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Abstract

Rhea Breast Pump is an innovative breast pump that implements biomimicry informed

technology for a more efficient and comfortable breastfeeding experience. Our design

implements a tongue actuator in conjunction with vacuum to mimic the suckling motion of a

baby’s mouth, a heating element for pain alleviation, and a soft flange to maximize comfort. The

development of this device is motivated by the goal of empowering women, specifically nursing

mothers, to maintain their independence and individuality while raising a family. Our team,

consisting of all female engineers, strongly believes in and supports the notion that women can

and should have the freedom to effectively balance both aspects of their lives.
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Chapter 1:

Introduction
As an all-female team, we want to focus our efforts on an overlooked area in women’s health. In

doing research on female medical devices, we found a gap in the market for adequate breast

pumps that fail to cater to the pains mothers undergo during the breastfeeding process.

Specifically, the process of breastfeeding and breast pumping for mothers can be painful due to

cracked nipples, clogged ducts, and inflammation of breast tissue, also known as mastitis.

Despite the discomfort many mothers feel during breast pumping, approximately 85% of

mothers use a breast pump during the nursing process, according to the Atlantic [1]. From this

research, we concluded that improvements to current pumping solutions are not only possible but

necessary in order to alleviate many of the current complaints against them.

1.1 Customer Needs

The global breast pump market size was valued at USD 2.74 billion in 2022 and is projected to

grow at a compound annual growth rate (CAGR) of 8.5% from 2023 to 2030 [2]. The

demographic for a breast pump is new mothers who choose to feed their baby breast milk. Breast

pumps are especially useful when mothers have to be away from their babies for extended

periods of time, such as when they return to their jobs. Pumping is also a very helpful tool for

mothers who share feeding responsibilities with a co-parent or caregiver. Studies show that

low-income mothers are “more likely to rely on infant formula than breastfeeding or start their

children on formula earlier” due to the demand to return to work for income [3]. With the recent

baby formula shortage, many mothers must pump their own breast milk so that they can feed

their babies, increasing the need for breast pumps and growing the potential consumer market

[4].

Many newborn mothers struggle with an array of issues surrounding the use of breast pumps.

There is a great need for breast pumps to be comfortable. One of the main concerns is the need

for mothers to be relaxed while pumping [5]. While nursing, mothers are usually relaxed and
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bonding with their babies, but pumping can often be uncomfortable and feel unnatural.

Additionally, personalized breast pumps with an option to change pumping frequency is desired.

Mothers have also expressed a need for easy cleanup after pumping, as there is enough stress and

hassle to take care of a baby [5]. Another issue moms have mentioned is the accidental spilling

of milk after pumping due to the design of the pump.

In addition to online research, we interviewed a new mom about her experience with

breastfeeding. She said she had to move to solely pumping because her baby had issues latching

and was dropping in weight. Pumping allows her to measure the amount of breast milk that she

produces and the baby consumes. One issue she has with her current pump, Spectra, is that she

has to change the settings every 2.5 minutes. She would like a breast pump that could

automatically change settings so she wouldn’t have to pay attention while pumping. She would

also like to have larger cups to catch the breast milk because she often has to stop mid-session to

empty the bottle. She does not have a wearable breast pump. She has heard that the suction is not

high enough on most wearable pumps so you cannot extract as much milk. Also, wearable

pumps are very expensive. Hearing about her first-hand experience was valuable in our research

to identify more customer needs.

Based on research and interviews, we organized the observed needs and improvements in Table

1.1. Three stars denote the highest level of need while one star indicates the need is less

important.

2
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Table 1.1: Hierarchy of general breastfeeding and customer needs

Group 1 - General Breastfeeding Needs Group 2 - Pump Improvements

Need Rank Need Rank

Relieve pain of nipple soreness and
cracking

*** A comfortable pump with maximum
efficiency

***

Unclog the duct *** A pump that is easy to clean ***

Fix engorgement *** A pump that fits different nipple sizes ***

Need a steady milk supply ** A pump that will not spill any breast
milk

**

Cure infections ** A quieter pump **

Solution for nursing strike ** Mobility **

Help with latching issues ** Personalized pumping frequencies
(automatically adjusts)

**

Need constant access to baby or pump ** Large collection cup **

A comfortable position * A lightweight pump **

Support from a lactation consultant * To not get undressed while pumping *

Emotional support because breastfeeding
can be very taxing on a mom

* An affordable breast pump *

Ultimately, we found the physical comfort of new mothers to be the top priority for our target

customer. New mothers have just gone through an extremely difficult and challenging experience

of carrying a pregnancy to term and then giving birth. A breast pump that alleviates at least some

of the discomforts connected to common breastfeeding struggles (nipple soreness/cracking,

clogged ducts, engorgement) is at the top of the list of needs. Turning toward the gaps in our

target market, we found that an ideal pump must fit a variety of nipple sizes, provide efficient

milk extraction, and be easy to clean in order to provide strong value. Overall, this investigation

into customer needs provided our team with great insights that shaped our design process.

3
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1.2 Benchmarking Results

After analyzing customer needs, it was found that a pump that provides pain relief, is

comfortable for the user, and is able to maximize milk extraction will sufficiently address

mothers’ concerns with breast pumping. In order to determine our target values for each metric,

we collected the benchmarking information of our main competitors, Willow, Elvie, and Medela.

This information is summarized in Table 1.2.

Table 1.2: Competitor’s benchmarking information and our target values [6, 7, 8]

Metric Willow Elvie Medela Rhea

Flange Sizes (mm) 17, 19, 21, 24, 27 21, 24, 28 21, 24, 27, 30, 36 21, 24, 27

Suction Levels (kPa) -33 -40 -36 -13 to -20

Collection Sizes (oz) 4 5 5 5

The Rhea Breast Pump will be designed to provide an alternative to current breast pumps that

offers a more comfortable breast pumping experience for mothers. While existing pumps on the

market have no way of relieving pain, Rhea will provide pain relief through the addition of a

heating element to help relax mothers and act as a warm compress. Mothers can also experience

pain if they are using the wrong flange size. The flange is the part of the pump that comes in

contact with the breast. While the average flange size in most breast pumps is 24 mm, the final

Rhea Breast Pump will include several different flange sizes– 21, 24, and 27 mm– to provide

maximum comfort and pumping efficiency.

Current breast pumps on the market use high suction levels to extract milk. However, since Rhea

utilizes biomimicry technology, explained in Section 1.5, to maximize milk extraction, it does

not require as high of vacuum pressure. The target pressure of the Rhea Breast Pump ranges from

-13 to -20 kPa. This will be enough to initialize the flow of milk, while still being comfortable

for the mother. With the goal of maximizing milk yield in mind, the collection bottle of Rhea will

be the larger size of 5 oz to allow mothers to collect as much milk as possible in one pumping

session. Each of these features will be thoroughly explained further in the thesis.

4
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1.3 Biomechanical Understanding of Milk Extraction

1.3.1 Natural Nursing Technology Research

Our research found that natural nursing technology is in the highest demand because it is

comfortable and extracts the largest amount of breast milk [9]. It was found that natural nursing

technology uses a gentle pumping pattern that is similar to the natural process of breastfeeding

[9]. These electric pumps were found to yield a higher milk supply than manual pumps by over

twice the amount, where the electric pump yielded greater than 120 mL and the manual pump

was found to yield less than 60 mL [9]. As discussed in 1.3, the current pumps on the market

only employ negative pressure differential (vacuum) to extract milk, therefore relatively high

vacuum pressure is required. After researching the natural breastfeeding process and natural

nursing technology, we decided to create a wearable breast pump that mimics a baby’s mouth as

close as possible in order to improve comfort and efficiency.

