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EXECUTIVE SUMMARY
The team’s project was to design a proof of concept prototype for continuous freeze casting.
Currently, battery electrodes are manufactured using a solvent which is sprayed onto the
substrate then dried, before being calendered, dried a second time, and cut to size. This process is
advantageous due to its ability to produce 25-50 meters of material per hour and requires little to
no physical labor. However, the solvent used is highly toxic and when sprayed on to the
substrate, large quantities remain in the environment rather than depositing on the substrate.
Freeze casting offers improved battery conductivity (more efficient batteries), as well as
potentially being less toxic. Currently, freeze casting is a discrete process, so the goal of this
project is to prove that it can be done continuously and therefore is a potential option for
electrode production.

Requirements for this project include: continuous material processing, being dimensionally
accurate, low cost, environmentally friendly, and recyclable. To that end, the specifications for
this project are to be able to produce between .5-1m of material per minute, be dimensionally
accurate within a tolerance of 5 mm in all directions, cost less than $5000, use less than
10kWh/kg of material produced, and be at least 70% recyclable.

The team generated many concepts before landing on a build/final concept. This final concept
focused on the continuous aspect of the task, because the freeze casting aspect was deemed to be
out of scope for a semester-long project. To this end, thermal simulations were utilized to
determine the optimal length of the design, in order to enable further iterations of the project to
have enough room to add on the freeze casting portion.

The team validated the design by utilizing an eco audit, and running tests of the apparatus while
under load. The team was not able to validate the dimensionally accurate requirement, because
that would require a freeze casting set up to be added to the design, which was decided to be
outside of what was feasible in a semester-long project. In future, testing for this requirement
would require multiple parts to be made and measured to determine the accuracy of the device.
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INTRODUCTION
Professor Wenda Tan from the University of Michigan proposed this project to build a prototype
of a roll-to-roll freeze casting setup. After the University was approached by Ford Motor
Company to create a setup for their electric vehicles, Professor Tan saw an opportunity to
develop a technology not yet proven. Ford decided to go elsewhere after learning the University
did not already have a roll-to-roll setup in place, but Professor Tan still sees the potential for this
project to be important to help the production of battery electrodes for several electric vehicle
companies. [1]

Intellectual Property
This project is under the research of Professor Wenda Tan through the University of Michigan.
Thus, intellectual property belongs to Tan’s lab and the University. Should a new continuous
freeze casting method be used as a result of this project, that property would belong to the
University.

Information Sources
The sources used are listed in the References section of this report. Sources were gathered using
tools such as Google Scholar and the Michigan Library system. The team consulted many
textbooks, research reports, standards, and relevant articles to find out information for the
background of our project and benchmarking. By refining our searches and using key words and
filtering, we were able to find sufficient information for our project. We found it challenging to
find more general information and had to determine what general words would lead to the
information we were looking for. With some iteration and persistence, we were able to find what
we were looking for.

Electrodes
Electrodes are a fundamental part of all electronics. An electrode is a conductor that makes
contact with nonmetallic parts of a circuit; they are used in semiconductors, diodes, and batteries.
The positive electrode is called the anode, while the negative electrode is called the cathode.
Currently, elemental copper or graphite are the most common anode, [2] while the cathode can
be characterized by many different materials, but is mostly made from oxides of metals [3]. Over
the course of this report, when referring to electrodes and their manufacturing we are primarily
focused on the cathode production.
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Figure 1: A simplified diagram showing the
anode and cathode of a traditional electrical

cell, the arrows represent the flow of electrons,
conventional current flows in the opposite

direction.

Of all the industries that are reliant on battery electrodes, the automotive industry is one of the
largest. With the industry trending towards all electric cars in the near future, [4] the need for
more energy dense batteries is one of the main challenges to growing electrification. One method
of improving the energy density of electrodes is by altering the composition and microstructure
of the electrode to decrease the resistance to flow of charges, thereby allowing more energy
storage and more conductive cells. Current research shows that by generating more porous,
parallel structures in electrode materials, higher conductivity, and by extension energy density, is
achievable. In order to meet this goal, automotive manufacturers are looking towards new
methods of manufacturing cell electrodes [1].

Roll to Roll
Currently, battery electrodes are manufactured using roll to roll methods, whereby a flexible
substrate is rolled across a manufacturing line. This substrate is first coated in an electrically
conductive liquid solvent through the use of sprayers. This coating must then be cured in a
convection oven/dryer to fully form and bond to the substrate. Once cured, the roll undergoes a
secondary drying process after which it is slit, in a process called calendaring, and rewound into
long, continuous rolls of electrode material. [5]

Figure 2: Current Roll to Roll manufacturing set-up for lithium-ion electrode manufacturing. [5]
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The benefits of producing electrodes using roll to roll manufacturing is the high speed and yield
per hour: the process is capable of producing between 25 and 50 m of electrode material per
minute depending on the scale of production and mechanical limitations. It is currently the most
widely utilized method of producing flexible electrodes, as it is a continuous process that
requires no manual labor to perform. [6]

Figure 3:Microstructure of roll to roll silicon electrode, grain
formation is uncontrolled. Smaller particle sizes resulted in a
more viscous composition that was difficult to spray [7]

However, this roll to roll process creates many harmful byproducts. The liquid solvent solutions
that are used to create electrodes tend to be highly toxic. More importantly, the method by which
the solvent is deposited on the electrode limits the control over the microstructure geometry,
which could be optimized to improve conductivity. Thus, improvements need to be made.

Freeze Casting
To that end, freeze casting comes in as a suitable solution. Freeze casting is an additive
manufacturing process whereby a slurry containing a mixture of organic or inorganic minerals in
a solvent is frozen in a mold with a cold finger. The cold finger is in contact with a very cold
substance, such as liquid nitrogen, which produces ice fingers that align the grain structures in
such a way to promote electrical conductivity. Once frozen, the solvent is sublimated out, and the
mineral suspension holds the shape that it was frozen in. The resulting structure is then sintered
to fix the microstructures, resulting in a finished product.
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Figures 4 and 5: Process flow chart [8] and corresponding phase diagram for the freeze casting process [ 9]

The versatility of freeze casting comes from the ability to utilize many different materials in a
mineral slurry, as well as the control it offers over the final microstructure [8]. By controlling the
temperature gradient and environmental conditions through which the slurry is frozen, the
alignment and size of the resulting grains can be controlled to generate a highly porous electrode
that possesses high conductivity[10] [8]. Equation 1 governs how porosity affects conductivity.

σ
𝑅

=  (1 − Θ𝑠)
𝑡

(1)

In this equation, σR represents the resistivity, Θ represents the porosity of the structure and s and t
represent constants that are dependent on the material. [11]

Resistivity, σR is related to conductivity σC as seen in Equation 2.

σ
𝐶

= 1
σ

𝑅
(2)

The overall goal in order to improve energy density is to maximize this σC value.
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Figure 6: Effect of freezing direction on final grain formation [8].

That being said, currently, freeze casting is a discrete process and requires that the manufacturer
control many environmental factors in order to create the desired product. The speed of the
reaction is also slower than traditional methods of manufacture on account of the freezing
process of the slurry and sintering at the end of the process. This is on account of pore size, w,
being inversely proportional to the ice front velocity, v, the speed at which the slurry continues
freezing, and n being a constant depending on the material and solvent, as seen in Equation 3 [8].

𝑤 ∝ 1

𝑣𝑛  (3)

Combination
By combining the strengths of the two means of manufacturing, the project aims to create a new
form of manufacturing that is capable of producing at a rate equivalent to that of current roll to
roll methods. The combination will also be less wasteful, and, most importantly, able to create an
electrode of higher conductivity than normal means of manufacturing. The team envisions that
this will take the form of roller based substrates being chemically treated with a slurry mixture
that will be frozen in place for further manufacture. This also highlights the design challenges
that currently stop the merging of these two processes, namely the temperature and temperature
gradient requirements for freeze casting alongside the time constraints that accompany the
process. Since the slurry needs to be frozen completely and sufficiently slowly to form the
desired microstructure, environmental factors also need to be considered in the processing
environment.

In order to achieve this combination, the main goal of this project for the semester is to develop a
proof of concept of one or more of the core functions of the desired manufacturing process:
ideally, a functional prototype of the roll to roll mechanism and/or the freezing mechanism.
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Benchmarking
As mentioned previously, the goal of this project is to create a prototype of one or more of the
essential functions of our vision of a R2R-freeze casting setup. In order to meet this, the team
looked at the two processes independently and based the goals on the current standards of both
commercial roll to roll processes and tested freeze casting research. These benchmarks are
evaluated largely separately from one another given that the field of freeze casting and roll to roll
have not been combined on any commercially available scale.

When it comes to roll to roll manufacturing, one of the more
commonly produced cells for use in the automotive industry are
18650 cells [12]. To produce these cells, the substrate film is
coated in a conductive solvent followed by a drying process.
While the speeds vary based on machine, the average time for
solvent evaporation and initial curing is around 50 m of material
per minute [12]. These sheets are further calendared to pack the
surface composition closely, for these cells, the thickness of the
conductive electrode is 125 µm thick [13]. Further processing
cuts the large sheets down to 65 mm wide sheets of electrodes
that are sent out to secondary manufacturers [12]. This entire
process is capable of continuously producing sheets of electrodes
at a rate of 50 m per minute, with the drying process taking the
most time and limiting the manufacturing process [6].

