dimensions 

 Critical Aspect 
Small 
Hemi 

Med 
Hemi 

Large 
Hemi XL Hemi Flat Cyl Conical 

Diameter/Angle .5" 1" 2.25" 3.5" 1.57" 135° 

 

 

It should be noted that all parts have regular impreial sizes in inches except for the  flat 

cylindrical punch which is 1.57”. This is due to the fact that a common flat cylindrical punch size 

was 40mm. Additionally, since the small hemispherical punch only have a .5” diamter cross 

section, the risk of major local defomation is high. Furthermore, if the need to test for 

indentation on a stack of cells or individual layers similar to the work completed by Zhang et al. 

the punch would need substantial length of the punch in order to complete the experiment. To 

accommodate these potential issues with future experiements it was determined that the small 

hemispherical punch would be elongated compared to the rest of the punches. If other loadings 



13 

scenarios are required then addition punches can be created at that time following the 

guidelines set by the development of these punches. 

Shear Loading 

Most of the previously completed experiments were focused on local or complete 

compression/deformation of a Lithium-Ion battery. As a result, there is a lack of information 

regarding sheer loading of Lithium-ion Batteries. This is a critical point of information as these 

batteries could be loaded in such a way, during an accident for instance, that could result in a 

shearing motion on the individual cells of the battery pack. However, it was necessary to 

develop a robust structure that would be capable of performing these experiments repeatedly 

and accurately without a substantial risk of device failure. Having slightly different angles would 

also enable the testing of varying loading angles. With repeatable, robust and accurate in mind 

the design of the device was developed in such a way that there would be three sets of devices 

to complete testing at 10/20/30 degrees respectively.  

The concept of the design is that the Lithium-ion battery would be placed on a 

stationary angled lower support structure, partially supported from sliding off, while an upper 

punch would lower to the Lithium-Ion battery to impart the compressing force. It is important 

that the battery be compressed near its center and that the axis of compression be concentric 

with the lower support. Beginning the designing phase, it was decided that all parts under load 

would be made of alloy steel as it provides high strength and machinability while still retaining 

ductility. The two halves of the device would be connected to the universal adapters, designed 

for the Instron, for easy installation. Finally, there needs to be additional mounts needed for the 

LVDT (Linear Variable Differential Transformer) in order to get accurate displacement data 

during the experiments.  
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The final design takes the necessary requirements and provides a simple solution while 

still being structurally robust. Figure 8 shows the different views of the 30-degree shear 

assembly and the fully machined version. The blue cylindrical pieces located at the top and 

bottom of the assembly are the universal adapters that are pre-installed onto the Instron. The 

yellow cylindrical structure is the actual punch, the large green rectangle represents a typical Li-

ion pouch cell, the grey angular piece is the lower support structure, the purple pieces are 

holders for the LVDT and finally the red and blue pieces are standoffs for the LVDT holders. This 

design enables all forces to remain concentric while enabling the use of the additional LVDT. All 

pieces are held together with standard fasteners ranging from ¼” to 3/8” in diameter and the 

entire structure can be rotated to fit any viewing angle during the testing procedure. The entire 

structure, universal adapters and standoffs not included, is about 8” x 8” x 4” and be easily 

moved.   

 

(a) 

                

(b) 

Figure 8. CAD Rendering and Fully Machined Shear Testing Device 
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When developing the various punches, it is important that the cross-sectional area be as 

similar as possible for easy comparison between the different shear angle experiments. To 

resolve this the cross-sectional area of the face of the punches was found and the radii were 

modified accordingly, within reasonable limitations, to achieve similar results. Table 2 shows the 

measurements according to punch, all color coded whereas Figure 9 shows the subtle 

differences between the cross sections of each punch. Comparison of the surface area of the 10 

deg and 30 deg punches gives a difference in surface area of .192%. This provides enough 

similarity between the three punches for easy comparison. 

 

 

Figure 9. Bottom comparative Perspective of All Three Shear Punch Designs 

 

Table 2. Angle, Surface Area, Shaft Radius and Perimeter of All Three Shear Punch Designs 

  Punch 
Number 

Angle 
Surface 
Area 

Shaft 
Diameter 

Perimeter 

Units deg mm^2 mm mm 

1 10 2058.01 50.8 160.82 

2 20 2055.1 49.6 160.85 

3 30 2054.05 47.6 161.31 

 

 

In order to verify that the shear loading apparatus would be able to withstand the level 

of force exerted upon it, it was subjected to a representative loading simulation. While the 
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punch is rigid when compared to the LIB being tested it was still important to understand the 

weak points of the design that could lead to deformation or structural failure via FEM 

simulation. This simulation in question could be simplified by removing all non-force loading 

parts within the assembly as well by making some assumptions of the structure itself. For this 

instance, only the 30-degree sample is demonstrated as it will experience the highest stresses 

and deformations as a result of the aggressive angles and all parts except for the shear punch 

and the lower angled support have been excluded. The simulation, referenced by Figure 10, 

includes a 50kN force being applied equally along the top of the punch where it would be 

mounted onto the Instron. A “Roller/Slider” movement constraint was placed on the upper 

inner ring of the punch as it would be connected to the Instron. This would still allow accurate 

simulations to occur along the length of the shear punch where deflection is expected to be 

greatest without permitting the punch to translate laterally. Finally, the bottom surface of the 

lower angled support has been fixed as it will be constrained from translation and rotation of 

any kind just as it would be when physically attached to the Instron.  

The results of the simulation are found in Figure 11. These results show that, according to the 

simulation, the maximum stress would only achieve 64.4 MPa which is 10% of the threshold 

needed for permanent plastic deformation since the yield stress of the material is 620.4 MPa; 

and the punch would only experience a maximum delfection of 5.22e-3 mm. These values 

should be considered approximate as a result of the simplifications that were assumed as well 

as the fact that when machining these parts there is no way to be perfectly accurate and some 

deviation is sure to occur. Even considering these limitations this simulation should be valid 

within a margin of error and provides enough safety to verify that the parts in question are far 

below the threshold of permanent damage as well as deflection that could negatively impact the 

accuracy of the measurements beign obtained.   
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(a) 

 

(b) 

Figure 10. CAD Simulation of Stress and Deformation On 30 Deg Shear Punch 

 

 

 
(a) 

 
(b) 

Figure 11. Stress and Deformation Simulation of 30-Degree Shear Punch 

 

Three Point Bending 

Following the three-point bending experiments reviewed in the previous publications it 

was determined that recreating these experiments for the Lithium-Ion Batteries at our disposal 

was of high importance. These experiments are required due to the capability of these battery 
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packs being stuck and loaded in such a way that could easily create a three-point bending 

scenario. This can occur from ground impact during transportation from road debris or by 

bottoming out the vehicle over static geometry and improper road clearance. Similar to the 

shear loading apparatus, repeatability is paramount and only achieved through robust and 

variable design.  

Conceptually speaking the apparatus would need to be developed entirely out of high 

strength materials and be very adjustable in order to fit a wide range of batteries to be tested. 

The entire three-point bending structure would need to be mounted relatively easily onto the 

Instron testing device. It would also require relatively smooth rounded surfaces at the contact 

points for both the supports and the punch to encourage minimal friction as well as to eliminate 

sharp edges that could negatively impact the bending profile of the battery during the 

experiment. Just the same as the shear apparatus, the three-point bending structure would also 

need connections for the LVDT in order to have accurate local measurements of experimental 

displacement.  