1.3.2 Breastfeeding Research

The Institute of Electrical and Electronics Engineers published an academic paper focusing on

the biomedical engineering device described as the Bio-Inspired Breastfeeding Simulator I

(BIBS). The paper focuses on the creation of a tool intended to improve the biomechanical

understanding of breastfeeding shown in Figure 1.1 [10]. Pressure and vacuum values explored

in this paper were crucial to our ability to grow a product replicating accurate forces of a baby’s

mouth.

5
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Figure 1.1: Photo of testing apparatus, BIBS [10].

This study broke down the breastfeeding process into different systems including the upper

palate actuator, tongue model, jaw piston, and vacuum pump. In terms of pressure, the maximum

suction pressure that a baby can create is about 25 kPa and the mean value is around 7 kPa [11].

This is much lower than the suction pressures of other pumps on the market which are around 33

kPa [12]. Because of this, it is concluded that the motion of a baby’s mouth improves its

efficiency more than just the vacuum pressure when suckling.

During breastfeeding, the nipple and areola are stretched to approximately twice its resting

length, is reduced to 70% of its original diameter, and extends as far back as the junction of the

hard and soft palates of the baby [13]. Suckling is when the infant places the tongue beneath the

nipple, forward over the lower gum in contact with the lower lip, and swallows with the jaws

apart and the lips together [14, 15]. While suckling, there is rhythmic coordination between the

infant’s maxilla (upper jaw), the mandible (lower jaw), and tongue, shown below in Figure 1.2.

First, the baby’s maxilla and mandible clamp the nipple-areola complex. Second, the tongue

extends out and pulls the nipple into the oral cavity. Third, the tongue pushes the nipple into the

hard palate. Finally, the baby's upper palate and lower jaw compress the nipple to squeeze out the

milk. Maxilla pressure is closer to a constant value (4 kPa) and the mandible fluctuates more (5

kPa to 10 kPa) [10]. Babies suckle about once every 0.7 seconds, resting for an additional half

second every 5 sucks to swallow [11].

6
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Figure 1.2: Diagram of natural nursing in infants [10].

1.3.3 Warm Compress Research

Many issues causing pain to the mother can occur during breastfeeding. Mastitis, an

inflammation of breast tissue that can involve an infection, occurs in 10% of breastfeeding U.S.

mothers [16]. Milk ducts can become clogged and painful when breastfeeding. Another common

problem for breastfeeding mothers is breast engorgement which includes swelling, tightness, and

pain. The treatment for mastitis, breast engorgement, and clogged ducts includes warm

compresses. They can help alleviate pain and help induce healing [16]. Along with pain

management, warm compresses can also dilate blood vessels and the lactiferous duct which

increases milk production [17, 18]. Additionally, the warmth of a baby’s mouth during

breastfeeding releases oxytocin in the mother. The ducts beneath the areola fill with milk and

become wider during a feed, when the oxytocin reflex is active [19].

1.4 Project Approach & Goal

By focusing our project on the needs of mothers, our goal is to create a wearable breast pump

that is effective and comfortable. Research leads us to believe that mimicking the natural

breastfeeding process as closely as possible will be more effective at extracting milk than current

breast pumping solutions. For this reason, Rhea implements biomimicry-inspired technology to

satisfy the needs of mothers by mimicking a baby’s mouth during breastfeeding. According to

our research, the main mechanism of milk extraction in breast pumps on the market today is

mainly by vacuum induced pressure differential. Along with vacuum pressure, we aim to mimic

7
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the mechanical extraction aspect of the breastfeeding process. Our design implements a

traditional vacuum pump along with a mechanical actuator that works together to extract milk.

No other breast pumps on the market use a mechanical actuator for extraction. In order to

provide a comfortable interface for the mother, we use a softer material for the part of the pump

that comes in contact with the breast, the flange. To help with comfort and pain alleviation, there

is also a heating element that serves as a warm compress. Additionally, the heating element also

intends to mimic the feeling of a baby’s mouth which will hopefully elicit a similar oxytocin

release in the mother to improve milk extraction and increase milk yield.

8



Chapter 2:

System Level Overview
This chapter introduces the constraints of the project and key issues surrounding the design

process. The final design is introduced to describe the methods used to solve these issues with

the given constraints.

2.1 Design Constraints & System Level Issues

For purposes of pain relief, we are implementing a heating element to act as a warm compress.

The target temperature range of 40-46℃ is the average optimal temperature for a heating

element on the skin of the breast [18, 20]. For proper implementation, it is necessary to ensure

that our product will not get too hot while still reaching the target temperature. Additionally, the

suction levels of typical pumps on the market are far greater than the suction level induced by a

baby in breastfeeding. To make up for this difference, babies apply mechanical forces with their

mouths, specifically their tongues, which aid in the milk extraction process. The Rhea Breast

Pump aims to replicate one of these additional forces through the addition of a tongue actuator

that will apply a force of around 12.5 N. This force is justified in section 6.1.2. The tongue

actuator design must accurately mimic this suckling motion without counteracting the

mechanical extraction. This may occur if the actuator strikes in the wrong direction down the

breast. Similarly, the vacuum pump must be able to induce a suction pressure of at least -7 kPa to

adequately mimic the suction applied by a baby. All components must be encompassed together

to make the device as compact as possible to reach our ultimate goal of wearability. [18, 20]

Accomplishing these constraints requires developing methods for maintaining a steady

temperature for the heating element that can be perceived by the mother through Ecoflex, which

is a thermally insulating material. There also is a need for a safety mechanism to ensure that the

entire pump does not overheat due to excess heat from the heating element, pump, and motor.

Additionally, creating a working tongue actuator that does not strike in the wrong direction is a

significant challenge unless a series of gears or a rotary motor is used. Designing a flange that

9
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properly fits and forms a tight seal to the breast is another challenge. Finally, encompassing all

elements of the design in one wearable device is challenging due to budget and time constraints.

The wearability of the design depends on the weight and size of all the components put together,

so minimizing dimensions and mass is crucial at all stages of development.

2.2 System Level Design

Figure 2.1 shows an overview of the SolidWorks model of the Rhea prototype. We attempted to

make the product as small as possible in order for it to be comfortably wearable. The

components are powered by four 9V batteries which are also held in the casing. Starting from the

left, we have the conical flange which is the part that comes in contact with the breast. It is made

out of soft material and has heating plates embedded into the sides. Below the narrow end, or

neck of the flange, the tongue actuator rotates and pushes against the flange in the contact area to

compress the breast and simulate the motion of a baby’s tongue. In the top right area, the

triangle-shaped adapter directs milk from the flange to the bottle. It is connected to a vacuum air

pump that is used to initiate the milk extraction process. There is a backflow protector to prevent

milk from getting into the pump. The housing completely encases all of these elements so that

the user only interfaces with the flange and the removable bottle. Each component will be

explained in depth throughout the thesis.

10
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Figure 2.1: SolidWorks model of Rhea prototype component overview.

On the top of the housing, there is one switch and one button Figure 2.2. The switch turns on

both the pump and actuator which move together in cycles to mimic the pressure and forces

created by a baby’s mouth. The cycle replicates 5 suckles, then a pause for swallowing. This

cycle repeats until the switch is turned off or for 15 minutes, which is an average length of a

pumping session [21]. Next to the switch is a button for modulated heating of the flange to

mimic the warmth of a baby’s mouth. We created a separate button because we wanted the

heating to be an optional feature. When the button is pressed, the flange will heat up for 2

minutes and then the heating plates will cycle on and off to keep the temperature consistent

around 40ºC. The heating element automatically turns off after 15 minutes.