On the other hand, freeze casting is largely dependent on the
desired final product. As such, the required cooling rate, desired
temperature gradient and grain size are all dependent on the
primary mineral contained in the slurry mixture.

Speaking broadly, the process of freeze casting takes place between -10 and -100 °C for most
inorganic materials [8]. Similarly, freeze time of some general slurry mixtures are a few minutes
for pieces of a few centimeters, with freezing time more or less linearly increasing with sample
thickness [9]. If the mixture freezes too quickly the resulting microstructure is more or less
randomly oriented while a slower, steady state freezing results in a high porosity structure that is
aligned with the freezing direction [8]. There then exists a critical freezing velocity dependent on
the thickness and desired grain alignment of a given solvent and mineral pair.

For this project, while the team is not aiming to develop a process to sublimate the ice nor a
process to sinter the final product, generally these steps do represent a significant part of the
overall process time. The freeze drying process to sublimate the water takes place at low
temperatures and low pressures and can take place overnight for a thickness of a few
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centimeters[9]. While the sintering process takes place at constant pressure and a higher
temperature at a heating rate of 1 to 3°C/min [14]. The whole process can be seen in Figure 4.

Current designs of freeze casting incorporate a copper cold finger in a liquid nitrogen bath as the
freezing element and a wire wrapped around the cold finger as well as a heat flux from the top of
the mold as the heating elements. The liquid nitrogen bath is contained in a styrofoam box, and
the slurry is contained in a cylindrical PTFE mold. This design can be seen in Figure 8 [15].

Figure 8: An example of a current design for freeze casting [15].

This design could use some improvement as well. The current process being discrete is not ideal
for production of battery electrodes, which is a continuous process. Manipulating this process to
form a continuous process is imperative. There is still much improvement to be made in the
manipulation of the microstructures developed during freeze casting. Considering the
microstructure, however, is out of the scope of this project, so the team will focus on
transforming the current process into a continuous process.

DESIGN PROCESS
In selecting a design process for this project, the team considered several approaches. Initially,
they leaned towards a solution-oriented, stage-based process. A solution-oriented process is one
in which a designer begins with thinking of solutions when given a problem then adjusts the
solution to fill the problem requirements. This method can be preferred because it is the natural
place the brain goes to when given a problem. However, this method can tend to force
convergent thinking on account of trying to fit a solution to their problem.
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The team also considered a stage-based process in which the steps of the design process are
separated into stages, which can include problem definition, concept generation and exploration,
and solution development and verification. Dividing the process into steps that can be completed
is appealing, as it breaks up a larger task into smaller, more achievable ones. The drawback with
this approach is that once a step is completed, there is no iteration. If during concept generation,
the team finds that the problem was misunderstood, there is no chance for correction.
Solution-oriented and stage-based processes have their advantages, but overall would have led to
limitations in the design process. [16]

After being introduced to the design process outlined for the whole ME 450 class, the team
decided to shift their methods. Given the scope of this project and the open ended nature of the
design problem, the team developed their own design process which is shown in Figure 9. As
shown, the process has the scope to revisit any previous stage when needed. This allowed them
to refine their problem definition and requirements based on research or further insights. It also
allows scope for further development based on conclusions derived from engineering analysis
and validation of the manufactured prototype. Thereby giving a good balance between stage
based design and cyclical design. Thus, using a problem based approach with the scope to revisit
stages due to new research and understanding can only expand the potential solution space while
still providing some form of scaffolding for design timelines[17].

Figure 9: Representation of the design process [17]

In each step of the design process, the team has continued to iterate and improve based on new
findings and discussions with the sponsor. The iterative process has been very beneficial, and
allowed the team to improve the design in every step. This systematic design process greatly
influenced our actions and designs throughout the semester.

DESIGN CONTEXT
Considering the broader context of this project, the team has put together a chart showing the
primary, secondary and tertiary stakeholders that would be impacted by this project, shown in
Figure 10.

10



Resource Providers Beneficiaries and Customers
Supporters and beneficiaries of the status quo Opponents and Problem Makers
Complementary Organizations and Allies Affected or Influential bystanders

Figure 10: Stakeholder map of all affected parties by the introduction of roll to roll freeze casting

Roll to roll freeze casting process targets an increase in the efficiency of battery electrodes in
lithium ion batteries that are currently used in electric vehicles. Thus, automotive OEMs stand to
benefit from this process directly by gaining access to higher quality batteries for use in electric
vehicles. Battery electrode manufacturers also stand to benefit from this process as it creates
better quality battery electrodes while still maintaining their high rates of production. Given that
the University of Michigan owns the intellectual property for this project, they stand to gain
monetarily through the application of their IP in industry.

This improvement in production quality would create an increase in demand for electrode
material providers, other electric companies, roll to roll experts, freeze casting experts, as well as
other suppliers for the EV companies as it produces a direct application for their products and
production methods. On the other hand, other battery electrode manufactures or other suppliers
for the EV companies can also be negatively affected if they do not adopt the process, and their
current electrode manufacturing technology may be outdated and no longer be profitable over the
long term.
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The sponsor will likely value process functionality and education over environmental impact and
profit since the product we are developing is intended more as a proof of concept than a full scale
machine. While small costs and profit margins could make a significant difference in a mass
production context, for the small scale, profit is not an immediate concern in the design of this
product. This order of priorities will affect the design by optimizing machine functionality, which
means we may opt for a design that is not immediately profitable should it align more closely
with the sponsor’s desires.

As mentioned before, all intellectual property will belong to the University of Michigan. The
personal ethics of the team align with the professional ethics of the University as we believe that
the application of this technology can make a significant positive impact on industry.

The project sponsor will have decision making power over major design decisions of the roll to
roll freeze casting machine. While lower level design decisions will be made by the engineering
team members while also checking over one another’s work to ensure that any decision is made
with the most accurate and up-to-date engineering information. These decisions give the team
power over the end users of the solution. However, the end users can also offer input on the
features, requirements, and specs for further developments of the solution.

The roll to roll freeze casting process could have indirect environmental impacts. Certain
materials might not be recyclable, and batteries are difficult to recycle. On the other hand,
current electrode manufacturing processes rely on spraying toxic solvents onto material, leaving
particles in the air to eventually pass into the environment. Freeze casting removes that step and
can be more environmentally friendly in that regard. Freeze casting often uses PVA, which is “an
organic binder used to strengthen the green body and also control the final pore size” as well as
decreasing “pore size and favors the formation of dendritic structures with a higher degree of
branching” [18]. If PVA is released in water form, it could impact the waterways and freshwater
supplies, and if released in biosolid form, it could find its way into soil [19]

Over the lifetime of the product, the team expects that it will be sustainable if the power
requirements of the machinery are considered in design and disposal of waste as well as the
product itself is done responsibly. Additionally, for the manufacturing materials of the roll to roll
freeze-casting, precious metals like copper need to be ethically sourced, the design of the
machine needs to account for worker safety related to cryogenic gasses, as well as the
manufacturing and disposal process having minimal environmental impacts.

This design could have larger effects on the economy, especially if it is successful and
implemented into the electric vehicle industry. Creating a more efficient battery for electric
vehicles would make them more affordable to the consumer, and save the company money as
well. This could lead to economic growth for the country, and potentially the world if this
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technology is shared overseas. This would have positive social impacts, as a flourishing
economy leads to a happier population and improved quality of life.

REQUIREMENTS AND SPECIFICATIONS
When approached with the idea for this project, the sponsor stressed the importance of
continousness in the freeze casting process. Taking this information, we were able to determine
requirements based on this goal, and considered different aspects of a design that would be
important for our sponsor in his research work.

For the most part, the requirements and specifications for a functional prototype are based on
current industry benchmarks that have been previously discussed. These specifications were
written in order of importance for the functionality of the prototype. A brief justification for each
is provided along with the corresponding requirement and specifications in Table 1. A more
comprehensive justification is provided following the table.

Table 1: Requirements and specifications of the roll to roll freeze casting prototype.

Requirement Specification Justification

Continuous
Material
Processing

Able to produce between 0.5
and 1 m per minute of
electrode material

Commercial roll to roll production is
capable of producing at a rate of 25-50
m/min, as a proof of concept, being able to
match this scaled-down rate would be
ideal [5]

Dimensionally
accurate

Produced material deviates no
more than ±5mm in any
dimension between runs

In order to be a viable manufacturing
process, it must be consistent

Cost Less than $5000 for a
functional prototype

Budget provided by our sponsor as well as
the university

Environmental
impact

Requires less than 10kWh/kg
of produced material

Targeting an energy requirement on par
with current roll to roll methods

Recyclable More than 70% of the parts
of the machine can be
recycled at the end of its
lifecycle

Minimize environmental impact at end of
product life

Slurry
Containment

Able to prevent the slurry
from spilling during
processing

Important that the slurry does not move
during freeze casting, as the viscosity is
unknown [1].
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The most important metric when grading the prototype’s success is its manufacturing rate. This
is the primary motivation for combining the two processes, thus being comparable or even
matching the rate of traditional methods would be ideal. However, for a proof of concept, being
able to achieve a fraction of the manufacturing rate would be sufficient to create a base for
evaluating future development.