The final three-point bending design, seen in Figure 12 below, takes the idea of being 

variable and robust and provides the user with customizable distances in order to achieve a 

wide range of testing parameters. The individual parts are differentiated by color to better 

understand their roles and all parts were made from 1018 steel for its high strength and 

machinability. The grey cylinder is the Instron arm that the apparatus is connected to. There is a 

similar, yet shorter cylinder at the base of the assembly not depicted in the figure. Connected to 

these on the top and bottom are the light blue universal adapters made to easily connect 

various testing structures to the Instron’s testing arms. Beyond those are the three-point 

bending specific parts. The first of which is the light green rectangular “upper base” at the top of 

Figure 12 which holds the “upper support” shown in white.  A pair of “angle iron” steel pieces 
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were used for the lower supports as they would provide substantial stability and strength while 

not adding unnecessary complexity. The three contact points are yellow for the static supports 

and red for the punch head. All three pieces were machined in such a way as to not mar the 

surface that would be in contact with the battery and could be easily swapped out for a similar 

piece of a different radius if ever needed. The orange and magenta pieces shows are standoffs 

and holders for the LVDT previously described above. Finally, the two dark blue pieces and the 

gold ruler are used to dial in the adjustment needed to center the above punch with the lower 

supports. There is an additional ruler on the rear of the structure not depicted in Figure 12. This 

permits the user to ensure that the correct distance has been achieved and proper alignment is 

maintained. All force loading structures are held in place with 3/8-16 or larger fasteners while 

an assortment of different size screws are utilized for the non-load bearing pieces. This structure 

is limited only by the width of the bottom plate and as such can accommodate up to 210 mm 

distances between the lower supports for the three-point bending set up. Since the overall 

forces utilized in this type of test are usually very low, in comparison to standard tensile or 

compression testing, force loading simulations were not needed.  
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(a) 

 
(b) 

 
(c) 

Figure 12. Different Perspectives of CAD Rendering and Fully Machine 3PB Apparatus 

 

Axial Loading 

As a result of the need for high energy density in Lithium-Ion batteries individual cells 

are often placed directly next to each other with minimal, if any, additional space. This results in 

a confined placement that only gets tighter as the cells increase in volume from high charge or 

heat. There could be an instance where the side wall of the battery pack is struck which would 

cause axial loading to occur on the cells in question. Since the individual batteries were already 

constrained in this scenario the axial compression would cause the batteries to buckle. There is 

also the possibility of local deformation when the battery is under planar constraints. Similar to 

the axial loading, the batteries would be constrained by parallel batteries or by the battery pack 

casing itself when the deformation could occur. This would be an additional scenario that could 
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be considered for more thorough testing to occur. Some publications have covered these topics 

but have done so with different or outdated versions of Lithium-Ion batteries, as mentioned 

above, and therefore the need for a local testing apparatus was required.  

Due to the potential real-world loading scenarios, it is necessary to develop an 

apparatus that would enable both constrained axial loading and constrained local compression. 

To achieve this the structure would require the ability to constrain a wide range of Lithium-ion 

batteries. Additionally, it would need to be mounted to Instron with ease why not compromising 

on strength. Since the batteries being tested could vary greatly in thickness as well, we would 

need the ability to swap out punch heads according to battery thickness. With these constraints 

in mind, it is possible to develop a comprehensive design capable of providing the experiments 

required.  

The axial compression structure design, shown in Figure 13, is dual purpose as required 

above and parts have been differentiated by color. The first to be discussed will be the vertical 

axial compression setup followed by the horizontal constrained compression. Just like the 

previously designed structures: all parts in this design were developed using 1018 steel. The top 

three parts are all the same as the shear and three-point bending structures but below that, 

shown in dark blue, is the “punch arm” which is mounted to the “upper base”. Connected to 

that is the “punch” which would need to be customized for each individual battery as it needs to 

be very nearly the same thickness as the battery in every scenario. Below is the constraint 

system which uses two primary walls, depicted in magenta and yellow, and fastened by four 

3/8-16 socket head cap screws. The lowest dark grey structure is the lowest support and mounts 

to both the lower support plate, shown in green, as well as the magenta supporting wall. Within 

both walls, and sitting on top of the lower support is a “stand” that would be the same thickness 

as the battery being tested. The need for this stand is to reduce the overall length of the punch 
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arm and reduce the chance of buckling to occur and it is a basic rectangular piece of steel. An 

explanation of the grey insert and a representative buckling analysis will be discussed in future 

sections.  

  

 

(a) 

 

(b) 

 

(c) 

 

Figure 13. CAD Rendering and Fully Machined Axial Compression Testing Apparatus 

 

Below, shown in Figure 14, is the constrained indentation orientation of the assembly. 

This depicts the compression walls in a horizontal placement and centered on the arms of the 

Instron and universal adapters (shown in grey and blue respectively). This is possible as the 

Instron arms are already concentric so mounting directly to them provides alignment without 

the need for adjustment as well as the ability to rotate the structure 360 degrees during the set-

up phase for optimal viewing. The newest additions are the green cylindrical punch that would 

apply a force against the red transverse punch insert. The transverse punch insert is required as 

there cannot be a gap present for either experiment but there is still a need to compress the 

battery when constrained. This insert sits on a small step within the assembly and is flush with 

the mating surface between the wall and the battery. This setup enables the insert to withstand 
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deflection during the axial compression experiment but also to apply force when the punch 

comes down and contacts it when it is compressed into the side of the battery. Also visible from 

this orientation are the four threaded holes where the previously described dark grey support 

structure would connect to.   

  

 

(a) 

 

(b) 

Figure 14. Horizontal Orientation of Axial Compression Testing Apparatus 

 

The weakest point in this structure is the Punch arm as a result of the risk of buckling 

and deformation. As such a stress and deformation simulation was conducted to determine the 

relative risk of plastic deformation and permanent damage with some simplifications assumed. 

The simulation only consisted of the punch arm itself. It had a 20kN load evenly applied to the 

top as well as roller/slider constraints on the four exterior walls as well as the bottom wall and 

can be seen in Figure 15. These assumptions were made as the top of the punch arm would be 

connected to the rigid adapter on the Instron while the lower edge would be constrained by the 

punch head from rotation although a minimal amount of translation could be possible. The 

conclusion of this simulation can be seen in Figure 15 parts e and f which shows that the 

maximum stress experienced is 33.43 MPa which is 5.39% of the yield stress (620.4 MPa) and 

maximum deflection is 3.46e-3. These results show that even with a margin of error, and the 
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likelihood that the machining is not completed perfectly, there is little chance of failure due to 

buckling. Furthermore, since the estimated deflection is so small the effect on the displacement 

measurements would remain negligible.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 15. Setup And Results of CAD Simulation for Buckling Analysis of Punch Arm 
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Long Term Compression  

Understanding the dynamic nature of cell expansion during charging cycles is critical to 

the longevity of both individual cells as well as the battery pack as a whole. However, 

throughout all of the literature reviewed up until this point, there has been no known instances 

of long-term cycling tests under compression being performed. As such there is potentially a 

large gap of obtainable knowledge that could be used in the development of 

simplified/homogenous models and the development of battery packs. If the theoretical system 

would also be able to operate within an environmental chamber it would enable a more 

accurate representation of an average day of use as the operational environment is typically at 

an elevated temperature. This paved the way for a system to be designed that would be able to 

compress a lithium-ion battery, with varying punch heads, by up to 20kN worth of force for 

extended periods of time; all while being operated within an environmental chamber to 

accurately control temperature throughout the experiment.  