11
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Figure 2.2: Rhea prototype switch and button.

12



Chapter 3:

Project & Team Management
The project was funded by the School of Engineering. Team members were split into two

subgroups to maximize resources in order to accomplish design goals within the time allowed.

3.1 Budgeting

3.1.1 Cost of Research & Development

In total, the project was granted $500 per student with a grand total of $2,500 for the entirety of

the senior design process. Overall, approximately $1,100 of the budget was spent. The iterative

design process of components such as the flange and casing contributed to the overall budget

expenditure of the project. Additionally, medical prosthetics were some of the largest expenses

within the budget in order to make up for the inability to conduct human testing experiments. A

full budget breakdown can be found in Appendix A.1.

3.1.2 Cost of Physical Model

The cost of material for the final prototype totaled to a value of approximately $150. This

includes twenty-nine different materials for the full proof of concept. By using 3D modeling

technology and printers, parts including the tongue actuator and casing were able to be iterated

upon quickly while in a cheap and customizable way. Costs were also reduced through the use of

Arduino-compatible hardware and software utilized to achieve goals in terms of power and

coded components. Some of the largest costs for this prototype are Polylactic Acid (PLA),

Ecoflex, and the motor. A full budget breakdown of the prototype can be found in Appendix A.2.
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3.2 Timeline

The Senior Design process for the team began in June of 2022 and will be completed in June

2023. Table 3.1, shown below, shows the goals set as a team throughout the three-quarter school

year. The table is broken down by each ten-week quarter timeline in sequential order. A detailed

timeline in the form of a Gantt chart can be found in Appendix B.1.

Table 3.1: A general overview of the project timeline

Summer 2022 Fall 2022 Winter 2023 Spring 2023

Project Brainstorm Advisor Outreach Pump Selection SolidWorks
Assembly

Project Selection Breast Pump
Research Housing Design Fabrication &

Physical Assembly

Milk-Collection
Research Flange Iterations Proof of Concept

Testing

Silicone Lab Training Actuator Design Conference
Preparation

Safety Report Connection/Sealing
Iterations

Thesis Drafting &
Submission

3.3 Design Process

From the beginning, the design process was iterative and collaborative. The summer of 2022 and

the early weeks of the fall were spent researching the market of breast pumps and the field of

academic research behind the products. Weekly meetings among students and advisors were

established to touch base on progress and ideas. Detailed notes of these meetings with delegated

task-keeping were crucial as a foundation for clear communication among group members.

Our design process saw many iterations to individual components and connection points, as any

thoughtful design process would. Most iterations of individual components had a profound effect

on the interactions of the system as a whole. Due to the goal of creating a compact and wearable
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device, the small three-dimensional space to work within amplified the effects any configuration

change would have on the system overall.

3.4 Risk Mitigation

The main hurdle faced for this project was securing adequate time for each iteration of 3D

printed items. The printers, located in Santa Clara University’s Innovation Zone, were only

available for use at given times throughout the week. On top of that, the printers were being used

for a multitude of purposes. This meant there was an especially high demand for these limited

printers. As a group, it was important to give adequate planning considerations around when to

start our prints. With some items, such as the casing, taking upwards of forty hours to complete,

we had to account for multiple days in order to procure these parts. On top of that, we would not

have access to our part as soon as the print was done but instead at the next open hour and day

that the Innovation Zone opened up.

Additionally, the supply of Ecoflex was limited. Originally, we ordered Ecoflex 00-50 for its

properties to mold and serve functionally as the material for our flange. As we progressed with

flange iterations, there was a need for another order of Ecoflex. Unfortunately, by the time this

occurred, Ecoflex 00-50 was no longer available. This was a challenge other bioengineering

teams shared with us as well. Subsequently, we opted for Ecoflex 00-45 as the second-best

option for our flange due to its similar material properties to Ecoflex 00-50.

3.5 Team Management

Effective team management is essential for creating a cohesive and hardworking team. In order

to facilitate this in a bigger team, the team discovered that dividing into two subgroups allowed

for equal delegation of responsibilities. Each subgroup had weekly meetings as well as large

group meetings to report progress and synthesize the design. The delineation of tasks can be seen

in Table 3.2. The first subgroup was a team of three students that focused on biomimicry and

consisted of Harper Daniels, Leanne James, and Courtney Rowe. They focused their efforts

mainly on the components of the Rhea Breast Pump that were in contact with the human
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interface such as the flange, heating element, and tongue actuator. The second subgroup was a

team of two that focused on the assembly and consisted of Laini Reynolds and Julia Yaklich.

They focused their contributions on the other parts of the Rhea Breast Pump such as the vacuum

pump, circuitry, and housing.

Table 3.2: Delineation of tasks

Team Members Tasks

Biomimicry Harper Daniels, Leanne
James, Courtney Rowe

Flange, Heating Element, Tongue Actuator

Assembly Laini Reynolds, Julia
Yaklich Assembly, Housing, Circuitry
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Chapter 4:

Comfortable Human Interface Subsystem
This chapter describes the comfortable interface of the breast pump created for the mother. This

subsystem consists of two components: (1) flange, (2) heating element.

4.1 Flange Design

The flange is part of the breast pump that comes in contact with the breast. It provides a sealed

space for negative pressure differential induced by the vacuum pump. The goal of our flange

design is to create a comfortable interface for a mother that replicates the feeling of a baby’s

mouth tissue. The flange in the Rhea Breast Pump is very different from those in existing pumps.

Rather than being made out of hard plastic, it is made out of Ecoflex which is a soft, rubberlike

silicone material. Because Ecoflex feels similar to human skin, it was selected to mimic the

natural feeling of a baby during breastfeeding which maximizes comfort. It is also able to be

molded into a desired shape. Ecoflex is flexible but can still hold its shape under vacuum

pressure.

4.1.1 Flange & Mold Design Iterations

The flange shape and dimensions were initially based on the average breast size and flange sizes

of existing breast pumps. The first iteration of the flange is shown in Figure 4.1. Since Ecoflex is

a platinum-catalyzed silicone material, it starts in a liquid form with a viscosity similar to honey

and hardens into a desired shape. A mold is needed to form the desired shape of the flange. The

mold is designed in SolidWorks, shown in Figure 4.2, and is 3D printed using PLA. The mold is

split up into three pieces to be able to remove the solid flange easily. The first component

includes the top and inside of the mold, as shown in purple in Figure 4.3. The cross-section of

the bottom parts of the mold can be seen clearly after 3D printing in black in Figure 4.3. As

shown in Figure 4.2, there are six holes along the edges that align the mold and hold it in place
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using small wooden dowels. The bottom of the mold is split into two parts and is also aligned

with wooden dowels. More images of flange and mold Iteration 1 can be found in Appendix C.1.

Figure 4.1: Flange Iteration 1 made out of Ecoflex 00-50.

Figure 4.2: SolidWorks model of flange mold Iteration 1 (bottom is split at Plane 2).
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Figure 4.3: Bottom half and top of flange mold Iteration 1.