Initially the team expected to incorporate freeze casting into the design by the end of the
semester. Thus, a freezing and temperature requirement were present. The manufacturing rate
also factors in the freezing of the slurry mixture, as such, the temperature requirement and
cooling rate is based on current standards for most non-organic slurry mixtures. While heavily
dependent on slurry composition, this range will encompass simple mixtures that will likely be
available when testing functionality of the device, referring to table 1, we can see that being able
to achieve sub zero temperatures for alumina and ferric based materials is all but required,
especially given their current application in electrode manufacturing.

Given that the current targets are focussed on application in the automotive space, being able to
achieve the dimensions for 18650 cell electrodes would be sufficient to prove our concept. The
tolerances that are achievable using motorized rollers in the case of the electrode thickness and
the precision of the cutting tools that are available to us [1]. While more expensive tooling would
improve our manufacturing capabilities, the budget of this project, as set by the sponsor and the
University, would likely be restrictive on sourcing industry-level cutting tools.

The remaining requirements are not essential towards project completion but would serve to
guide the project should it go into full scale production beyond the scope of this semester. The
environmental impact that we anticipate for our prototype is based on current roll to roll
processes, however, since it is not a full scale prototype, this requirement is not essential towards
project completion, instead serving as a target that we’re able to scale our level of production
towards. Similarly, the durability and recyclability of the product are based on anticipated
industry requirements once the project goes into large scale manufacturing use. After some
consideration to the scope of the project, durability was removed as a requirement since it will be
unable to be tested this semester through the scope of the project.

The requirement to contain the slurry was added later in the semester due to a concern brought
up by the sponsor that the viscosity of the slurry could be as low as the viscosity of water, so
some sort of way to contain this and prevent spilling would be necessary. Additionally,
requirements such as the cooling rate and temperature were removed once the scope of the
project was narrowed to eliminate incorporation of freeze casting for this semester due to the
safety risks and accessibility issues with liquid nitrogen.
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CONCEPT GENERATION
To begin generating concepts for the design, the team individually came up with 40 concepts
each, totalling 160 individual concepts, which can be found in Appendix E. These designs were
developed via a combination of brainstorming, design heuristics, and functional decomposition.

Individual Designs
In using brainstorming, the team was able to think of many different, out of the box ideas.
Without constraining ideas to what the team thought would be feasible, they were able to think of
all the possible solutions to the problem. Through this process, ideas shown in Figure 11 were
created, which show the eccentricity of ideas that were created through brainstorming.

Figure 11: Brainstorming ideas such as the roller is controlled by a bicycle, a pulley, or a human,
the substrate is heated and then collected into a roll, and people carry the substrate between locations.

Design heuristics allowed the team to think of different additions to designs, or ways to rework
parts of the design. Specifically, thinking about user-customization led the team to consider if the
thickness of the electrode should be adjustable. Considering how functions could be synthesized
led to a combination of heating and cooling elements to create a temperature gradient. Thinking
about different energy sources led to more consideration of where the energy for the roller would
come from and how this would impact the workers and the environment as a whole. These all
helped to think of what could be added or adjusted to created designs.

Lastly, the team utilized functional decomposition to consider each part of the design
independently. There were three functions that were deemed essential to the design solution.
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Firstly, the design needs to be able to freeze cast a slurry. This is part of the problem definition,
and therefore is most critical to the design. Secondly, the design needs to allow for dimensional
accuracy. This is critical for electrode manufacturing, as 18650 cells need to be a standard
dimension so they can be used in electric vehicles. Thirdly, the design needs to incorporate roll to
roll manufacturing, as this is also part of the problem definition. Roll to roll allows for
continuous freeze casting to improve battery electrodes. The team generated ideas based off of
each function independently in a morphological chart, as seen in Figure 12.

Figure 12:Morphological chart of the essential functions of the design, including rolling,
freezing, and shaping of the slurry for electrode manufacturing.

Team Designs
From the 160 individual ideas, the team ruled out those ideas which were not feasible or within
the scope of the project. The design needed to fit within the scope for the semester, since this
project is for a class. Additionally, the design would ideally be able to run by itself, allowing the
person running the machine to do other things and speed up the process. Next, the team tried to
look at the ideas from an engineering perspective and decide whether or not it would be possible
to make that idea. These criteria allowed the team to rule out many designs and narrow the ideas
down to around 20 ideas. Taking these most feasible ideas, the team found the common ideas
among the individual ideas and created four group designs in an iterative process, where each
new design improved and built upon the previous design. These designs can be seen in Table 3.
Designs were deemed feasible if they were capable of actually achieving freeze casting, as well
as being a continuous process, which are two of the most important requirements for this project.
Designs were also evaluated based on uniqueness. Since there are only a certain number of
combinations that can be generated from existing industry freeze casting methods and current
roll to roll processes, there were a lot of repeated ideas across the concept generation across all
four group members. In addition, since design heuristics were used very frequently across the
concepts generated by the members, there were a significant number of repeated concepts that
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share the same core functions, with small variations in its delivery and slurry deposition details.
This was a common phenomenon within each member’s generated ideas, as well as across the
team. Thus, only the unique concepts were selected, and eventually narrowed down to the
concepts shown in Table 2.

In Design 1, the substrate is run through liquid nitrogen, then the slurry is deposited onto the
frozen substrate, and then run under a heater to control the temperature. This design was created
through brainstorming and functional decomposition. It allows for freeze casting via the frozen
substrate acting as the cold plate or cold finger, considers dimensional accuracy in the control of
slurry deposition, and controls the temperature gradient through the heater. Some drawbacks that
the team noticed with this design were the lack of control over the temperature gradient of the
slurry, as well as the lack of fine control over the final microstructure.

In Design 2, the slurry is deposited before running through the freezing element, and the heating
and cooling are combined to better control the temperature gradient. The team implemented
design heuristics in thinking of how to combine functions, in this case the freeze casting and
temperature gradient control functions. The dimensional accuracy comes from a slit in the side of
the box containing the heating and cooling elements, determining the thickness of the slurry
before freezing. That being said, this method lacked a way to change the thickness of the slurry
beyond the width of the slit.

Design 3 includes an element of customization. The thickness of the substrate can be adjusted by
setting a movable roller which sets the thickness before the slurry enters the box containing the
heating and cooling elements. This design was made using design heuristics and considering user
customization. It uses the combined functions for freeze casting and temperature control in
addition to this customization of the dimensional accuracy.

Design 4 was created in response to feedback from our sponsor in which it was emphasized that
the slurry might not be significantly viscous to prevent spillage from the sides of the substrate.
The team considered implementing a box with four face seals, in which the slurry would be
deposited and settled to a set outer dimension. The box with the face seals is able to be moved up
and down via a rack and pinion so the process can be continued and the frozen slurry can go on
to further processing. The freeze casting and temperature gradient control also occur
simultaneously in Design 4.
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Table 2: Group designs generated from the combinations of individual designs.

Design 1

Design 2

Design 3

Design 4
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CONCEPT SELECTION
From the four group designs outlined in Table 2, the team created a Pugh chart to weigh them
against one another. The most critical functional requirement, weighted at a 5, is that the design
allows for a continuous process as this is one of the primary motivations of choosing roll to roll
manufacturing . This is part of the problem definition, and is most important in the
manufacturing of battery electrodes on a large scale. Next, the temperature gradient was
weighted at a 4, since controlling the temperature gradient is essential to controlling the
microstructure of the slurry. By cooling too quickly, the microstructure can form large
non-porous sections while the opposite would take too long to be viable. Thickness control of the
slurry and sealing of the slurry to prevent spill were equally weighted at 3, since they would both
improve the design. Sealing was added as a functional requirement after input from our sponsor
that the viscosity of the slurry is unknown, and therefore, some sort of seal or containment is
required to be usable in multiple scenarios while thickness controls are required to use the
electrodes in batteries currently in production . The comparison of the four designs can be seen
in Table 3.

Table 3: Pugh chart of the four group designs weighted based on the most important functional requirements.

Design 1 was used as the base design, and therefore was given all zeros for the Pugh chart. It
allowed for a continuous process, implemented a temperature gradient control via a heater after
freeze casting, allowed for thickness control from the amount of slurry deposited, and did not
consider sealing. This design gets a score of 0 as the base design.

Design 2 was similar to Design 1 in that it was also continuous, allowed for a similar amount of
thickness control, and also did not consider sealing; however, Design 2 combined the heating and
cooling elements into one step, which allows for better control of the temperature gradient. This
leads to the score of 4 due to the improved temperature gradient control.