In order to achieve the functional requirements, the system in question would need to 

be relatively small in size while remaining robust enough to withstand 20kN of force. This means 

that all force loading structural parts would preferably be steel whereas minimally loaded parts 

could be aluminum to save on weight. This system would need to have a fully functional power 

transmission system as connection to an existing Universal testing Machine would be impossible 

within the environmental chamber being utilized. While the testing of these batteries can range 

substantially, it is ideal to test them in quasi-static set ups to negate the effect of dynamic 

loading curves which would affect the response of the cell to deformation. Obtaining lithium-ion 

battery voltage and temperature would be needed in order to properly characterize the cell 

from the experimental results for details such as time and status up to and potentially including 

failure. While the system would be design to complete testing on cells there would need to be 
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adaptability on positioning and sizing in order to accommodate pouch and prismatic cells of 

different shapes and sizes. All of the aspects discussed thus far would need to be on a moveable 

frame as the device would be installed within the chamber only when necessary while leaving it 

accessible at all other times. Finally, and most importantly, this system needs to be able to 

measure the force and displacement from that force during the full time of the experiment. 

With these requirements in mind a prototype of the system can be developed. 

 Due to the complexity of the functional requirements: this system is far more 

complicated than the other testing structures developed thus far and as such is a multi-year 

project that will ideally open an entirely new area of research to the EVSL and potentially to 

researchers worldwide. As defined above the entire system was designed to fit within an 

environmental chamber with overall dimensions of 18.5” x 15.5” x 15.5” with a combination of 

aluminum and steel for non-load bearing and loading bearing pieces respectively. In order to 

better understand the mechanical structure, shown below in Figure 16, shows that both the 

aluminum and steel structural parts are shown in grey. A series of analysis are explained later to 

understand the stress and deflection of the part during max loading that will differentiate the 

parts for better understanding. The mechanical side of the system is driven by a small DC motor, 

through a series of 9 helical gears and 2 power screws. All gears are shown with different colors 

for easy differentiation in Figure 16. This reduces the RPM of the motor while increasing the 

torque, through the use of gear reduction by over 10,000 times. This conversion translates the 

power from rotational to linear as it is transfer from the power screws into a cross arm that 

supports an S-beam load cell (shown in yellow in Figure 16). Attached below the load cell is a 

grey hemispherical punch head that would be used to deform the battery during the experiment 

however this punch head could be swapped out with any other punch, including a flat plate, for 

the required experiment. In order to be able to accurately measure the voltage of the lithium-
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ion battery during the experiment it was necessary to design copper plates that would act as 

terminal connections for the batteries being tested shown in a bronze color in Figure 16. These 

terminal connections would need to be mobile as a wide range of batteries could be tested but 

also isolated, as they would be electrically charged during the experiment. In order to achieve 

that a set of black 3D printed holders were designed that would completely cover the terminals 

from accidental contact with a metal surface while enabling infinitely adjustable position within 

a certain range. Not shown in Figure 16 for demonstration purposes is the top cover and 

fasteners used to cover the top half of the terminal connections.  

 

 

Figure 16. CAD Render of The Long-Term Compression Testing Apparatus 

 

Now that the mechanical side has been described the electrical system and user 

interface can be addressed. This system utilizes a combination of digital calipers for 

displacement, the previously described load cell for force measurement, thermistors for 

temperature readings and an onboard volt meter for voltage. All devices are controlled via a set 
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of custom-made libraries installed in an Arduino Nano which saves all data within a .CSV file for 

later analysis. The complete electrical system can be found in Figure 17. This system is 

interfaced via a custom made Human-Machine Interface (HMI) also found in Figure 17. This HMI 

allows the user to select an experiment, chose a file location, as well as set safety limits and 

define experiment termination criteria.  

 

 

(a) 

 

(b) 

Figure 17. Electrical Components and HMI of The Long-Term Compression Testing Apparatus 

 

Since the system would be subjected to up to 20 kN of force it was necessary to perform 

a series of simulations on it to determine its viability and structural stability. The primary focus 

was to minimize deflection as that would skew displacement results. However, as this device is 

still being modified and improved only some sections will be presented at this time. Figure 18 

displays the fixed lower surface as well as the screw connections used to connect the various 

members. Figure 18 also shows that a maximum deflection of .066mm is measured as a result of 

a 20 kN load being applied across the two lead screw locations.  
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(a) 

 

(b) 
Figure 18. CAD Simulation and Results of The Long-Term Compression Testing Apparatus 

 

 An additional set of simulations were completed on the punch arm which is positioned 

between the load cell and the lead screws and can be found below in Figure 19. Stress and 

Deflection Simulations of The Cross ArmThe punch arm would be subjected to the highest levels 

of force within the system, in opposing directions, which could cause severe bending to occur. 

The results of the simulation show that the maximum stress was 216.4 MPa and the maximum 

deflection is .046 mm. The yield strength for this part is 370.2 MPa which is approximately 1.7 

time larger than the simulation and the maximum deflection of .046 mm is not significant 

enough to impact the displacement measurements. With these results it is safe to assume the 

actual part would not fail and would still meet all function requirements and design constraints.  

 

Finally, it should be noted that this device is not currently being used but is rather being 

further developed to accommodate a wider range of cell shapes as well as mobility and punch 

movement optimization. As such there are no current experiments or modelling of a pouch cell 

based on the proposed experimentation that this system is being developed for. 
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(a) (b) 
Figure 19. Stress and Deflection Simulations of The Cross Arm 
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CHAPTER 4 

TESTING AND CHARACTERIZATION OF A POUCH CELL 

 In order to develop homogenous models of the LIB that can be used in later simulations 

it is necessary to mechanical deform the LIB in order to obtain necessary experimental data. This 

means that for every type of experiment, and for each punch head used, there must be 

corresponding data obtained that will be used to characterize the cell. These experiments could 

be completed at varying levels of punch head velocity, however, in these experiments all strain 

rates have been performed at a quasi-static rate which is approximately 1mm/min. This was 

chosen as a result of the finding of the literature review as it is found that cells behave 

differently when deformed at dynamic speeds. As such it is necessary to obtain a strong 

understanding of LIB characteristics at quasi-static speeds before expanding the 

experimentation to dynamic speeds. Additionally, in order to record enough data points during 

the rebound portion of the experiment, a slow strain rate is needed to provide enough time for 

the LIB to unload elastically. It must be mentioned that each scenario presented in this 

document creates substantial and permanent deformation of the cell, which in turn, has a high 

risk of causing adverse reactions such as exothermic runaway and cell combustion. It is even 

possible for delayed onset of exothermic reactions to occur minutes or even hours after the 

initial deformation. As such there are safety precautions that must be observed in order to 

safely characterize the LIBs. These are as follows: all cells are tested at 0% SOC, no less than 2 

people are to be present at all times during experimentation, experiments are conducted in a 

well-ventilated room and deformed cells are placed in a fume hood following experimentation 

until additional experimentation or until being properly disposed of. Each new cell being 

deformed must undergo a charging/discharging cycle in order to determine initial SOC and to 

finish with the cell at 0% SOC. This is completed by connecting the battery to the MACCOR (seen 
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in Figure 20) and determining what is known as a “C-rate” [44]. These cells were then cycled 

following a charge then discharge pattern for 2 cycles at a 1/10 C-rate with an example visible in 

Figure 20. This ensures that the cell is at 0% SOC for during the experiment and minimizes the 

risk to the equipment and researcher. Bear in mind however that 0% SOC does not imply 0 

voltage but rather that the voltage is at the minimum voltage for an ideal cell (which is relative 

for each cell being tested). It should be noted that any cell that has already been deformed to 

failure will no longer require cycling as it has been permanently damaged and fully discharged. 