Prior to pouring the material, the mold is coated in Universal Mold Release to make the removal

process easier. For the molding process, the two bottom halves of the mold are aligned and

attached first. The pieces are secured together with rubber bands. The design of the flange mold

requires the Ecoflex to be poured from the top of the mold, so it is necessary for the bottom of

the mold to be closed to hold the poured material. A controlled volume equal to that of the flange

of liquid Ecoflex 00-50 is poured into the bottom of the mold. Then, the top and inside of the

mold are pushed into the liquid to make the desired shape. An additional well to close the bottom

of the mold was added to the design to account for this process. The mold design also accounts

for an extra inch of overflow material at the top of the flange that will be trimmed after the

flange is set. This ensures the mold will not overflow. After the material is cured for three hours,

the bottom well is trimmed so that all that remains from the molded material is the desired shape

of the flange, with a hole all the way through the piece.

After the first flange was made, it was observed that the flange is too long to create a strong

enough suction around an average breast. The second iteration of the flange is shorter in length

and includes a lip around the wide opening as shown in Figure 4.4. This lip allows the flange to
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wrap around the outer housing of the pump and can be seen in the mold in Figure 4.5. This

ensures that Ecoflex is the only material coming in contact with the breast to provide optimal

comfort for the mother. The narrow end, or neck, of the flange, is made about 5 mm thinner in

order for the flange to deform more under pressure and to ensure the tongue actuator is felt on

the nipple through the flange. The shape of the flange is also made less round to create a tighter

fit to the breast and to maintain a sealed space for vacuum pressure to be applied.

Figure 4.4: Flange Iteration 2 made out of Ecoflex 00-50.

Figure 4.5: Bottom half of flange mold Iteration 2.
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In our final iteration, shown in Figure 4.6, the flange is more conical in shape in order to have a

tighter fit on the prosthetic breast. This is accomplished by reducing the length to help the flange

sit closer to the breast and improve sealing. Additionally, along the bottom part of the flange,

where the tongue actuator comes in contact with the flange, the flange thickness is thinner than

in other areas. With the flange thinner in the neck and along the bottom, the tongue actuator can

be felt better through the flange and be more effective at extracting milk. At this stage in the

design process, we decided to embed the heating plates into the flange to create a warm

compress. This was done by adding wells to hold the heating plates so that the heat could be felt

through the flange. These changes are highlighted in Figure 4.7. Some design features that did

not change from the previous iteration were the lip design, the widest diameter of the flange at

the location of the lip, and the narrow thickness of the neck. Due to supply shortages, Ecoflex

00-45 is used for the final flange. It has a close stiffness to Ecoflex 00-50 and a photo of it can be

found in Appendix C.2.

Figure 4.6: Flange Iteration 3 made out of Ecoflex 00-45.
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Figure 4.7: Bottom half and top of final flange mold.

4.1.2 Flange Testing

After making each iteration, we tested the fit and seal with the prosthetic breast shown in Figure

4.8 [22]. Mothers have various breast and nipple sizes so a final product would include several

different flange sizes, but for the purposes of this project, this prosthetic representing the average

size of a breast was used for testing an average flange size. We tested how tight the flange fit

onto the prosthetic breast by observing areas where there were gaps between the breast and

flange. Throughout our design process, we tried to minimize these gaps.

Figure 4.8: Prosthetic breast used for testing [22].
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4.1.3 Final Flange Design & Implementation

The final implementation of our flange design can be seen in purple in Figure 4.9. The flange is

attached to the triangle adapter using silicone sealant. The outer lip of the flange connects to the

PLA housing. The heating wells are filled with heating pads and insulation in order to warm up

the flange and create a comfortable interface for the mother.

Figure 4.9: SolidWorks model of flange implementation highlighted in purple.

4.2 Heating Element

The heating element serves several purposes in the Rhea Breast Pump. First, it simulates the

warmth of a baby’s mouth which is lacking in other pumps currently on the market. It is

hypothesized that the heating element will help produce a similar oxytocin release that occurs in

the natural nursing process. Additionally, the heating element serves as a warm compress for

pain relief. Many breastfeeding mothers suffer from ailments such as sore and cracking nipples,

clogged ducts, and infections such as mastitis. Warm compresses are common treatments for

these problems, so the heating element can help prevent and treat these common painful issues
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while also simulating the warmth of a baby’s mouth [16]. Furthermore, warm compresses can

dilate blood vessels and the lactiferous milk duct which increases milk production [17]. To

properly achieve the function of a warm compress, the heating element must reach and maintain

a desired temperature of 40ºC in a timely manner so that it is effective for an average length of

the 15-minute pumping session.

4.2.1 Heating Material Selection Process

For the first iteration of the heating element, the Adafruit EeonTex High-Conductivity Heater

Fabric was implemented into our flange design, as shown in Figure 4.10 [23]. This iteration,

including the connection of alligator clips to an Arduino Uno board and breadboard circuit, is

shown in Figure 4.11. This breadboard circuit has a potentiometer with the ability to turn on and

off the heat with a regulating dial and I/O switch. The alligator clips are also connected to a 9V

battery and to the cut-out portion of the heating fabric that could be adhered to the Ecoflex

flange. This iteration, unfortunately, did not work due to the battery not supplying enough

voltage to the fabric, in turn, causing the circuit to generate not enough heat to adequately warm

the Ecoflex material. Additionally, the heating fabric only heated up at the location of the applied

current. It did not uniformly distribute heat as well which was not ideal for this application.

Figure 4.10: Adafruit EeonTex High-Conductivity Heater Fabric - NW170-PI-20 [23].
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Figure 4.11: Arduino Uno, breadboard with potentiometer and I/O switch, heating fabric, and 9V

battery.

For the second iteration of the heating element, the Clayborn Pressure-Sensitive Heating Tape,

shown in Figure 4.12, was assessed with the goal of completely embedding the heating tape

inside the Ecoflex flange material. With the intention of creating a working prototype, a feedback

system with a thermocouple monitor was implemented. A power supply was not used due to its

apparent complexity with this application. This material was ultimately not used due to its

complexity and the fact that the tape was relatively stiff and difficult to implement into the final

flange design. Additionally, there was some concern that the wires might puncture the flange and

poke or burn the user.
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Figure 4.12: Clayborn Pressure-Sensitive Heating Tape.

The final material considered for the heating element was the Arduino-compatible heating plates

shown below in Figure 4.13 [24]. The plates are small, measuring 10 mm by 93 mm. They are

made of polyimide and require 12V and 12W of power per plate. They reach a maximum

temperature of 150ºC which is well above the required temperature of 40ºC. Since these heating

plates were small and flexible enough to be implemented into the flange while also reaching the

desired temperature quickly, they were selected for the final design.

Figure 4.13: Heating plates used in the final prototype [24].
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4.2.2 Heating Element Testing

Once the heating plates were selected as the material for the heating element, several

experiments were conducted to determine specific details for the final design and

implementation. The purpose of the first test was to determine the thickness of the flange wells

for the final flange design. This test was conducted by layering a heating plate on top of three

different thicknesses of Ecoflex, and the temperature across the Ecoflex was measured every 15

seconds for 90 seconds using a thermocouple. A diagram depicting the experimental setup is

shown below in Figure 4.14. The results of this experiment are given in Figure 4.15 with a

complete list of data points found in Appendix D.1.

Figure 4.14: Diagram of experimental setup to determine flange thickness.