Design 3 was similar to Design 1 in that it was continuous and had no sealing element. It was
similarly better in temperature gradient control as Design 2, as it also combined the heating and
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freezing elements. In addition, Design 3 implemented better thickness control, as it had a roller
to set thickness, and allowed for adjustment by moving the roller up and down. This design gets
a score of 7, as it improved in both temperature gradient control and thickness control.

Design 4 was similar to Design 1 only in that both were continuous. Similarly to Design 3,
Design 4 allowed for better temperature gradient control and thickness control. It combined the
heating and cooling elements, but had a set box dimension where the thickness can be controlled
based on how much slurry is deposited. Design 4 also has a sealing element from the box, which
prevents spillage of the slurry during freeze casting. This gives Design 4 a score of 12.

Design 4 received the best score from the Pugh chart, but the team decided to implement aspects
of both Designs 3 and 4. After input from the sponsor, it was brought to the attention of the team
that the slurry also might be too viscous to evenly spread out in the box of Design 4. This led to
an additional functional requirement of slurry containment. In Design 4, the slurry would also
start freeze casting before being totally spread out, which would negatively affect the grain
structure. Therefore, the team decided to use a method similar to Design 3, but with individually
set boxes to contain the slurry on the substrate based on the new functional requirement. This
chosen design does not currently exist in the market, as roll to roll freeze casting has not been
done before, and it better fits every functional requirement.

ALPHA DESIGN
Based on the results of the Pugh chart and with consultation from the sponsor, the team decided
to adapt Design 3 to better fit the functional requirement. The Alpha Design takes Design 3, and
adds incremental molds for the slurry to be deposited. This way, the slurry will not spill off of the
substrate when deposited, and the freeze casting can adequately manipulate the grain structure
for better conductivity. The Alpha Design can be seen in Figure 13.

Figure 13: Drawing of the Alpha Design. The slurry material is deposited into the molds,
where it then enters the heating and cooling zone for freeze casting.
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Figure 14 shows a 3D CAD view of the alpha design, and Figure 15 shows a drawing with
dimensions of the Alpha design. These dimensions are subject to change based on availability of
materials and theoretical analysis, which has yet to be fully completed.

Figure 14: Isometric view of CAD model for Alpha Design.

Figure 15: Drawing with dimensions of Alpha Design.

The Alpha Design best fits all of the functional requirements. First, considering those with the
most weight from the Pugh chart, it is continuous, and allows for sufficient control of both the
temperature and the thickness. The molds on the rollers that pass through the freeze casting box
follow a continuous process. The molds containing slurry material can be continuously moved
while freeze casting, or stopped on the rollers while in the freeze casting box, if necessary. The
freeze casting box with both liquid nitrogen and a heater allows for control of the temperature
gradient within the box. Here, the substrate can act as the cold finger for freeze casting. The
molds on the substrate control the thickness as well as the length and width of the electrodes. The
Alpha Design also incorporates sealing since the mold contains the slurry material. This
incorporates all of the functional requirements from the Pugh chart.

In addition to the requirements from the Pugh chart, the Alpha Design also fits the functional
requirements from Table 1. The design can fit the cooling rate required by adjusting the rate at
which the substrate moves through the freeze casting box and how long it spends in that
temperature controlled zone. The mold allows for dimensional accuracy, as well as thickness
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control. The setup for this design should be within budget, based on the team’s initial bill of
materials, found in Appendix G, since it can be operated with a couple simple motors and the
rollers and freeze casting box can also be made from inexpensive materials. With this design, the
environmental impact is minimized by reducing the amount of slurry material that would be
airborne by deposition via a hose. The team has also considered how to contain the liquid
nitrogen safely, and having the freeze casting contained in a box would minimize the risk of
freeze burns.

While not complete yet, during motor selection, the team will also consider durability to ensure
that this mechanism will be able to run for the duration of the project. During material selection,
the team will also consider recyclability of the materials. By selecting materials that are more
recyclable, the team can achieve the requirement of greater than 70% of materials recyclable.
Thus the Alpha Design best fits every functional requirement.

The team believes that though the project is challenging, one not practiced in industry, the
prototype is feasible for this course. Simplifying the process to exclude the sublimation and
sintering aspect while still maintaining the roll-to-roll aspect means that the core functionality of
the project is maintained while the overall scope of the project remains within the scope of
ME450. That being said, for the scope of ME450, a complete model is likely not possible.

ENGINEERING ANALYSIS
In order to determine how the Alpha design fits our specifications, the team focused on using
theoretical engineering analysis due to the nature of the project. Since the scope of our project is
mainly a proof of concept, theoretical analysis is critical to our design development. In particular,
it will be most important to run analysis on the temperature gradient of the system, since it is
critical to freeze casting. Additionally, there is analysis to be done to determine the motor
requirements based on our desired manufacturing rate and cooling rate.

Motor And Drive Line Requirements
The roller system's analysis determined the necessary motor and gearbox specifications in order
to run. At constant speed, the only forces that would need to be overcome in order for the
mechanism to run is the friction between the stainless steel roller mechanism and the aluminum
tray that is being used to transport the slurry along the track. Thus, in order to maintain a
constant rate, the motor’s torque was estimated to overcome that frictional force based on the
following formulae [27]

𝐹
𝑓

=  η𝑀𝑔 (4)

𝑇
𝑚

=   
𝐹

𝑓
𝑟

𝞯
(5)

22



Here, is the frictional force between the tray and the roller, M is the mass of the tray and𝐹
𝑓

slurry being frozen, g is acceleration due to gravity, is the torque of the motor, r is the radius𝑇
𝑚

of the roller, and is the efficiency of the overall system.𝞯

Based on this analysis, we get that in order for the system to maintain a constant speed of 1
m/min, the output of the motor and gearbox need to supply a torque of at least 0.92 Nm. This
number includes a 2x safety factor. Based on this analysis, the required rotational speed of the
motor/gearbox output was also calculated to be 5.13 RPM. The complete analysis can be found
in Appendix C.

Heat Transfer Hand Calculations
Initial heat transfer hand calculations were performed to evaluate the temperature gradient that
needs to be achieved for proper freeze casting to happen given the requirements and
specifications. This calculation and its assumptions are in Appendix B and are validated via
Ansys Fluent.

Fluent Simulation
In order to determine the length of the freeze casting chamber, Fluent Ansys was used. The
simulation was provided to the team by the sponsor’s graduate student. The team then validated
the simulation prior to use. The simulation was set up as follows: the top boundary was set as the
“hot” plate, the bottom boundary was set as the “cold” plate, and the sides were set to have a heat
flux of 0.

First the simulation was validated in the x direction by altering the length in the x direction. After
a tray was selected by the design team, this simulation was redone with the length in the x
direction matching the tray width (254 mm) to ensure the simulation was valid through the
necessary length in x. Because the boundary conditions at the walls are set so that the heat flux is
0, the simulation should respond the same regardless of length in x. This was proven to be true.

Figure 16: Comparison of simulation results for x length of 65mm (left)
and 254 mm (right), both are uniform in x direction.

Next, the simulation geometry was changed to be 2mm x 2mm to speed up processing time, and
multiple trials were run with a mesh size of 0.01mm at different temperatures of the cold and hot
plates. The simulations were performed with a time step of 0.1 seconds. Between 0.1 and 10
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seconds, the simulation acts as expected, with the cold front (green and yellow band seen in
Figure 17 below) moving up as the slurry freezes (blue section). Results are shown below of the
slurry at 0.1 and 5 seconds for the simulation at 30℃ & -30℃, as well as the results for 30℃
& -40℃. By running the simulation at varying temperatures for the cold and hot plates, the
simulation was proven to be sensitive to temperature. For the 30℃ hot plate and -40℃ cold
plate, the simulation shows that the slurry starts at a colder temperature and thus freezes faster
than the 30℃ hot plate and -30℃ cold plate case. This aligns with expectations, and holds true
across multiple trials, which can be found in Appendix G. The simulation is sensitive to
temperature, which indicates that it is accurate.

Figure 17: Top left and right are simulated at 30℃ and -30℃, at 0.1 and 5 seconds, respectively. Bottom left and
right are simulated at 30℃ and -40℃, at 0.1 and 5 seconds, respectively. Note movement of the green band

upwards between 0.1 and 5 seconds, as well as the higher placement of the band in the bottom figures compared to
the top figures.

Once the simulation was validated, it was run at the 30℃ and -30℃ case again, this time to
determine the time to freeze 1 mm of the slurry. It was found that it took 5 seconds for the slurry
to freeze. This was found by setting the y dimension of the geometry to 2 mm and then going
through the animation step by step (0.1 second time step) until the viewer could definitively say
that half of the geometry (1 mm) was frozen. Once the time to freeze was found, the length of
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time the tray would travel in that time period was found using the maximum speed of 1 m/min
from the design specification. This distance was found to be 8.3 cm. The tray the team picked
out, which was chosen because it is copper and therefore minimizes deviation from the simulated
conditions, is 0.1 m long. Which means that when combined with the travel distance, the
chamber at absolute minimum must be 0.183 m long. When a safety factor of 2 is used, the
chamber must be at least 0.4 m long. The team opted for a chamber length of 0.5 m to be more
conservative and to allow for larger parts to be freeze casted in the future, should the sponsor
desire.