Following these instructions, the following experiments were conducted and, in some cases, 

used for later simulation and analysis: Through thickness Indentation, Three Point Bending, and 

Confined Axial Compression.  
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(a) 

 
(b) 

Figure 20. MACCOR Model 4200 Battery Tester and Example Cell Voltage Over Time 
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Through Thickness Compression Testing  

  As previously described: the first stage of experimentation is to prepare the cells being 

tested. This is completed by utilizing the MACCOR to cycle the LIB, as listed above, to achieve 

the 0% SOC. Following this cycle, the battery can be placed within the testing fixture as needed. 

Experimentation of through thickness compression testing was completed with a range of punch 

heads, seen in Figure 21, which are the Flat Cylinder (FC), Medium Hemisphere (MH) and Small 

Hemisphere (SH). Each test was developed with a series of control criteria as well as stopping 

criteria which can be found in Table 3. The max force goal is the maximum desired force of the 

experiment whereas the force drop percentage determines if the currently measured force is 

80% or less of the highest read force during this experiment. The max force and force drop 

criteria’s listed work as an “OR” logic gate; if either of those criteria are met the experiment 

immediately halts the compression stage and begin to retract the punch head at the same strain 

rate as the compression stage. The limit of the max force was decided based on a culmination of 

previously described experiments provided in the referenced literature in a previous section.  

 

 

Figure 21. Flat Cylindrical, Medium Hemisphere and Small Hemisphere Punches 
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Table 3. Dimensions, Stop Settings and Strain Rates for Indentation Testing 

Punch 

Dimensions 
(mm) 

Max Force Goal 
(kN) 

Force Drop 
(%) 

Strain Rate 
(mm/min) 

FC 40 50 80 1 

MH 25.55 20 80 1 

SH 12.75 7 80 1 

 

 

While Table 3 lists the desired maximum force of the experiment it was not necessarily 

achieved prior to major structural damage of the LIB. Before and after photos of the 

experiment, as well as the associated force/displacement graphs of the data, are provided in 

Figure 22 and Figure 23, respectively. It should be noted that the SH test was the only case 

where an untested LIB was used and therefore also has a corresponding voltage graph overlayed 

with the force. Observing Figure 23 (c) shows that a short circuit occurs and voltage begins to 

drop. It is found that this begins to happen just as the rate of increase of force begins to slow 

indicating that severe LIB damage is occurring. This is likely due to the internal structure of the 

LIB failing and enabling contact between the anode and cathode layers. This is clearly a minimal 

contact as the voltage slowly begins to drop at this point but as the cell damage increases 

substantially the voltage drops suddenly at the same point that the experiment has reached its 

conclusion. This will also be discussed in the simulation stage of this work.  

While it is seen that the FC experiment achieved the max force of 50kN it is also seen 

that a force drop was experienced in both the MD and SH experiments before they achieved 

their max forces. The SH is especially interesting as the force drop appear to coincide with the 

cell short circuit that caused a voltage drop from above .4 V to approximately 0 V. This 

information will later be used in the homogenization and modelling of the cells in question.  
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(a) 

 
 
 
 
      

(b) 
 
 
 
 
      

(c) 
 
 
 
 
      

Figure 22. Before and After Indentation Testing of The FC, MH and SH Punches 
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(a) 

 
(b) 

 
(c)  

Figure 23. Force and Displacement Results of The Indentation Testing 

 

Shear Loading Testing 

 This section covers the testing and results of the shear loading apparatus. While it may 

have been a relatively simple design there was no history of this test having been completed 

before. As a result, there was no reference for maximum force limits or for final punch depth. To 

proceed with the experiment safely it was determined that a maximum force of 5kN would be 

the hard limit of the experiment with an additional stopping criterion if a force drop of 80% of 

the currently maximum force was detected. All battery preparations were followed as 

previously described and once this was completed equipment alignment could occur. The device 

is automatically centered on the control arms and simply requires axial alignment of the base 
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and the punch. The battery being used was placed on the 30-degree base and momentarily held 

in place with electrical tape as seen in Figure 24. The punch head was then lowered until it met 

the surface at which point the actual test was underway. Observing the force vs displacement 

results of the experiment in Figure 25 shows that after the maximum displacement achieved by 

the time the 5kN force limit was reached was approximately 3.1mm. It is noted that after the 

first 1mm of indentation the force and displacement curves appears to be linear. Additionally, it 

is found that a significant amount of LIB casing movement is present in Figure 24 b. Further 

investigate into this is needed but it is likely due to the increased friction between the punch 

and the LIB surface. It could be useful to add an intermediate material to allow some level of slip 

to occur between these surfaces and compare the results.  

 

 
 

 
(a) 

 
(b) 

 
(c) 

Figure 24. Before, During and After Shear Testing of a LIB 
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Figure 25. Force Vs Displacement Graph of The Shear Loading Testing 

 

Three Point Bending Testing 

 The next testing apparatus demonstrated was the 3PB structure. Set up for this system 

was almost as simple as the set up for the shear loading system. The punch head is lowered to a 

height below the lower cylindrical contact points and the two support walls are brought 

together until in direct contact with the punch head and arm. At this point they are perfectly 

parallel to each other. The upper and lower supports are rotated until the front and back faces 

of the lower supports are parallel to the bottom base plate. Once everything is aligned axially 

the screws on the universal adapters can be tightened and adjustment for the desired distance 

between lower supports can begin. For this experiment a gap of 140 mm was achieved using the 

ruler attached to the bottom support seen in Figure 26 below. Three lines were drawn on the 

surface of the battery: 1 on center and 2 offset by 70 mm left and right. These lines were used 

to ensure placement on top of the supports as well as location of punch contact are all aligned 

and perfectly perpendicular to the axial direction of the LIB. For this experiment there was only 
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a single stopping criterion set. This was that overall displacement would be limited to 30 mm 

which was due to the inclusion, and maximum limit, of the LVDT. There was no need for a 

maximum force or a force drop limit as the maximum force, that would be encountered, would 

likely be less than 2 kN.  Observing the results of the experiment, shown in Figure 26 and Figure 

27, it can be seen that the force increases until about 3 mm of displacement and .2 kN of force is 

achieved and which point bending of the battery begins to occur. This Force then continues to 

increase very slowly for the next 24 mm of punch movement from approximately .2 kN to .4 kN. 

At this point the force drops slightly, likely due to an LIB structural damage or slippage, before 

continuing to increase until maximum displacement is achieved. The rebound portion of the 

curve so an instantaneous force drop that continues for 3-4 mm of return before returning to 

zero force. This shows that the LIB has deflected approximately 26 mm from its initial state. This 

experiment has been able to demonstrate the use of the equipment without fail and could be 

used again in future experiments.  