Figure 4.15: Results of flange thickness test.
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The results of the flange thickness test showed that after approximately 70 seconds of heating,

the temperature across the 1.3 mm and 2.0 mm Ecoflex layers reached the target temperature of

40ºC. The thickest Ecoflex layer with a thickness of 2.5 mm did not reach the target temperature

within 90 seconds. Since the results of the two thinner layers were very similar, the thicker layer

was selected to maximize the durability of the flange. The final flange well thickness was chosen

to be 2.0 mm.

The second experiment was used to determine the best way to hold the temperature of the plates

constant at 40ºC while considering the effect of body heat on the recorded temperatures.

Additionally, this test sought to establish that adding layers of insulation would mitigate the

escape of excess heat from the heating plates to the interior of the breast pump casing. For this

test, modulated heating was employed in the hopes of maintaining a steady temperature at 40ºC.

The heating pattern began with an initial heating period of 15 seconds followed by a repeated

cycle of 10 seconds off and 5 seconds on that repeated 6 times. This experiment recorded

temperatures from two thermocouples every 15 seconds. The first thermocouple was placed on

top of two layers of insulation. Next, the heating plate was layered between the insulation and the

2.0 mm thick Ecoflex layer. The second thermocouple was placed between the Ecoflex and the

skin. A diagram of the experimental setup is shown in Figure 4.16, and a photo of the physical

experimental setup is shown in Figure 4.17. The results of the modulated heating test are shown

below in Figure 4.18 and the complete set of data points can be found in Appendix D.2.

Figure 4.16: Diagram of experimental setup for the modulated heating test.
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Figure 4.17: Photo of experimental setup for the modulated heating test.

Figure 4.18: Results of modulated heating test.
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From the results obtained, it is clear that the modulated heating system was successful in

maintaining a steady temperature of 40ºC. The thermocouple across the Ecoflex reached the

desired temperature after just over a minute of heating. Furthermore, it can be seen that the

insulation was successful in preventing excess heat from passing through which keeps the

interior of the pump as cool as possible.

4.2.3 Final Heating Element Design & Implementation

The SolidWorks model of the final implementation of the heating element is shown below in

Figure 4.19 in purple. Figure 4.20 shows a photo of the final implementation. In Figure 4.20,

three heating plates are placed in the flange wells and are behind one layer of insulation. For

clarity purposes, the second layer of insulation is not shown in the photo.

Figure 4.19: SolidWorks model of heating element implementation labeled in purple.
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Figure 4.20: Photo of heating element implementation.

The final implementation requires an initial heating period of 2 minutes, then a cycle of 10

seconds off, and 15 seconds on that repeats 31 times to fill the length of an average pumping

session. The discrepancy between the modulated heating test results and the final heating pattern

is due to the fact that there is a slight gap between the interior layer of the flange in the wells and

the heating plates were not anticipated during testing. This gap requires a longer initial heating

period to reach and maintain the desired temperature. In future design iterations, the flange wells

might be slightly redesigned to better fit the heating plates to prevent the gap and reduce the

initial heating period of the final design.
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Chapter 5:

Milk Extraction Subsystem
This chapter describes the biomimicry inspired design of milk extraction by using both

mechanical extraction and pressure differentials. This subsystem consists of two components: (1)

tongue actuator, (2) vacuum pump.

5.1 Milk Extraction by Tongue Actuator

In the natural nursing process, a baby creates mechanical motion through the movement of their

tongue which applies between 5-10 kPa of pressure to the nipple [10]. The goal of the tongue

actuator in the Rhea Breast Pump is to replicate this motion as closely as possible. A baby’s

tongue in the natural nursing process works in tandem with suction pressures to mechanically

extract milk from the breast. Current breast pumps on the market rely entirely on vacuum

pressure differentials to drive milk flow. Based on our research, our team hypothesizes that

mechanical extraction in addition to vacuum pressure will improve pumping efficiency while

implementing biomimicry technology.

5.1.1 Tongue Actuator Motor

Since a baby’s tongue moves cyclically, a rotary motor was selected to replicate this motion. To

justify the selection of the motor, several calculations were used to estimate the torque that a

baby’s tongue applies on the nipple. This torque was then compared to motors on the market

before the final motor selection. There is limited data available on the forces that a baby’s tongue

applies, so the force F was estimated from the pressure, p = 5 kPa, and the estimated contact area

A of a tongue. From this, it was determined that the force a baby’s tongue applies is

approximately 12.5 N.

(5.1)𝐹
𝑏𝑎𝑏𝑦

= 𝑝 · 𝐴
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Next, the torque T from a baby’s tongue was estimated from the estimated length of the tongue d

and it was found to be 4.08 kgf.cm.

(5.2)𝑇
𝑏𝑎𝑏𝑦

= 𝐹 · 𝑑

The complete calculations for these values can be found in Appendix F.1. A motor was then

selected based on this estimated torque, and the final motor has a rated torque of 3.97 kgf.cm

which is nearly identical to the estimated torque from a baby [25]. The force that the motor

applies from the end of the tongue actuator is 11.68 N. A photo of the motor is shown below in

Figure 5.1.

Figure 5.1: Photo of tongue actuator motor [25].

5.1.2 Tongue Actuator Design Iterations

For the tongue actuator, each design iteration was designed in SolidWorks and 3D printed out of

PLA. Initial prototypes of this design were modeled after a gear or cam, as seen below in Figure

5.2. The initial thought of this design was to have the actuator strike the nipple at a higher

frequency while minimizing the footprint of the design in the pump. However, this design was

not feasible long term because it was not thick enough to apply significant force. Additionally,

the shape was not similar enough to a tongue which did not satisfy the biomimicry requirements

of the project.
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Figure 5.2: SolidWorks model of four-spoke tongue cam actuator design.

A later iteration of the design included two tongue spokes mounted on one beam which would be

attached to the motor in the middle, modeled in Figure 5.3. This design is 8 cm long which is

much larger than the previous iteration. The tongue parts are shaped much more like a baby’s

tongue with a well in the middle of the top face in order to improve comfort for the user as the

actuator strikes the flange.

Figure 5.3 SolidWorks model of two-spoke tongue actuator design.

The final tongue actuator design is shown below in Figure 5.4. The actuator has one spoke on

which a tongue-like shape is attached, and its length was reduced to 3 cm. The motor spins the

actuator from the fixed end so that the tongue tip is the only part of the actuator making contact
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with the flange. The intention of this design is to simplify the timing process issues from the

previous iteration with two tongues. Additionally, the final design reduces the footprint of the

actuator to improve the wearability of the pump.

Figure 5.4: SolidWorks model of one spoke tongue actuator design.

5.1.3 Final Tongue Actuator Design & Implementation

The tongue actuator is located on the bottom of the flange at the narrowest part, seen in purple in

Figure 5.5.

Figure 5.5: SolidWorks model of tongue actuator implementation in the final design.
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It consists of a rotary motor and an attached 3D printed tongue that moves in time with the pump

to replicate the timing of a baby’s natural suckling pattern. It is secured to the casing in a 3D

printed support part that is shown in red in the photo of the final actuator design in Figure 5.6.

Figure 5.6: Final tongue actuator design.

In the final design, the printed tongue actuator is glued to the motor shaft which is secured by the

motor support. It rests on a shelf inside the casing to precisely place the motor at the desired

location. The tongue actuator is also lined with electrical tape to reduce friction from the tongue

tip on the flange as it strikes.