Empirical Testing
Empirical testing should be done on the motor drive and gear assembly to ensure the mechanism
can move on its own power effectively. This test will require a motor, final gear ratio, as well as
a working roller system to measure the input and output speeds.

Additionally, the spillage from the tray needs to be tested empirically, since that will be based on
the specific geometry and sealing of the tray. The team can fill the tray with water to determine if
there is spilling, and add some water-tight sealant to prevent any leaking or spilling.

BUILD DESIGN/FINAL DESIGN
Figure 18 shows our final design model in CAD.

Figure 18: Isometric view of final build design with labeled components

Figure 19 shows the dimensions of the final build design, along with different perspectives of the
design. Dimensions are measured in millimeters.
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Figure 19: Top, front, and left view drawings with dimensions of the final build design
with labeled components. Dimensions are in millimeters.

Roller mechanism
The initial idea for moving the slurry in a continuous manner throughout the roll to roll
freeze-casting process was a simple conveyor belt process which is widely used in the roll to roll
industry, hence why the initial project was named roll to roll freeze casting. However, in the
design iteration process throughout the course, the team and sponsor realized that controlling the
slurry and slurry containment component height in the Z direction has large implications on the
heat transfer of the freeze casting process. The problem with the conveyor belt process was that
it utilized a rubber or some other hyper-elastic material for the conveyor belt, which is flexible
enough to withstand the roll to roll process with its rollers and bend radii. The rubber conveyor
belt does not have a consistent thickness throughout the process, since a hyperelastic material
will expand and compress rapidly in extremely low temperature seen in the freeze casting
process, the negative thermal expansion was a huge concern, since the heat transfer, according to
the Fluent simulation, was very sensitive to the distance between the slurry tray to the cold plate
itself. A conveyor belt has insufficient dimensional control and will lead to inconsistent slurry
tray height, which will lead to improper freeze casting, and thus fail to meet project
requirements.

Thus it was decided that instead of having the conveyor belt drive the continuous process while
carrying the slurry, the design would have a slurry tray that sits directly on a roller system with
good dimensional control, and the slurry tray be powered via other means. Upon searching for
off the shelf products, McMaster offered a flow rail system, which is basically a large number of
roller wheels fastened on a steel extrusion. These wheels have high strength and modulus, and
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most importantly, good dimensional stability, and will see minimal thermal expansion effects.
This allows for the slurry container to rest on the plate of 6061 aluminum, and the plate will
contact the flow rail directly, achieving height control for freeze casting. The driving mechanism
will be via a simple chain and sprocket system, with the motor direct driving the chain and
sprocket system. The chains will have attachments once every couple of chain links that will
have a fastener to hook to the 6061 tray and move the slurry in a continuous manner. The tray
will also have guide pieces of aluminum such that the tray is constrained in the y direction, so
that the chain and sprocket can drive the tray only in the x direction.

In this case the build design is the same as the final design, meaning the final prototype will be a
“one off” item being created as a laboratory instrument, as suggested by our sponsor. The design
illustrates the important aspects that are needed such that the design can meet the functional
requirements. For example, the flow rail system and the powered chain and sprocket system that
supports the continuous movement of the slurry tray will be present in the design, and will be
built and tested to make sure the tray can move at the desired speed such that cooling
requirements can be met. The design will have a functional continuous process that carries the
slurry tray in the speed that allows for freeze casting. However, the design nor the prototype will
contain any freeze-casting components, since that is outside the scope of the project. This
verification is talked about more in depth later. The main idea is that the final design will be built
to validate functional requirements (scope of ME450), as well as being used in a research setting
for freeze casting after actual freeze casting components have been added (outside ME450).

Tray and Slurry container
In order to contain the slurry, the team in collaboration with the sponsor decided a tray was
necessary. Since the viscosity of the slurry is unknown at this point, it is best to assume a low
viscosity slurry to design for the worst case scenario. A tray would be able to hold the slurry
even if it was made of water, and taller sides would prevent spilling. For the material of the tray,
the team decided to go with a copper tray. Copper has a very high conductivity of 398 W/mK,
meaning the thermal resistance is very low, allowing for better control over the freezing process.
Copper is also the material currently used for the cold finger in freeze casting, and is very
successful when used in freezing applications. Copper is also recyclable, which will help meet
the sustainability requirement.

To move this tray along the rollers without interfering with the freeze casting abilities, the tray
will be placed into an aluminum plate with a cutout and an attachment to the chain and sprocket.
This will allow the copper tray to be in full contact with the cold plate for freeze casting, while
still allowing it to move linearly along the rollers. Aluminum is also recyclable, and fairly easy to
machine. Aluminum can withstand cold temperatures, so the frame will be able to go through the
freeze casting chamber without breaking.
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Motor Selection
Based on the previously completed motor and gearbox calculations, the goal for a viable motor
was its ability to support a range of operating voltages while still being able to meet the torque
and speed requirements. For this project, a planetary gearbox DC motor was selected. The
chosen motor (part number 638263 from servo city) was selected on account of its torque speed
curve shown below [28].

Figure 20: The chosen motor and torque-speed curve for the selected motor at 10 V, with the required
maximum operating condition (0.92 Nm at 5.13 RPM) being shown as the star [28].

With the selected motor, the speed can be varied as a function of the applied voltage with the
maximum required torque and speed being shown in the graph above at 10V, while the motor is
rated to operate between 6 and 12 V. The benefit of choosing the given motor is the simplicity
associated with using a direct drive system with no gearbox between the motor and the output.

Alternative options included stepper motors however, in order to properly run a stepper motor, a
motor controller as well as an Arduino control unit which would have increased the cost of the
project as well as added additional points of failure for the system. Since the operating condition
for the conveyor system is at a constant speed, the chosen motor’s ability to maintain a constant
speed for a fixed voltage for an extended period of time made it the ideal choice.

Manufacturing Plan
Once the materials for the build design arrive, it will be critical to move quickly and efficiently
to ensure the design can be built by the design expo. First, it will be important to waterjet all the
aluminum parts for the design. The tray holder and frame for the rollers will both need to be
waterjetted, which is a relatively simple manufacturing process that shouldn’t take much time or
cause many issues. Next, we can laser cut the acrylic pieces to use in our model for the freeze
casting process. This process is also fairly simple and will likely not result in many issues. After
the larger pieces are cut out, the brackets to support the motor and the copper tray will need to be
drilled using the drill press to allow for fasteners. The drilling will be more challenging since the
holes will need to be aligned to ensure proper alignment of parts. The acrylic for the freeze
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casting chamber can be assembled using hot glue, since this is just a placeholder for the actual
freezing chamber. Next, the frame and tray can be assembled using fasteners. It will be important
to ensure the parts are aligned properly in this step. Finally, the drive system and motor can be
assembled and connected to the frame. This step will be the most critical in ensuring the success
of our design. The detailed manufacturing plan can be found in Appendix I.

Final Design
In this project, our final design and our build design were the same thing. Thus, this design was
able to meet the sponsor requirements and functions independently to aid in future research of
freeze casting. This will add great value to future manufacturing applications after the research is
conducted and distributed. The team was able to manufacture and assemble the final design and
deliver it to our sponsor. The final product can be seen in Figure 21.

Figure 21: Final build design mechanism, including an acrylic box to model the freeze casting chamber.

The team bought the flow rail, copper tray, as well as the chain and sprocket off the shelf, and cut
out and made the frame assembly from aluminum sheet. Holes were drilled into the frame and
rails for fasteners to hold everything together. By assembling the motor with the chain and
sprocket, the team was able to make an assembly that functioned on its own, providing the
necessary functions for the design required by the sponsor.

VERIFICATION AND VALIDATION
In order to determine if the build design fits the requirements and specifications, verification and
tests are required. In addition, it is necessary to validate that the design addresses the overall
design problem.

Manufacturing Rate
According to the design requirements, the final design needs to be able to run at a manufacturing
rate of 0.5-1 m/min. The completed assembly would be set up with a variable voltage supply.
The verification test involves operating the drive mechanism under normal load conditions, that
is, with the tray and a water solution to represent the slurry mixture. The linear speed of the

29



mechanism will correspond to the manufacturing rate required. This linear speed can be
measured and tuned by adjusting the voltage to verify that this rate is met. Comparing the
measured speed to the required rate can verify this specification as well as validate previously
discussed hand calculations for the operating condition of the roller/motor. The team was able to
verify that the output manufacturing rate of the mechanism indeed met the specification,
allowing for continuous freeze casting in future research.

Sealing and Dimensional Accuracy
For the slurry containment tray, verification will be fairly simple. To test for sealing of the slurry
containment, the tray can be filled with water and run on the mechanism. Visual inspection will
be able to determine if the tray is properly sealed if there are no leaks or water outside the tray.
The team was able to verify that no water leaked from the tray, thus meeting this specification as
well. In terms of dimensional accuracy, the freeze casting process could be repeated multiple
times and the resulting electrode measured to determine the accuracy and precision of the slurry
tray. Since the team will not be incorporating freeze casting into the build design, this would
need to be verified in the future once freeze casting is implemented.