 

 

 
(a) 

 

 
(b) 

 
 

 
(c) 

Figure 26. Before, During and After 3 Point Bending Testing of a LIB 
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Figure 27. Force Vs Displacement Graph of The 3PB Testing 

 

Confined Axial Loading Testing 

 For the Confined Axial Loading Testing the cell being deformed has overall dimensions 

of approximately 320mm long by 97 mm wide by 11.3 mm thick on average. However, due to 

the geometric nature of the cell, these measurements are averages. This cell is placed within the 

testing apparatus on top of a steel stand off to bring it closer to the punch head. In order to 

achieve nearly full thickness compression, the punch head is machined to be 11.2mm thick. 

Using the work of Zhu et al. as a guide; Teflon sheets were added between the cell and the steel 

walls to minimize the potential friction during compression [28]. These sheets, while not seen in 

the picture provided below, are 1mm thick. The walls of the device and connected by an array of 

four 3/8”-16 socket head cap screws. These screws are thread until the gap between plates 

reaches 11.8mm. This is then repeatedly checked to ensure constant thickness throughout. The 

punch head, attached to the upper control arm, is always concentric to the system so only the 

angle of rotation must be adjusted to be as close to 90 degrees as possible. Exact angles are not 
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required as long as the top and bottom portions of the system are aligned relative to each other. 

The lower structure is adjusted laterally and rotationally to align to the top by comparing the 

distances from the outer faces of the vertical walls and the punch head. Finally, the addition of 

an LVDT for measurement is included. This device must be aliened in such a way as it is 

perpendicular to the mating surface. Similar to the Through Thickness Compression Testing, the 

Confined Axial Loading Testing also utilizes a set of control criteria. The first of which is a 

potential maximum force limit of the experiment. Zhu et al. [28] found a maximum force of 25 

kN however this was on a cell of much cross section. As a result, there would not be a limit on 

the force at this time as the cell being tested has no historical data to be used as reference. The 

second is that the maximum displacement limit of the punch head would be 37 mm as that is 

the geometric limit based on the testing apparatus for this cell and punch combination. In order 

to monitor for LIB failure, electrical connections are added to the terminals in order to monitor 

the voltage of the cell and electrical tape was positioned in such a way as to protect the 

terminals from accidental short circuit. The experimental set up can be found in Figure 28 

below.  

Observing Figure 29 shows progression of the LIB throughout the experiment and Figure 

30 displays the results of the experiment. Analyzing these results show that at the end of the 

37mm of compression there was a maximum force of 80.8 kN. It is also seen that in the 

beginning of the experiment there was approximately 5mm of compression with a negligible 

amount of force which is a direct result of the LIB casing being compressed prior to contact 

between the jellyroll and the punch head. It was estimated that there was between 2 and 3 mm 

of space below and above the cell prior to initiation of the experiment so these results are 

expected. It should be noted that this experiment does not include unloading of the cell as an 
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error occurred following the full compression of the cell that prevented data from being 

recorded.  

 

 

Figure 28. Experimental Setup of Confined Axial Loading of a LIB 

 

 
(a) 

 
(b) 

 
(c) 

Figure 29. Progression of LIB Buckling Due To Axial Compression 
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Following the initial 5 mm of compression there is an increase of force from less than 1 

kN up to 10.5 kN with many force drops along the way. These force drops are indications that 

the LIB has buckled and there should be corresponding waveforms within the actual cell and are 

easily visible in Figure 31. There are 7 major force drops in Figure 31 which correspond to the 

gaps visible in Figure 29 b (although 3 of the 7 are covered by the electrical tab of the LIB in the 

current orientation).  

 

 

Figure 30. Force and Voltage Vs Displacement of The LIB During Confined Axial Loading 
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Figure 31. Focus on Force Drops Due To Buckling During The Confined Axial Loading Experiment 
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CHAPTER 5 

MODELLING OF A POUCH CELL 

As a result of the need to simplify these lithium io battery models for deformation 

simulations it is necessary to create homogenous representations of the batteries within LS 

DYNA. These simulations need to cover all the experimental testing that has been completed 

thus far and as such there will be many simulations that seem similar but vary in orientation or 

representation. There were two different materials considered for these simulations: Mat 63 - 

Crushable Foam and Mat 126 – Modified Honeycomb. Crushable Foam was chosen due to its 

simplification and good representation of LIBs in traditional compression simulations as it treats 

the battery isotropically whereas Modified Honeycomb still permits simulation of similar 

compression and deformation patterns while treating the material anisotropically. Some 

simplifications and assumptions were made with respect to the geometry of punch heads as 

well as overall geometry of the battery in order to minimize the time require for calculations. 

Additionally, when developing the models for the batteries that were tested, an aspect ratio of 

no more than 1:5 was followed rigidly for all elements. Aspect ratios of greater than 1:5 could 

create instability within the simulation and have negative impacts on the results. All simulations 

were completed within LS DYNA.  

Flat Cylindrical Punch With Crushable Foam Material 

  The first test that was modelled was the standard compression testing which will be 

used as a standard, once calibrated, for the other simulations to build off of. In this experiment a 

flat cylindrical punch is used to deform the battery by 2.1506 mm. To begin the LIB pouch cell 

was modelled with the following dimensions 10.55 mm x 154 mm x 241.65 mm (shown in red in 

Figure 32). From the experimental data I was able to obtain the density and elastic modulus by 

taking the dimensions of the battery and using them to calculate the density, stress and strain 
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values; and using the stress and strain to determine the modulus. Special care was needed with 

respect to the elastic modulus as it is recommended to obtain the value from the return portion 

of the curve rather than the compressive portion of the curve. And even with this the modulus 

was only obtained from the top 20% of the curve as it was relatively linear at that section. The 

values obtained can be found in Figure 32. LS DYNA recommends a Tensile Stress Cutoff (TSC) of 

15 for these applications and there was no dampening (DAMP) used for this set up. Once the 

stress and strain values were obtained from the experiment, they were transferred to LS DYNA 

for material characterization. As will be later discuss in the results section: there was some 

difficulty in matching the return portion of the curve so the final step of the stress strain graph 

needed to be modified to get as accurate results as possible.  

The flat cylindrical punch, identical to the one previously described in the experiment 

above, has a diameter of 40 mm (shown in green in Figure 32 below). The battery is represented 

by a solid geometry whereas the punch is treated as a rigid shell. Not shown in Figure 32 below 

is a rigid wall that was defined to be below the battery and would act as the lower plate of the 

experiment by preventing negative vertical translation. During subsequent simulations, the total 

volume of the punch and of the battery were reduced by reducing the height for the punch and 

length and width for the battery which only which saved on simulation times. With respect for 

the reduction of volume for the battery it was determined that there should be at least 1 

additional punch length of space from the edge of the battery to the edge of the punch. This 

was to ensure that any deformations caused by the punch would be captured within the 

simulation.  