5.2 Milk Extraction by Vacuum

The vacuum pump is used to replicate the suction of a baby’s mouth during the natural nursing

process. We evaluated the current breast pumps on the market to gain a better understanding of

their milk extraction processes. These pumps only utilize vacuum pressure as a method in which

to extract milk. These pumps induce an average of 33 kPa of vacuum pressure [12]. Comparing

this value to natural nursing, the maximum pressure from a baby’s mouth is only around 25 kPa,

and the average pressure from a baby’s mouth is even smaller at around 7 kPa [11]. This

discrepancy between the pressure of a pump and the pressure from a baby’s mouth is due to the

fact that current breast pumps do not have any additional extraction forces to draw milk from the

breast to the collection area. Biomicry as a concept acknowledges that there are more forces
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imposed by a baby’s mouth that aid in extraction. This means the pumps need a much higher

vacuum pressure than in natural nursing.

Considering this, the DC micro vacuum air pump used in the Rhea Breast Pump, shown in

Figure 5.7, does not need to induce as much pressure as other breast pumps. While the maximum

vacuum level of the pump is 56 kPa, the applied vacuum pressure is only 17 kPa. Made of

premium aluminum and plastic, the pump is corrosion-resistant and durable. It is rated for 12 V

and has a maximum current of 400 mA. The micro pump is cylindrical in shape, being only 60

mm in length and 24 mm in diameter. This small size enables the breast pump to be wearable and

allows mothers to pump without having to be connected to a power outlet. Most importantly, the

pump is Arduino-compatible, which allows for easy control over the timing and power of the

pump to closely mimic a baby’s natural nursing rhythm. [26]

Figure 5.7: DC micro vacuum air pump [26].

5.2.1 Adapter Design Iterations

Another element of the vacuum pump system is an adapter that is used to connect the pump and

the flange. Each adapter includes a backflow protector, connected directly to the vacuum air

pump, to ensure that no liquid gets into the pump. Throughout the design process, the adapter

underwent multiple iterations to make the pumping process as efficient as possible. The first

adapter iteration is a large, half-dome-shaped vacuum chamber, highlighted in purple in Figure

5.8.

37



Rhea Breast Pump: Biomimicry Informed Design

Figure 5.8: SolidWorks model of large vacuum chamber adapter.

In this iteration, the pump, connected to a backflow protector, is located near the top of the

adapter. However, this design is too big and forces the pump to vacuum a very large amount of

air. To make the adapter smaller and better suited for our wearable pump, the second iteration of

the adapter is a small circular disk, shown in Figure 5.9.

Figure 5.9: SolidWorks model of small circular disk adapter.
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This design decreases the amount of air the pump must vacuum which makes it much more

efficient. However, the orientation of the backflow protector and pump provides weaker suction

than desired. This leads to the final adapter design which is the triangle adapter, seen in Figure

5.10.

Figure 5.10: SolidWorks model of triangle adapter.

In this design, the backflow protector is at an angle to provide the most suction, since it was

found after testing that the vacuum pump applies the highest amount of suction when it is angled

more directly towards the neck of the flange. Another notable element of this design is the

flange-to-adapter connection. In this final iteration, the flange is connected directly to the

triangle adapter, whereas in the first two iterations, a funnel was attached to the end of the flange,

and tubing was used to direct the milk to the adapter. The absence of tubing in the final design

decreases the volume of air to be vacuumed and takes up less space inside the pump. This

triangle adapter is a 3D printed piece that is completely separate from the housing. This makes it

easier to attach the backflow protector and flange and ensure everything is properly sealed. This

also allows for the manual placement of the adapter and pump, facilitating the assembly process.

39



Rhea Breast Pump: Biomimicry Informed Design

5.2.2 Vacuum Pump Testing

Due to liability and safety, no human trials could be conducted. As a result, testing was limited to

simplified methods. The vacuum pump was tested using three different techniques. In the first

test, the pump was attached directly to the flange using a funnel and tubing. The flange was then

placed over a silicone breast, shown earlier in Section 4.1.2 in Figure 4.8, and the pump was

turned on. Once the pump was turned on, the flange was observed to collapse down onto the

prosthetic breast which created a small compressive force. This indicated that the pump is able to

apply enough suction to create a tight seal around the breast so that milk can be extracted. This

silicone breast model, however, is solid and does not have the ability to store any liquid. To see

how milk would be extracted by the pump, MamaBreast was used [27]. It is a wearable medical

device that simulates lactating breasts and is used to help mothers practice breastfeeding. This

device is shown in Figure 5.11.

Figure 5.11: MamaBreast medical device [27].

In the second test, the MamaBreast was used in place of the silicone breast and the pump-flange

apparatus was kept the same. This test did not provide insightful results, however, due to the

limitations of the medical device. The material of the model does not closely mimic the feeling

of the skin, making it much harder to create a seal between the device and the flange. It is also

very difficult to extract the liquid from the device, even when using hand expression. As a result,

the device does not provide a very accurate model of a lactating breast.
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In order to test the vacuum pump and measure the vacuum pressure it applies, a small part was

designed in SolidWorks and 3D printed in PLA. This part fits perfectly into the flange and is able

to create an airtight seal. This allows us to connect a tube and negative pressure gauge to the part

and measure the applied pressure within the flange. This apparatus is shown in Figures 5.12 and

5.13.

Figure 5.12: Pressure gauge testing apparatus.

Figure 5.13: 3D printed part used to test applied vacuum pressure.

From this test, the applied pressure of the vacuum pump is found to be 17 kPa. This value falls in

the middle of our target range, explained in Section 1.3, of 13 to 20 kPa of vacuum pressure.
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This means the pump is able to initialize the flow of milk, while still being comfortable for the

mother.

5.2.3 Final Adapter Design & Implementation

The final design of the triangle adapter, backflow protector, and pump can be seen in Figure

5.14. In this design, the pump is connected to the backflow protector using tubing. This tubing

however is not shown in the figure for simplicity.

Figure 5.14: SolidWorks model of final pump and adapter design.
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Chapter 6:

System Integration & Testing
The flange, heating element, tongue actuator, and vacuum pump were integrated into the system

using circuitry that was completely encased in the housing.

6.1 Circuitry

After creating all of the physical designs, the vacuum pump and tongue actuator are integrated

using circuitry. As seen in the functional diagram in Figure 7.1, the pump and tongue actuator

work in tandem to increase milk yield. A detailed schematic of this circuit can be found in

Appendix E.1.

Figure 6.1: Functional diagram of vacuum pump and tongue actuator circuit.

An on/off rocker switch is used to turn on the circuit, initiating the pump and actuator cycles. In

one cycle, the pump and actuator turn on for 2 seconds and then turn off for 1.5 seconds. These

cycles are repeated with a 3-second pause every five cycles to simulate the swallowing of a baby.

This entire sequence is repeated 44 times to fill the length of an average pumping session which
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is about 15 minutes [21]. However, the nursing mother is able to stop the pumping session at any

time by turning the switch to the off position. The code for this circuit is shown in Appendix F.2

A DHT11 temperature and humidity sensor is also implemented in this circuit to monitor the

temperature inside the casing. It is coded to automatically turn off the circuit if the temperature

reaches a threshold of 50ºC. This value is based on the operating temperatures of the circuit

elements. The sensor is vital, as it keeps the pump and actuator from overheating, and ensures

the mother’s safety while she is pumping. The heating element is in a separate circuit, shown in

Figure 6.2. Refer to Appendix E.2 for a detailed schematic.

Figure 6.2: Functional diagram of heating element circuit.

As discussed previously, the results of various tests are used to determine the best timing of the

heating plates. These results show that modulated heating is the most effective method in

maintaining a steady temperature of around 40ºC with the technology we have available to us.