Sustainability, Durability, and Cost
To verify the sustainability requirement, the team created an eco-audit of materials in the final
build design. Using this tool, the team determined the energy consumption of the design to be
3347 kWh over its entire lifetime. The results of this eco audit can be seen in Appendix F. To
further verify this requirement, the freeze casting aspect must be added so that the material
produced can be measured. Most materials, which can be seen in our Bill of Materials in
Appendix G, are indeed recyclable, which would increase the sustainability of our product. In
terms of the life cycle, the team will need to make best assumptions on how long the product will
last. This goes into durability, which is a specification we are not able to determine this semester.
In order to determine the durability, the mechanism would need to be run several times and
examined for fatigue and wear over time. Lastly, in order to verify we are under budget, the team
calculated the total cost of the build design in the Bill of Materials, and it can be seen that the
design is indeed within the budget specified.

Future Verification
If this project were to continue past the timeline of this course, there would be several other
validation tests carried out. Most importantly would be to determine if this mechanism can
indeed allow for continuous freeze casting. With this, it would also be important to verify the
freeze casting simulation with experimentation. Specifically, it would be critical to determine the
time it takes the slurry to freeze, the necessary temperature gradient for freezing, and the cooling
rate of the process. If the simulation was fairly accurate, the manufacturing rate should be
sufficient to meet the specification.
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Additionally, in order to determine the dimensional accuracy of the design, freeze casting parts is
necessary. The electrode part could be freezecast multiple times to determine accuracy of the
dimensions.

Validation
The problem to be addressed was the need for improvement of battery electrode manufacturing.
Implementation of a continuous freeze casting setup was one method proposed by our sponsor to
solve this problem. Validating this need would mean creating a workable continuous mechanism
for a freeze casting setup. This design does indeed address this need. In order to determine if the
need satisfies the overall problem, it would be important to continue research into this method
and examine the effects when this process is used for battery electrode manufacturing. If
continuous freeze casting does indeed improve the safety and conductivity of battery electrodes,
that would validate this design.

DISCUSSION
Revisiting the project definition, the team quantified the problem well given our limited
understanding of freeze casting before this project. However, the scope of the project was
adjusted multiple times through the design process. A narrower, better defined initial scope may
have helped in converging on a final design sooner. Initially, the team was tasked with designing
a roll to roll mechanism that was also able to freeze a mineral slurry. After discussion with the
project sponsor, the roll to roll aspect was changed to be any form of continuous manufacturing
and the freezing mechanism was deemed to be out of the scope of the project. Thus, the final
product uses a chain driven mechanism that moves a tray along a roller array.

This is the version of the project that was manufactured and turned over to the project sponsor.
First, the mechanism is able to meet its required manufacturing rate and operate continuously.
Having a direct motor drive system meant that the system had fewer moving parts and thus fewer
points of failure. The motor speed is also variable based on the supplied voltage which adds
adjustability to the end user’s needs. Additionally, the aluminum frame provided sufficient
structural support while still being light enough to be transported easily by two people.

However, the current build requires the user to manually change the polarity of the motor in
order to change the direction of the system. While out of the scope of the project, implementing a
control system that streamlines changing direction and voltage would be ideal. The drive system
could also be optimized to minimize slack in the chain at the halfway point which is a problem
that if not properly controlled could pull the chain off one or both sprockets under certain loading
conditions. This slack is currently controlled using a support that adds tension to the chain. If
there was sufficient time, having a slot along which the driven sprocket could be adjusted would
give a simple but effective means of controlling the tension.
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As alluded to above, the main challenges through this project were the changing scope. The lack
of constant vision made engineering analyses difficult as they had to be conducted repeatedly as
the project moved forward. This had the consequence of delaying the manufacturing of the final
build on account of consistent delays in design. The slack in the chain being the most notable
problem but was still mitigated in the final build. The team was able to overcome this by clearly
distributing the workload and frequently working together to evaluate one another’s work to
ensure that nothing was overlooked. That being said, a clear initial scope for the project would
have streamlined the engineering analysis resulting in more time to manufacture and conduct
validation testing on the prototype.

REFLECTION
Relevant Factors
Public health, safety, and welfare is somewhat relevant to the project. Since the team made a
small scale prototype, the prototype itself doesn’t affect public health and safety. However, the
technology that this prototype will be used to develop will potentially reduce pollution from
particles being sprayed in the air during battery electrode manufacturing. It will also potentially
increase worker safety, as workers will not be breathing in as many particles.

If our prototype is able to be scaled up, it could potentially revolutionize how electrodes are
manufactured. This could lead to less material being used to manufacture electrodes, as the
control over grain alignment would allow for more efficient electrodes. This would also
potentially enable battery electrodes to become cheaper, lowering the cost to manufacture
electric vehicles, which would in turn smooth the way for an all electric vehicle future. Currently
the high price of electric vehicles is a large barrier in mass adoption, removing this barrier would
speed up the switch away from fossil fuels in transportation.

Because of how simple the design is, companies may opt for robots to manufacture it, but some
of the fastener locations are tight enough together that humans may still need to be utilized. The
design is made of aluminum and copper, which are both easy and desirable to recycle for
industry. This incentivizes care at the end of life for this product, reducing waste and
environmental harm.

The team utilized a stakeholder map and life cycle analysis to ensure that all stakeholders were
considered in the design. The life cycle analysis was to ensure that the design met relevant
environmental requirements that the team came up with (requires less than 10kWh/kg of
produced material, at least 70% recyclable at end of lifecycle).

DEI
Although the team is made up of people with different backgrounds, this mostly had little effect
on how the team approached the project. Certainly, the difference in experiences had an effect,
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with the more experienced members of the team gravitating towards doing CAD and generating
more technical ideas. But privilege, identity, and cultural similarities/differences did not have
much bearing on this design, due to the nature of the project being much more technically
oriented than people oriented. On the other hand, given that the team’s sponsor was also the
team’s professor, the sponsor/professor may have had more influence than intended. This dual
role made it difficult for the team to truly get the interaction with a sponsor that this course
seems designed to provide. Because the sponsor was grading the team, the team’s creative
expression was somewhat limited and instead of being able to bounce ideas off of a professor,
every review was also a presentation to the sponsor. Potentially, this means the final design is
more closely aligned to the sponsor’s needs and desires, but it also means that some of the
learning process for the team was stunted. Instead of having to struggle through a problem, the
team could get weekly feedback on where to go next, something that while helpful, also meant
that the team didn’t have as much control over the final design.

The more experienced members of the team definitely had more sway when it came to idea
development, which highlights the importance of every member of a team feeling comfortable
with multiple aspects of the project, so that more diverse ideas can be generated. One thing the
team could have done better on, was not allowing one viewpoint to take over. Oftentimes, the
sponsor's viewpoint prevailed, with little to no consideration of various team members’
viewpoints or consideration of other stakeholders. Because the main stakeholder was the sponsor
and his graduate student, very little effort was made to contact other stakeholders related to this
project, which is not ideal.

In terms of ethics, this project didn’t touch on very many during the design process. If this
project were to go into commercial use, there may be some concern about worker safety or
ergonomics, mostly relating to assembly and the eventual use of liquid nitrogen. The
professional ethics that the University of Michigan expects the team to uphold are aligned with
the team’s as a whole. Our future employer’s ethics will align with the team’s, because each team
member will not work with a company that violates the professional ethics taught at the
University of Michigan.

PROBLEM ANALYSIS
The main deliverable for this project will be a proof of concept of roll to roll freeze casting.
Ideally, this would take the form of in-depth analysis, and a prototype of one or more of the
critical functions of the design. Given the current project timeline, this prototype can be
developed during the second half of the semester.

This project touches on many aspects of engineering. While roll to roll manufacturing is a
developed and well understood field, the ability of a team of engineers to apply it to a functional
prototype is dependent on their understanding of mechatronics and their applications. The

33



continuous processing and cooling rate can both depend on this knowledge, since they will
influence the speed and torque of the motors needed for the roll to roll system. This will
incorporate the team’s knowledge from ME350: Design and Manufacturing II. This
understanding of mechanical systems must also be combined with an active understanding of
thermodynamics to control the temperature gradients that facilitate the microstructure formation
during freeze casting, which will incorporate knowledge from ME 335: Heat Transfer.

System Decomposition
In order to fully understand the design and to simplify engineering analysis, a system
decomposition is required. The design chosen can be divided into three major subsystems which
are discussed below.

The motor and drive unit comprise of any motors, rollers, gearing, and drive mechanisms in the
design. The motor and drive system needs to be able to reach the specified manufacturing rate in
order to meet current industry standards for roll to roll.The temperature control system includes
any heaters, fluids, and freezing mechanisms for the freeze casting process. This system controls
the temperature and gradient at which the slurry is frozen, which is critical for the freeze casting
process. An electrical control system is not required since the DC motor speed can be adjusted
by changing the voltage manually. For the scope of this project, the team will focus on the motor
and drive system since it will not be implementing freeze casting.