The movement of the simulation is limited to the punch head, just as the experiment 

was configured. It was seen that the flat cylindrical punch head deformed the battery by 1.8756  
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Figure 32. LS DYNA Indentation Simulation of The FC Punch 

 

 

Figure 33. FC Crushable Foam Material Keyword in LS DYNA 

 

mm but by adding a space of .275 mm between the punch head and the battery in the model, 

which is needed to ensure no pre-penetration of the geometry, the overall displacement would 

be 2.1506 mm. The movement of the punch head would mirror the experiment by lowering 

onto the battery surface before returning back to its starting location. There were constraints 

placed on the punch that prevent all rotation and any translation other than in the Z axis. This is 

all completed in about 50 milliseconds of simulation time which is the recommended time range 

for simulation calculations. Contact between the battery and the punch head was treated as 
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Eroding Single Surface which was required as the battery elements can be eroded and fail during 

the deformation.  

 The simulation results are shown in Figure 34 and Figure 35 below. We can see that the 

local deformation of the battery is not strictly limited to the cross-sectional area of the punch 

but actually expands outward in a larger diameter as expected from the experiment. Force is 

measured from the rigid wall previous defined and displacement is measured from a single node 

of the punch. Observing the force displacement curves of both the experiment and the 

Crushable Foam material we can see there is very close agreement between the two for the 

entire compression curve and the beginning portion of the return curve. There I no way within 

LS DYNA currently to obtain anything other than a linear return curve for this material which is 

why the focus was only on the initial slope of the return curve.  

 

 

Figure 34. Results of The LS DYNA FC Mat 63 Indentation Simulation 
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Figure 35. Force Vs Displacement Comparison for FC Mat 63 and Experimental Results 

 

Flat Cylindrical Punch With Modified Honeycomb Material 

Since we are able to achieve good results with the Crushable Foam material, the next 

step is to expand it out into the Modified Honeycomb material. This simulation will use the same 

dimensions as the Compressible Mesh simulation but will differ in the material selection card as 

it requires more in-depth information.  Density, elastic modulus, and Poisson’s ratio all remain 

the same for this simulation. The yield stress is set to 200 MPa, and both the relative volume 

and material viscosity coefficient were left at default which are .01 and .05 respectively. The 

relative volume represents when the modified honeycomb is fully compacted. Some of the 

major differences between the Crushable Foam and Modified Honeycomb materials is that the 

Honeycomb is Anisotropic and therefor requires different Load Curves and shear curves for the 

different axes. For this simulation it was determined that using the same curve for the load 

curve variants and a separate curve for all shear curves would be appropriate. As such only 2 

curves were created examples of which, without reference scales can be found below in Figure 

37 and Figure 38. EAAU through GCAU represent the elastic moduli and shear moduli in the 
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uncompressed regions of the sample. The values chosen for these are based on previous 

experiments completed in a similar fashion and are considered the default at this point in time. 

AOPT is a non-used control, so it is set to 0, and MACF provides the ability to change reference 

axis if needed so it is set to the default of 1. 

 

 
Figure 36. Modified Honeycomb Material Keyword for FC Simulation 

 

 

Figure 37. LCA Stress Curve  

 

After running of the simulation and observing the results below, in Figure 39 and Figure 

40, we can see a similar deformation pattern as the crushable foam model from above where 

the deformation expands past the initial diameter of the punch head. Following this trend, we 

can also see that the resultant force curve from the sample is nearly identical to the  
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Figure 38. LCS Shear Stress Curve  

 

experimental curve with the exception of the last fifth of the curve. While the curve 

does deviate slightly it is reporting a lower force required to induce plastic deformation which is 

preferred as it will enable a greater factor of safety when compared to the alternative of being 

slightly higher force required for deformation. Similar to the crushable foam model, the 

honeycomb material is unable to have anything other than a linear return curve after 

compression and as such special care was taken to approximate the curve as closely as possible 

to the initial slope of the experimental return curve.  

 

 

Figure 39. Results of The LS DYNA FC Mat 126 Indentation Simulation 
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Figure 40. Force Vs Displacement Comparison for FC Mat 126 and Experimental Results 

 

Medium Hemispherical Punch With Crushable Foam Material 

The next set of simulations are based on the MH and SH punch heads respectively. 

These through thickness simulations are to be completed with Mat 63 and Mat 126; similarly, to 

the FC simulations. All settings remain the same as the FC experiements but punch depth which 

has been modified to reflect the experiemental depth achieved of 4.6785 mm. Figure 41 

demonstrates the progression and deformation pattern as a result of the MH punch heads 

movement.  

Reviewing the results of the simulation, seen in Figure 41Error! Reference source not found., 

demonstrates that there multiple stages of LIB structural damage which gives the resultant force 

displacement curve a rounded edge near the maximum displacement. These are likely due to 

shearing of the internal layers as they are significantly deformed from the MH punch. Since Mat 

63 does not consider damage of this kind we are not able to replicate this type of response well, 

and as such, will need to use Mat 126 instead. While the simulation does not do a good job of 
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representing the damage of the LIB it does still capture the initial stage of the rebound curve 

very well.  

 
(a) 

 
(b) 

 
(c) 

Figure 41. Progression of LS DYNA MH Mat 63 Indentation Simulation 

 

   

Figure 42. Force Vs Displacement Comparison for MH Mat 63 and Experimental Results 
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Medium Hemispherical Punch With Modified Honeycomb Material 

Development of the Mat 126 MH model is very similar to the FC simulation with the 

exception that additional keywords must be defined to control contact and data analysis. The 

first of which is Eroding Single Surface which allows the erosion, or deletion, of elements within 

the simulation. While the keyword, seen in Figure 43, has an abundance of options available the 

most important aspect is to set the part sets, using SSID, MSID, SSTYP, MSTYP, FS, FD and 

EROSOP. SSID through MSTYP set the “master” and “slave” id while SSTYP and MSTYP set the ID 

Type. FS and FD are static and dynamic friction respectively and are set to a value of .38 each 

based on similar simulations completed by Sahraei et al. [45]. Finally, when the EROSOP is set to 

1 it enables eroding contact so after the initial element that is in contact with the punch head 

erodes the secondary layer still have the ability to continue the erosion process.  

 

 
Figure 43. Eroding Single Surface Keyword for FC Simulation 

 

 The next series of Keywords to be set are all forms of control; they are Accuracy, 

Contact, Energy and Hourglass. The accuracy and Contact keywords enable the system to 

calculate aspects for solid and rigid bodies as well as to define limits for penetration; all aspects 

of these cards were set to the default values. It was found that the result of initial simulations 
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showed exaggerated deformation patterns as a result of a phenomenon known as an hourglass. 

This means that the elements’ deformation is incorrectly calculated and deforms in unexpected 

ways where in a series of elements: the middle nodes appear to contract and the exterior nodes 

appear to expand substantially. The Hourglass Keyword solves this problem by using an 

hourglass viscosity type of 6 which is the Belytschko-Bindeman strain co-rotational stiffness 

form and a default hourglass coefficient of .1. The results of these changes are found in Figure 

44 and Figure 45 below. While the deformation pattern may appear to be similar to that of Mat 

63 (shown in Figure 44), the resultant force displacement graph better illustrates the results. 

These results show that the honeycomb material provides good agreement with the 

experimental results during the compression stage while also representing similar damage due 

to the element erosion previously described. Again, similar to the mat 63 experiment, the 

beginning stage of the rebound curve is captured in the simulation’s results.  