Accordingly, after the button is pressed, the heating plates are initially turned on for 2 minutes.

Once that period of heating is complete, the plates turn off for 10 seconds, then turn on for 15

seconds. These modulated heating cycles are repeated 31 times to fill the length of the pumping

session. The heating then automatically turns off until the button is pressed again. The code for

this circuit can be found in Appendix F.3. In future iterations, the heating plates could be

controlled by a potentiometer to provide a more customizable user interface and allow mothers to

adjust the heating to their desired temperature. This circuit could also be integrated into the pump
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and actuator circuit to minimize the number of electrical elements within the pump and allow for

the temperature sensor to turn off all of the circuitry components.

In both circuits, an Arduino Nano board is used to control the timing and power of each element.

The small boards are ideal for decreasing the weight and size of the pump, aiding in the wearable

design. Each circuit is powered by two 9V batteries– one powering the Arduino board and one

powering the individual elements. Since each Arduino board only provides a maximum of 5V,

each board is provided with 14V of power in total.

6.2 Housing

The housing underwent many iterations throughout the design process. The challenge of holding

all components and circuitry in a wearable design called for detailed plans for providing the

space for each component. A single 3D PLA print can be viewed in Figure 6.3 with an online 3D

rendering from a different vantage point found in Figure 6.4. The quarter sphere section which

holds the yellow bottle lid was created that size to hold the pump and backflow protector within.

The flat shelf located inside the housing serves as a stabilization platform for the motor in order

for it to impact the flange at the desired force and location. In the full assembly of the pump, the

motor stand was glued to this flat shelf. Further customization can be noted in the flat walls as

well as the width of the device. Those features were implemented to enable proper alignment of

the tongue actuator with the flange as well as the inclusion of the motor’s flat and large diameter

face. The curved bottom of the casing minimizes size while leaving the minimum space for the

tongue actuator to rotate a full three-hundred sixty degrees.

The opening, shown in Figure 6.3, was intentionally implemented for access to the inner devices

of the prototype to help with installation and adjustments to ensure the success of the technology.

Ideally, the final product would seal off all electronic circuits and permanent components from

the user’s access. The holes visible in Figure 6.4 hold the switch and button to activate the two

features and circuits respectively. Lastly, the flange sits around the circular lip, shown in Figure

6.4, in order to stabilize the Ecoflex flange while also ensuring the only skin interaction material

is the soft Ecoflex on the user. This opening is off-center in order to align with the tongue
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actuator placement in the casing which enabled the smallest possible dimensions of the current

iterations. Currently, these dimensions sit at approximately 13x14x15 cm.

Figure 6.3: 3D single PLA print of housing design showing the outer facing bottle connection

and accessibility opening.

Figure 6.4: SolidWorks model of casing showing the flange lip and interfacing side with a view

into the internal build of the device.
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6.3 Physical Assembly

The final prototype assembly can be seen in Figure 6.5. The left side of the photo shows the

flange lip for a visual representation of the side of the Rhea Breast Pump Prototype that

interfaces directly with the mother’s breast. Other components, observable from the outside,

include the milk bottle attached to the casing in front of the white Rhea logo plate. In

market-ready design, these would be the only accessible features to the user. The rest would

remain sealed and insulated away for safety purposes. This final prototype runs on a total of four

9V batteries. In an ideal and manufactured version of this prototype, a rechargeable battery

would be incorporated into the human interface to support the wearability aspect.

The 3D SolidWorks model rendering of the physical assembly is shown below in Figure 6.6. The

inner placement of components is clearly displayed in this image. Key orientations of respective

components include the alignment of the tongue actuator on the flange. Additionally, the

positioning of the neck of the flange into the triangle adapter proved successful in transporting

milk toward the bottle. This triangle adapter was the result of numerous iterations in

consideration of how it transports milk as well as in terms of how it exists within the housing. It

seals the opening connection between the bottle and the casing. It also seals the neck of the

flange. The triangle width and height were determined to fulfill these roles while taking up

minimal spacing in the case. The angle at which the backflow protector sits on the triangle was

also influenced by the minimal space held in the quarter-sphere casing. The angular position of

the backflow protector and pump also proved key in inflicting the pressure differential effects

onto the flange and breast tissue. This entire apparatus was secured to its respective interacting

parts as well as the casing with sealant glue.
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Figure 6.5: Full physical assembly.

Figure 6.6: SolidWorks model of physical assembly with a view of inner component placement.
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6.4 Prototype Testing

Testing the completed prototype was a challenging task since there are no adequate breastfeeding

prosthetics available on the market that simulated all the necessary components at once. For our

design, we required a prosthetic that was able to create a good seal to the flange, was the correct

size and shape, and had liquid flowing through to mimic milk flow. The silicone breast model

was adequate in creating a good seal and was the proper size, but it did not have liquid-flowing

capabilities [22]. Additionally, the nipple of the silicone breast model did not deform in the same

way that real breasts deform under pressure. The MamaBreast medical device was able to

produce a milk flow, but the fabric material prevented a proper seal from forming which made it

impossible to test the vacuum pump capabilities of the product [27]. Some homemade prosthetics

such as a latex glove filled with water were also tested, but those results were also not

meaningful since it was difficult to properly test all elements of the breast pump at once. Due to

these challenges, our group focused our efforts on testing individual components instead.
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Chapter 7:

Analysis & Modeling
Modeling is necessary to better understand the milk extraction process and the interaction

between the breast tissue and the flange. Hand calculations and FEM software are employed for

these purposes.

7.1 Theoretical Modeling

In order to gain a better understanding of the milk extraction process, analysis through simplified

pressure gradient modeling is carried out. This modeling is used to analyze how the pressure

gradient produced by the pump drives the milk flow and milk extraction. In Figure 7.1, a

simplified model of the breast and flange can be seen, along with a line representing the pressure

P within the model.

Figure 7.1: Simplified breast and flange model.
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The governing equation, Darcy’s Law (Eq. 7.1), can be used to understand how milk is extracted

by vacuum [28]. This equation is a measurement of the flow rate Q, where K is the conductivity

of the material and A is the area.

(7.1)𝑄 =− 𝐾𝐴 𝑑𝑃
𝑑𝑥

From this equation, it can be seen that the milk flow rate is directly proportional to the pressure

gradient which drives the milk extraction. Considering this, the factors that contribute to𝑑𝑃
𝑑𝑥

pressure gradient and therefore what factors affect milk extraction and flow rate are analyzed

further. The focus of this analysis is the pressure gradient along the centerline of the breast. This

allows the breast to be approximated as a flat, semi-infinite porous-elastic solid with a negative

pressure applied at the flange boundary [13]. This model is shown in Figure 7.2.

Figure 7.2: Flat breast and flange boundary model.

From the classic solution of a stress field by a point load, the pressure at point R in the model can

be found (Eq. 7.2) [29].

(7.2)𝑃(𝑟
→
) = ∆𝑃

2π (θ
1

− θ
2
)

In this equation, ∆P represents the pressure differential due to the applied vacuum and θ is the

angle from the horizontal flange boundary. Using this equation, the pressure distribution along
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the centerline of the breast can be evaluated for various flange sizes and plotted to visually

represent the pressure within the breast. The pressure distribution plot, evaluated at 17 kPa of

vacuum pressure, is shown in Figure 7.3. In this plot, the uniform atmospheric pressure is

removed, making the atmospheric pressure equal to 0 MPa. A detailed table of this data can be

found in Appendix G.1.

Figure 7.3: Plot of pressure distribution along centerline of breast for 3 flange sizes.