Anticipated Challenges
Since the scope of this project excludes the freeze casting process, the challenges of dealing with
a cryogenic gas and controlling the temperature gradient will not be as significant. These
challenges will be passed onto the research team that will use our design for future freeze casting
work. In order to design around the freeze casting process, it was necessary to understand how
this process works and to run a simulation to determine the temperature gradient required for this
application. Both knowledge from ME 335: Heat Transfer and ME 382: Mechanical Behavior of
Materials will be needed.

Additionally, creating an accurate scaled down prototype will also be a challenge. Replicating
this complicated manufacturing process will require a lot of assumptions and simplification.
While 18650 electrodes are 125 µm thick [13], the prototype will create parts around 1 mm
thick. The team aims to create a prototype that takes into consideration the potential differences
in size, time, cost, and energy when freeze-casting a prototype several magnitudes thicker than
what will be made in industry.
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RECOMMENDATIONS
For future use of the project, the team has a few recommendations. The first recommendation is
to create a simple circuit to reverse the polarity of the motor so that the user does not have to
physically switch the wires. A nut should be attached to the bolt being used to push the freeze
casting plate, as well as a shorter bolt should be used. When considering the freeze casting
process, the sponsor may want to look into having the cold plate not in contact with the freeze
casting tray in order to freeze the slurry slower. This would require a different, more robust
simulation than the one used during this project.

Second, the copper tray used in the current prototype is attached to four L brackets using
fasteners, all four have the bolt length too long due to limited hardware availability. The use of
fasteners could prove to be a problem with sealing, thus requiring additional sealing strategies
used to seal the holes the fasteners go through. Also, the protrusion of the fasteners into the tray
could interfere with the freeze casting process depending on the desired slurry height. Therefore,
it is recommended that the brackets be adhesively bonded to the copper tray in the future, in
order to save weight as well as add simplicity. An adhesive bond with properly calculated bond
area and bond strength would be beneficial, assuming the adhesive used can withstand the
freeze-casting temperature range. An adhesive bond would also be less sensitive to thermal
expansion under the temperature fluctuations. Repeated thermal cycling on the bolted joints
connecting the L-bracket to the copper tray will cause the clamping force to decrease over time
as the joint experiences less torque, thus loosening and causing the assembly to lose structural
integrity, compromising Z-height and changing the freeze cast boundary conditions. Adhesive
bonds will be affected less by thermal expansion, since the L brackets are not constrained to the
copper other than the adhesive, so as long as there is sufficient clearance between the moving
tray and L-brackets, there won’t be an issue. Lastly, adhesive bonds will save a drastic amount of
weight compared to bolted joints, which requires 4 bolts and 4 nuts as well as washers.
Reduction of weight can also help reduce the friction force between the moving plate and the
flow rail, thus reducing the possibility of failure scenarios where the moving tray gets stuck. This
brings us to the next recommendation.

Third, there are some proposed changes to the moving plate. It is recommended to change the
tolerance between the moving plate and the vertical frame guiding rails. As of right now, the
prototype moving plate is pushed along the continuous direction via a fastener attached to the
sprocket chain, since the bolt is not centered to the moving plate, a moment is applied to the plate
as it moves. Due to manufacturing defects, the moving plate is smaller than the desired
tolerances, and due to the large gap between the moving plate and the vertical guide rails, there is
a risk of the moving plate getting stuck as it moves. Additionally, since the flow rail uses large
diameter wheels, there is a significant gap between the wheels. Since the moving plate is narrow
in width, as the plate transitions from one wheel to the other, there might be minor pitch
deviations, which cause the z-height to be poorly controlled. This might impact the freeze casting
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process since the simulation was very sensitive to the z-height. However, adding width to the
moving plate adds unwanted mass that increases friction force. To combat this, the moving plate
should have more lightweighting features, which could be waterjet. Ideally, the profile of the
lightweighting can be structurally optimized in softwares like Ansys Mechanical; the profile of
the moving plate should minimize the amount of unneeded material to save as much weight as
possible.

CONCLUSION
The goal for this project is to convert freeze casting into a continuous process by analyzing
current industry methods like roll to roll manufacturing. This would produce battery electrodes
with higher conductivity and ability to store a higher amount of energy.

This report highlights the current state of both roll to roll manufacturing and the current state of
research into freeze casting. As such, it highlights the high production rate of roll to roll but also
the lack of control over the final electrode’s microstructure, which directly affects the ability of
the battery to store energy. It also covers the benefits of freeze casting, namely the control it
offers over the grain of the material, thereby giving a much more conductive final product, but
also its time consuming nature.

Through this report, the team has highlighted the current industry and research standards and
used those to derive requirements for an engineering prototype, the most important of which is
the designed machine must be able to process materials at a rate comparable to roll to roll
machines, though at a much smaller scale, while incorporating the ability to freeze a mineral
slurry so as to facilitate freeze casting. This research was also used to highlight those who would
be most impacted by the deployment of this process on a large scale in a mass manufacturing
setting as well as the positive impact it would have on the primary stakeholders in the project,
Automotive OEMs, The University of Michigan, and Battery electrode manufacturers.

This report also serves to highlight the engineering design that the team has put forward. After
much deliberation, 160 different designs have been narrowed down to 5 and finally a single
design after consultation with the project sponsor. This design was narrowed down using
functional decomposition and analysis resulting in a Pugh chart. This design focused on
combining both freezing and heating to maintain a favorable temperature gradient while using
containers to contain the slurry during the casting process all along a continuous conveyor line,
the goal being to combine roll to roll and freeze casting in a manufacturable prototype model.

However, after further discussions with the project sponsor, the scope of the project was
re-considered to only incorporate a drive mechanism with the freezing mechanism falling out of
the scope for this project. The drive system was also re-designed to minimize the number of
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thermal boundaries as well as potential points of failure in the mechanism. The new design
involved guided rails on either side of a tray that would hold the slurry.

Moving forward, engineering analyses were conducted to determine the solution space fully. To
that end, heat transfer analysis was conducted by hand. This analysis was then validated using a
CFD simulation to determine how long the chamber must be in order to facilitate complete
freezing of the slurry based on the manufacturing rate. Additionally, motor requirements were
also calculated for the drive system at a constant manufacturing rate. Moving forward, these
analyses were used to determine which materials and motors to procure before manufacturing as
well as establish a manufacturing guideline for the final assembly.

To that end, a preliminary bill of materials was drafted which included all materials required to
build the final assembly as well as drive it. Following sponsor approval, the team set out to
acquire all the necessary components and materials to assemble the final assembly. In addition to
finalizing the the bill of materials, the team also established a set of testing procedures to be
conducted to validate the completed build and verify that it does meet all the specifications
established by the project sponsor, chief among which being that the drive unit is able to reach
and maintain the final continuous manufacturing rate.

This build design is a small step in the larger goal of improving the manufacturing of battery
electrodes. Past this semester, the set-up can be used in freeze casting research, which can
contribute to future research in battery electrode manufacturing. Should this design be
successful, lithium-ion batteries could be more efficient and safe, resulting in less expensive
electric vehicles that are safer for the manufacturing workers, electric vehicle drivers, and the
environment as a whole.
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APPENDIX

Appendix A

α =
ℎ

𝐸
ξ

𝑅𝑇
𝐸

(A)

Where hE is the latent heat, R is the gas constant, TE is the equilibrium temperature between the
two phases and ξ is a factor that depends on the crystallography of the interface. Materials that
have a value of α<1 grow in a dendritic fashion. [10]

Figure A: Solvent recovery system in a battery manufacturing plant. NMP is the solvent n-methyl
pyrrolidone, which is a common cathode solvent. [21]
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Table B: Assumptions made in heat transfer analysis

Electrode dimensions at (500+- 5 mm) x (65+-5 mm) x (1+-1 mm)

Cooling rate is at least 10 C per min

Surrounding ambient temperature (also Tsurrounding) is 25 C

Slurry temperature (also Tsolid) is at least -3 0C

Slurry used is Lithium Iron Phosphate based compound

LFP true density at 3.6g/cm^3 [22]

LFP viscosity at 6000 CPS

LFP specific heat capacity at 1130 J/kg/K [23]

LFP thru-plane conductivity is 0.52 W/mK [23]

LFP is gray body with surface emissivity of 0.5

Electrode in freeze chamber behaves like turbulent isothermal flow over isothermal plate

Reynolds number of freeze chamber airflow is 4000 (limit of fully turbulent flow)

Prandtl’s number of air is 0.7

Electrode/slurry surface exposed to convection & radiation is only the top flat face

Heater is initially off

No heat loss to environment

Slurry/electrode in the freeze chamber experiences conductive heat transfer from conveyor
belt, as well as radiative and convective heat transfer from heater and surrounding air.