 
(a) 

 
(b) 

Figure 44. Progression of LS DYNA MH Mat 126 Indentation Simulation 
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Figure 45. Force Vs Displacement Comparison for MH Mat 126 and Experimental Results 

Small Hemispherical Punch With Crushable Foam Material 

The final simulation is the SH Through Thickness simulation. This case is based on the 

previously described MH punch scenario but required additional criteria and iteration to receive 

acceptable results. Additionally, this simulation also takes internal short circuit into account as 

an additional reference. With this in mind, the first step was to create the geometric battery 

model, which is identical to the MH simulation, and the SH punch which can be found in Figure 

46. Following that was the creation of the keywords, all of which are identical to the MH punch 

referenced in Figure 37, Figure 38 and Figure 43. The only difference is the displacement which 

in this case needed to follow the experiment to a final depth of 4.0148 mm. Since the punch is 

modelled to be .275 mm from the surface of the battery the actual displacement used is 4.2898 

mm. Once the simulation was complete the results show what would be expected from the 

crushable foam model, based on the MH results, in that the deformation pattern appears to be 

accurate but unreliable. The unreliable nature of the results is due to the fact that the force 

value is far higher than expected, there is no damage present that could correspond with the 
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force or voltage drops, and the rebound curve is again limited to a constant linear slope. The 

results of these changes are found in Figure 46 and Figure 47.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 46. Progression of LS DYNA SH Mat 63 Indentation Simulation 
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Figure 47. Force Vs Displacement Comparison for SH Mat 63 and Experimental Results 

 

Small Hemispherical Punch With Modified Honeycomb Material 

Since the Crushable Foam model was unable to produce acceptable results, the next 

step is to utilize the Modified Honeycomb material. This time the geometric battery model was 

changed to be approximately 60 mm by 60 mm by 10.55 mm. The reason for the reduced cross 

section but unchanged thickness is to reduce simulation time as it was found that using a length 

or width larger than three times the punch head diameter had a negligible impact on results but 

a significant impact on calculation time. This time however, since the honeycomb material could 

potentially utilize tensile failure and erosion keywords, it was necessary to use elements of a 

reduced size. As a result, the overall element size was approximately 1 mm, on all sides of the 

element, throughout the model. The simulation was initially run to determine the maximum 

strain value at the point that the resultant curve separates from the experimental curve in the 

graph. The strain can be seen in Figure 48, which shows a Strain Fringe plot, with a maximum 

value of .01727.  
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Figure 48. Strain Fringe Plot From LS DYNA 

 

This value was then used as the initial Tensile Strain at Element Failure (TSEF) value in 

the Modified Honeycomb material keyword card. This value was obtained from the original 

coarse mesh however and needed to be incrementally adjusted to fit the results of the final 

model. The final TSEF value of .03454, found in Figure 49 below in the Honeycomb material 

keyword, was utilized with good results.   

 

 

Figure 49. Modified Honeycomb Material Keyword With Erosion Setting for SH Simulation 
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This model also includes the following keywords in addition to the previously described 

keyword from the MH simulations: Energy and Accuracy. The Energy keyword, found in Figure 

50, includes calculation options for four different forms of energy: Hourglass Energy (HGEN), 

Stonewall Energy (RWEN), Sliding Interface Energy (SLNTEN) and Rayleigh Energy Dissipation 

(RYLEN) which are all turned on (option 2). The Accuracy keyword includes three different 

controls as well: Objective Stress Update (OSU), Invariant Node Numbering (INN) and Implicit 

Accuracy Flag (IACC). All of which are set to default except INN which is set to only consider solid 

elements. It should be noted that PIDOSU is not utilized in this version of LS DYNA and therefor 

has no actual input. These were included as they are utilized in the experiments completed by 

Sahraei et al. [45].  

 

 
(a) 

 
(b) 

Figure 50. Energy and Accuracy Control Keywords Within LS DYNA 

  

 The results of these changes can be seen in Figure 51 through Figure 52 below. 

Movement and deformation patterns are all within expectations, and similar to the previous 

simulations, but closer observation of Figure 51 c shows the elimination of many elements 

within the model. The erosion of these elements is a direct result of the TSEF value entered 

earlier and is to be expected. Observation of Figure 52 shows that the Force and Displacement 

curve follows both the compression and rebound portion of the experimental results very well 

as well as initiates element erosion at nearly the same point as the voltage drop and structural 

damage of the LIB in the experiment. The deviation that is seen at the maximum force region of 

the curve is the result of the element erosion previously decribed. This is unavoidable as a result 
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of the element erosion; since the element in contact with the punch is under the highest levels 

of the strain, it would be the first to be eroded, and an immediate force drop will be 

experienced until the punch makes contact with the remaining elements. This result is not the 

most accurate with respect to contact as sections of the homogenous LIB cease to exist but it is 

acceptable when modelling for force and displacement curves.   

 

 
(a) 

 
(b) 

 
(c) 

Figure 51. Progression of LS DYNA SH Mat 126 Indentation Simulation and Erosion of Elements 
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Figure 52. Force and Voltage Vs Displacement for SH Mat 126 and Experimental Results 

 

Following the large amount of model improvements that were made in the Honeycomb 

model with erosion I wanted to consider options without erosion. To do this, smaller elements 

would be needed as well as changes to other keywords. As a result, the overall element size was 

.5 mm, on all sides of the element, throughout the model. The TSEF portion of the material 

keyword was removed and the hourglass keyword was modified iteratively. The hourglass 

coefficient was change from .1 to .2 in this case but all other keywords should be referenced 

from in the MH Crushable Foam Simulation section.  

The results of the simulation can be found below in Figure 53 and Figure 54. This shows 

the overall deformation pattern that would have been expected with the exception of the 

significant element deformation that occurred at the center of the punch head. While this would 

normally be undesirable it was found that increasing the hourglass coefficient past .2 yielded 

similar results or caused the entire simulation to fail due to total element deletion. When we 

observe Figure 54 however it is seen that, even with the visual hourglass issue described, the 
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force and displacement results agree very well with the experiment and even present a localized 

damage at roughly the same point of LIB short circuit and force drop of the experiment. 

Furthermore, the rebound portion of the curve is exactly what we would expect to see as it 

shows a sharp decrease in force initially followed by a slow decrease as the punch head retracts 

from the LIB. In the event that this level of hourglass elements is acceptable this model would 

be able to provide reasonable results based on the force and displacement response.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 53. Progression of Simulation With a Fine Mesh and Increased Mesh Distortion At Point of Damage 
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Figure 54. Force and Voltage Vs Displacement for Simulation With Fine Mesh  

Analysis And Comparison Of The Various Simulations 

 Understanding the differences and that each of the punch head scenarios presented as 

well as their impact on the results is crucial. When observing the FC results it was clear that both 

Crushable Foam and Modified Honeycomb materials are viable options as they provide 

dependable results when compared to the experiment.  Figure 55 shows both material 

simulations overlayed with the experimental results. Here we can see there is little difference 

between the two during the compression stage of the curve until about 35kN of force is 

reached. The return curves, for both materials, deviates from the experimental results 

substantially overall but remains fairly accurate for the initial stage of rebound.  
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Figure 55. Both Mat 63 and Mat 126 Vs Experimental Results for FC 

 

Observing the results of the MH simulations also shows promising results, seen in Figure 

56. Both materials follow the compression stage accurately with the only major deviation 

occurring between 2.5mm and 3.5mm of compression at which point the experiment model 

behaves erratically. Beyond that the Crushable Foam material suffers from the same problem as 

previously noted, which differs from the FC model, in that it does not incorporate any LIB 

damage so the force continues to climb until maximum displacement of the punch head is 

reached. Furthermore, it also suffers the constant and linear slope in the rebound portion of the 

curve. The honeycomb model follows the Crushable foam model nearly identically until model 

damage occurs. At this point the honeycomb model encounters a force drop similar to that seen 

in the experiment. The rebound of the honeycomb model is also far more accurate in this model 

as it not only has a similar slope to the initial experimental rebound but also follows a similar 

pattern as the punch head retracks.  