Initial calculations first found the total heat required for the electrode to reach the cooling rate
and slurry temperature requirements, using the governing equation [25]

𝑄 =  𝑚 · 𝑐 · ∆𝑇 (6)

Given the assumed volume of the electrode/slurry, an estimated mass can be determined from the
assumed density, and the assumed specific heat allows the calculation of the total heat required
for freeze casting to happen to be at 7.271 kJ. Using this number and the cooling rate, the
required rate of heat transfer in the slurry is determined to be 22.08 J/s.
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Next, the governing equations for conductive, convective, and radiative heat transfer was used to
formulate an equation accounting for all modes of heat transfer of the electrode/slurry. [25]

Conduction 𝑞 =  𝑘 · 𝐴 · ∆𝑇
∆𝑥

(7)

Convection 𝑞 =  ℎ · 𝐴 · (𝑇
𝑠𝑜𝑙𝑖𝑑

− 𝑇
𝑓𝑙𝑢𝑖𝑑

) (8)

Radiation 𝑞 =  ε · σ · 𝐴 · (𝑇4
𝑠𝑜𝑙𝑖𝑑

− 𝑇4
𝑓𝑙𝑢𝑖𝑑

) (9)

Final + +𝑞 =  𝑘 · 𝐴 · ∆𝑇
∆𝑥  ℎ · 𝐴 · (𝑇

𝑠𝑜𝑙𝑖𝑑
− 𝑇

𝑓𝑙𝑢𝑖𝑑
)

ε · σ · 𝐴 · (𝑇4
𝑠𝑜𝑙𝑖𝑑

− 𝑇4
𝑓𝑙𝑢𝑖𝑑

)

(10)

Using the boundary conditions, the only variable needed to solve for the temperature gradient is
the h value for convective heat transfer. Thus, using the Nusselt’s number equation for a
turbulent isothermal flow over an isothermal plate, and given the Prandtl’s number, Reynolds
number, thermal conductivity, area, surface emissivity, and constants, the h value was determined
to be 20.813.

Lastly, plugging in the values calculated from before into the final heat transfer equation, the
expected temperature gradient required for freeze casting an electrode of the assumed
dimensions is 3747.73 K/m or 3.75K/mm.

Further analysis to be done include the calculation of the expected voltage, the current
requirements of the system, as well as the dependent on motor choice. COMSOL or Ansys fluent
simulation of the assembly should be performed to validate hand calculations, and to determine
the potential safety concerns due to temperature.
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Appendix C : Motor specification calculations

Figure F: motor calculations based on maximum required manufacturing speed and the torque that would
be required to move the mechanism at this constant speed.
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Appendix D

Table D: Comparison of materials and properties of different slurry mixtures[11]

Material Particle size Slurry
composition

Solvent Freezing
Conditions

Al2O3 400 nm - 1 μm 20 - 62.5 % vol Water Up to −35 °C

Ferritic stainless
steels

15–45 μm 36–56 wt% Water Between −40 °C
and −80 °C

TiO2 100–200 nm 10–50 wt% Water −18 °C

YSZ 1.26 μm 15 vol% tert-butyl alcohol Copper rod

YSZ 0.55 μm 10–50 vol% tert-butyl alcohol Solidification at
room
temperature over
Al foil

NiO-YSZ <100 nm 20 vol% Camphene Solidification at
room
temperature

While these specifications are heavily dependent on electrode material and the mechanical
capabilities of the machine, they are representative of the general industry in the case of roll to
roll and research findings in the case of freeze casting and thus serve as a general benchmark.

Figure D:Microstructure formation of different materials demonstrating a porous final product [26].
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Appendix E: Concept Generation

Emma’s Designs

50

Temperature Gradient

liquid nitrogen and
heater

current through a
wire and ice

heater and air
conditioning

laser and dry ice

lava and cold water

Continuously Freeze
Cast

wheel two rollers

conveyer belt four rollers

four bar linkage sheet slides down
ramp

robot moves person pulls sheet



The two roller and liquid nitrogen and heater concepts were built upon or modified
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fan blows sheet with
sail

Dimensional Accuracy

boxed-in area person puts slurry
in mold

person eyeballs where
to put slurry

camera sees slurry
and measures x y
location

person measures
dimensions of slurry

sheet is exact size
of electrode

adjustable rollers hexagonal rollers

hand crank rollers freeze cast from
rollers

squeeze rollers vertical rollers

conductive metal to
freeze cast

asymmetric
rollers
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counterweight pulls
sheet

cooling part
moves

rollers vibrate temperature
feedback

roller calendars
electrodes as they roll

several smaller
rollers

alternate rollers bicycle-powered
rollers

sheet moved by
alternating electric
field

wooden rollers

manufacture in a fridge freeze cast then
roll separately



Henry’s Designs

53



54



Michael’s Designs
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Rohit’s Designs
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Appendix F: Eco Audit
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Appendix G: Bill of Materials
Part
No. Part Title Material Dimension(s) Supplier

Quanti
ty

Price per
unit (USD)

Total price
(USD)

1 Flow Rail
Galvanized
Steel 5 ft long Mcmaster 2 92.05 184.10

2 Chain Steel
10 ft long, 1/4"
pitch Amazon 1 16.25 16.25

3 Motor L bracket
6061
Aluminum 2" x 2" x 2.5" Mcmaster 4 8.02 32.08

4 Sprocket Steel
1.97" x 5/8", 1/4"
pitch Mcmaster 2 18.60 37.20

5 Frame
6061
Aluminum 48" x 6" x 1/4" Mcmaster 2 60.18 120.36

6 Hot Plate Acrylic 12" x 12" x 1/8" Amazon 1 9.99 9.99

7 Cold Plate Acrylic 12" x 12" x 1/8" Amazon 1 9.99 9.99

8
Freeze Cast
Containment Box Acrylic 24" x 36" x 1/8' Amazon 1 45.99 45.99

9 Tray Copper 4" x 10" x 1/4" Amazon 1 20.00 20.00

10 Motor N/A
4.7" x 1.25" x
1.25 ServoCity 1 39.99 39.99

11
Tray and Frame L
bracket

6061
Aluminum 1" x 1" x 1-1/4" McMaster 4 7.81 31.24

12 M6 Screws Alloy Steel M6-1.0 x 15mm McMaster 100 13.98 13.98

13 M6 Nuts Steel M6-1.0 McMaster 100 5.21 5.21

14 M6 Washers
Stainless
Steel M6-1.0 McMaster 100 6.58 6.58

15
Varialble Voltage
Source N/A

4.8" x 2.6" x
2.48" Amazon 1 10.39 10.39

16 MISC Hardware NA NA
Carpenter
Bros 1 63.13 63.13

17 Sprocket 2.0 Steel
1.97" x 5/8", 1/4"
pitch Mcmaster 2 18.60 37.20

18 Chain 2.0 Steel
10 ft long, 1/4"
pitch Mcmaster 1 63.88 63.88

19 Bearing 2.0 Steel 1/4 ID 1/2 OD Mcmaster 1 6.12 6.12

20 753.68
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Appendix H: Fluent

30℃ & -30℃

30℃ & -40℃

0℃ & -30℃

30℃ & -15℃

69



Appendix I: Manufacturing Plan

Step Material Speed Tools

1. Cut out aluminum for
frame to size with
vertical band saw

¼” aluminum Default Ruler, calipers

2. Deburr all cut edges ¼” aluminum NA File

3. Waterjet the aluminum
for the moving tray

¼” aluminum Default Waterjet

4. Mark holes on the flow
rail and frame pieces
based on CAD

¼” aluminum, flow
rail

NA Ruler, calipers,
sharpie

5. Center drill the flow rail
holes

Flow rail 1000
RPM

#2 Center drill, drill
press, vice

6. Center drill the frame
holes

¼” aluminum 1200
RPM

¼” drill bit, drill
press, vice

7. Drill the flow rail holes Flow rail 1000
RPM

¼” drill bit, drill
press, vice

8. Drill the frame holes ¼” aluminum 1200
RPM

¼” drill bit, drill
press, vice

9. Deburr all holes ¼” aluminum, flow
rail

NA Deburring tool

10. Bolt frame pieces and
flow rail together

¼” aluminum, flow
rail, M6 fasteners

NA Socket wrench, allen
key

11. Mark and drill holes in
copper tray

Copper tray 1000
RPM

#2 Center drill, ¼”
drill bit, drill press,
vice

12. Attach tray brackets to
copper tray

Copper tray, M6
fasteners

NA Socket wrench, allen
key

13. Mark and drill holes in
motor bracket

Motor bracket 1200
RPM

#2 Center drill, ¼”
drill bit, ⅛” drill bit,
drill press, vice

14. Attach sprocket and Motor bracket, motor, NA Socket wrench, allen
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motor to motor bracket
on the driving side.

sprocket, M2 fasteners key

15. Attach sprocket and
bearing to motor bracket
on the non driving side.

Motor bracket,
sprocket, ¼ fasteners

NA Socket wrench, allen
key

16. Attach both motor
brackets to the frame

Motor bracket, frame,
M6 fasteners

NA Socket wrench, allen
key

17. Measure chain length
using the existing setup
and trim chain to size

Sprocket Chain NA Chain link tool

18. Adhesive bond fastener
to chain

M2 fasteners NA Hot glue gun

19. Place copper tray on
moving plate, and align
hole on moving tray with
the M2 bolt on the chain

NA NA Socket wrench, allen
key

20. Wire up motor to the
voltage supply, set
voltage to 6V and test
drive motor

Wires, motor, voltage
supply

NA Wire stripper
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