0

10

20

30

40

50

60

0 0.5 1 1.5 2

Fo
rc

e
 (

kN
)

Displacement (mm)

FC Experimental vs Simulation

Experiemental

Crushable Foam

Honeycomb



68 

 

Figure 56. Both Mat 63 and Mat 126 Vs Experimental Results for MH 

 

 The SH simulation is the scenario where the most significant deviations are present and 

can be seen in Figure 57. The Crushable foam simulation presents similar results to the 

previously modelled scenarios as it does not include element failure, so it continues to climb in 

force until maximum punch head displacement is achieved, and that it has a similar rebound 

slope to the initial stage of the experimental rebound but limited a constant slope. The 

crushable foam also does not reflect the LIB failure and voltage drop due to these limitations. 

Looking at the honeycomb models with and without erosion specifically, found in Figure 58, it is 

clear to see that they behave similar to the experimental results in both compression and 

rebound. The deviation that is found at the location of maximum force is a direct results of 

element failure via erosion, in the honeycomb model with erosion, and to elements affected by 

hourglassing, in the honeycomb model without erosion. Furthermore, it was found that a finer 

mesh was required for both cases but was more necessary for the case without erosion and 

increased hourglassing. 
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Figure 57. Both Mat 63 and Mat 126 Vs Experimental Results for SH 

 

 

Figure 58. Mat 126 With and Without Erosion Vs Experimental Results for SH 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0

1

2

3

4

5

6

7

8

9

10

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

V
o

lt
ag

e
 (

V
)

Fo
rc

e
 (

kN
)

Displacement (mm)

SH Experiment vs Simulations

Experiemental Crushable Foam Without Erosion (V)

0

0.2

0.4

0.6

0.8

1

1.2

0

1

2

3

4

5

6

7

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

V
o

lt
ag

e
 (

V
)

Fo
rc

e
 (

kN
)

Displacement (mm)

SH Experiment vs Honeycomb Simulations

Experiemental Erosion Without Erosion



70 

 Overall, the Honeycomb model appears to be the preferred, albeit more complicated 

model in all three cases when compared to the results of the Crushable Foam model. A 

noticeable trend appears when considering that the crushable foam model exceptional results in 

the FC simulation but the results in the MH and SH were substantially worse than the 

honeycomb models. This is likely due to the fact that the FC applies an even distribution of force 

across the cross-sectional area that it makes contact with the battery whereas both the 

hemispherical models do not. This solidifies the expected results that Crushable foam works 

great for even distributions of force and isotropic models but is severely limited by anisotropic 

behavior and uneven forces as they would generate shear forces in the material. This is further 

compounded by reviewing the results listed in Table 4 and Table 5 below. These tables show the 

peak forces in each experiment as well as the percent difference between the simulation and 

experiment respectively. The crushable foam simulation of the FC punch is within .1% of the 

actual experiment whereas the modified honeycomb is 8.1% off. This changes drastically once 

the view is on the hemispherical punches as the crushable foam differs from 20.3% to 36.3 % 

from the actual experiment. Modified honeycomb remains within 10% of the peak force in each 

scenario. Furthermore, modified honeycomb behaves consistently across all three punches and 

both materials where crushable foam has substantial normalized variance.  

 

Table 4. Maximum Forces From Experiments and Simulations Per Punch Head 

 Data Source / Material FC MH SH Units 

Experiment  50.02 18.22 6.49 kN 

Crushable Foam 49.99 21.91 8.85 kN 

Modified Honeycomb 45.96 16.52 6.06 kN 
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Table 5. Percent Difference Between Simulation and Experiment Per Punch Head 

 Simulation Material FC MH SH Units 

Crushable Foam 0.1 20.3 36.3 % 

Modified Honeycomb 8.1 9.3 6.6 % 

 

The final observation made is the relationship between punch geometry and size versus 

requirement element size in the model. The FC simulation require elements no larger than 

approximately 1.3 mm on any side whereas the MH needed a reduction of element size to about 

1 mm on length, and the SH required elements of .5 mm in length in some cases. Analyzing 

these results shows a reasonable result: the smaller or more complex the shape of the punch 

head the smaller the element size is required to be in order to achieve acceptable results.   
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CHAPTER 6 

CONCLUSION 

This work was focused on the deformation testing and simulation of LIBs with a special 

focus applied to the rebound of the cell model. In order to achieve this, the experimental 

equipment and operational procedures of a wide range of works were analyzed in order to 

develop testing equipment for the EVSL. The equipment in question was designed and 

manufactured to cover a plethora of different loading scenarios that a LIB could be subjected to. 

The equipment was designed for indentation using various punch heads, 3PB, Shear loading, 

Confined Axial Compression and Long-term Compression during cycling. Once manufacturing of 

the fixture was complete, the experimental stage could begin. In order to demonstrate 

functionality of the equipment, a series of experiments were completed using an array of LIBs. 

The most basic of cases, indentation testing, was used as the path finder for all subsequent 

tests. This experiment was completed on a cell using three different punch heads: FC, MH, and 

SH, which yielded results that show force and displacement over time as the cell becomes 

plastically deformed. Following these experiments, the Shear Loading, 3PB and Confined Axial 

Loading experiments were completed to provide similar results and equipment validation.   

Following the Indentation experiments simulations were created within LS DYNA for all 

three indentation scenarios: FC, MH, and SH punches. These simulations were generated using 

two different material models that provide different results depending on the loading scenario 

be assessed. The material keywords utilized were material 63 – Crushable Foam, and material 

126 – Modified Honeycomb, which simulate Isotropic and anisotropic behavior respectfully. 

Following the completion of the simulations, it was found that both models represent the 

compression phase of indentation accurately but only Modified Honeycomb can relatively 

accurately represent the rebound portion of the curve. It was found that modification of the 
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terminal slope of the Stress curve, used in the material properties keyword, is what governs the 

initial slope of the resultant rebound curve within LS DYNA. It was found that the Crushable 

Foam material is desirable when flat and geometrically simple punches are used but if a 

geometrically complex loading is being studied, then the LIB being simulated would experience 

uneven strain as a result and require the use of the Modified honeycomb material. Finally, it was 

found that the smaller or more complex the geometry of the punch head, the finer of mesh is 

required to model damage and rebound features. This results in elements of smaller volumes, 

which is required to accurately represent the response of the LIB when indented by small or 

complex geometries.  

The next steps, following this work, range from simulations to testing equipment 

development. The first would be to utilize the lessons learned in simulating the rebound curves 

of the three indentation tests and expand that to the other tests conducted including, but not 

limited to, the Confined Axial Loading and 3 Point bending. Next would be to continue the 

development of the Long-Term Compression testing system for use within the EVSL. Finally, 

there would be interest in expanding these experiments out from solely being used on pouch 

cell LIB to determine the viability of using them on cylindrical cells such as the 18650.  
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