The pressure distribution is calculated for three different flange sizes: 60 mm, 75 mm, and 100

mm. These flange sizes are chosen to evaluate how the flange of the Rhea Breast Pump, at 100

mm in diameter, compares to the flanges of current breast pumps on the market like Medela and

Willow, at 60 mm and 75 mm respectively. From this plot, it can be seen that for a fixed vacuum

pressure, the vacuum effect is able to penetrate deeper into the breast as the flange size is

increased. This analysis supports the use of a larger flange size in the Rhea Breast Pump.

To find the pressure gradient along the surface of the breast, the derivative of Eq. 7.2 can be

taken with respect to the distance beneath the surface x (Eq. 7.3).
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(7.3)
𝑑𝑃
𝑑𝑥 =− 4∆𝑃

π𝐿

From this equation it can be seen that the pressure gradient is directly proportional to the

pressure differential ∆P. This means that for a given flange size L, as the pressure differential is

increased, the pressure gradient increases, and the milk flow rate is increased. Therefore, it can

be concluded that the milk flow rate is linearly proportional to the pressure differential. However,

this result is conflicting with the previous analysis, indicating that a smaller flange size increases

the pressure differential. Ultimately, the role of flange size must be further studied using FEM

analysis.

7.2 COMSOL Multiphysics Modeling

COMSOL Multiphysics is a finite element analysis application software that provides a

comprehensive environment for solving complex scientific and engineering problems. One of the

areas of application of this software is solid mechanics. This module is designed to provide users

with tools for modeling and simulating the mechanical behavior of solid materials under different

loads and deformations. Within this module, users can simulate a wide range of solid mechanics

phenomena, including von Mises stress analysis, deformation analysis, and displacement

analysis.

One of the main features of the solid mechanics module in COMSOL Multiphysics is the ability

to model and simulate nonlinear material behavior. Nonlinear material behavior is common in

many real-world applications, and it can significantly affect the performance and safety of

structures and components. Another significant feature of the solid mechanics component is the

ability to visualize simulation results. The software includes post-processing tools that allow

users to analyze and understand simulated data. Users can create animations, graphs, and other

visualizations to help them understand the behavior of solid materials under different loads and

deformations.

COMSOL Multiphysics is used to quantify the behavior of deformation and displacement

between the Ecoflex-molded flange and human breast tissue in a two-dimensional format. For
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this quantification of data, locating the correct areas of fixed constraint, boundary load, free

points, and contact points are critical to the accuracy of the results output from this application.

Displacement analysis plays a crucial role in understanding the behavior of the physical system

of the breast tissue and the Ecoflex flange [13]. It can provide valuable insight into the

deformation and movement of an actual human breast which is an extremely important

component of the experimentation process of the Rhea Breast Pump. COMSOL Multiphysics

offers an extensive range of tools and capabilities for studying displacement phenomena.

7.2.1 Material & Geometrical Parameters of Model

Figure 7.4: Physiological model of breast tissue [30].

A physiological model of a breast is shown above in Figure 7.4. Breast tissue contains

components such as muscle, adipose fat, milk ducts, and lobules. A breast is a complex structure

and can be classified as a non-homogeneous material with multiple layers possessing both

viscous and elastic properties. A simple two-dimensional model of the adipose fat layer with the

other breast components modeled as a hollow cavity serves as the basis for the COMSOL

Multiphysics model. This is used to model the deformation characteristics of the fat tissue under

a vacuum.
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The intention of modeling this in COMSOL Multiphysics is to establish a preliminary model of

breast deformation associated with our design of Rhea. It is important to note that this model

does not examine every aspect of our design thoroughly, as the iterations of COMSOL

Multiphysics modeling will soon prove to be useful. A graphical representation of this COMSOL

Multiphysics two-dimensional model is shown below in Figure 7.5.

Figure 7.5: COMSOL Multiphysics two-dimensional model representation of the interaction

between the breast tissue and Ecoflex-molded flange.

The outer layer of breast tissue is the light brown section, this is also known as the adipose fat

layer, and the soft flange is the purple section. The points of fixed constraint are shown in black

from sections i to iv and the gap variable used is the section between the flange and breast tissue

indicated with blue arrows. In this situation, the negative pressure is applied to both the breast

tissue and flange which is illustrated as the grey dotted area shown.

7.2.2 Comparison of a Rigid & Soft Flange

The model in Figure 7.5 is analyzed through COMSOL Multiphysics for two different rigidities

of the flange, as seen in Figure 7.6 and 7.7. These are 2D-planar models with the use of a simple
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linear elastic material model and a single mesh. Material properties for the flange material used

and other polymers for reference are shown in Appendix G.2. The two models in Figure 7.6 use a

rigid flange material whereas the models in Figure 7.7 use a soft flange material. The amplitude

of the vacuum pressure is varied from 20 to 40 kPa and the gap length is constant for all models

at 0.8 cm. This value characterizes the space between the breast tissue and the flange and is an

approximation of the gap length measured when Rhea is in contact with the silicone breast [22].

Figure 7.6: COMSOL Multiphysics model of rigid flange material for 20 kPa and 40 kPa.

Figure 7.7: COMSOL Multiphysics model of soft flange material for 20 kPa and 40 kPa.

Figure 7.6 and 7.7 shows the displacement in the x-direction. As seen for a rigid flange material,

there is no flange deformation which allows the breast to deform freely under a vacuum. For a
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soft flange material, the flange deforms into the breast which is shown by the flange movement

in the figure. These areas of deformation are indicated in dark blue, showing a displacement of

0.1 cm in the negative x-direction. Consequently, the flange applies compressive forces to the

breast for a soft flange material. This compression could potentially be beneficial and be used to

improve milk extraction, so this was explored with further analysis.

7.2.3 Model of Breast Tissue Displacement

In this model, the vacuum on the breast tissue and on the flange is controlled separately. As seen

in Figure 7.8 below, the breast vacuum is zero and the flange vacuum is varied from 10 to 50 kPa

at 20 kPa intervals. The gap length used in these models is constant at 0.4 cm in order to

illustrate a much clearer displacement. It is evident in these models that flange deformation alone

causes a significant deformation of the breast tissue.

Figure 7.8: COMSOL Multiphysics model when flange vacuum is 10, 30, and 50 kPa.
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Figure 7.9: Arc Length vs. Displacement Field (x-component).

The line plot in Figure 7.9 represents the displacement of breast tissue along the external

boundary for the COMSOL Multiphysics model. There is a considerable amount of compression

of the breast tissue along the arc at the 3 cm and 12 cm points. Additionally, in the middle of the

breast tissue where the nipple is located, there is the highest positive displacement in the

x-direction. This can clearly be seen in the red portion in Figure 7.8 and as the highest amplitude

in the line plot in Figure 7.9. This compression could be used to increase milk extraction

efficiency because the soft flange is free to collapse on the breast and apply these compressive

forces.
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7.2.4 Conical Modeling of the Breast Tissue & Flange Interaction

Figure 7.10: COMSOL Multiphysics conical-shaped Flange at 30º, 40º, and 50º at 30 kPa.

In order to provide further geometrical models to account for the final flange shape, three

different conical models were created with COMSOL Multiphysics. Figure 7.10 shows

displacement in the x-direction for an applied pressure of 30 kPa and varying flange angles of

30º, 40º, and 50º from a vertical y-axis. As the flange angle increases, the displacement in the

center of the breast tissue increases, and the flange displacement in the negative x-direction,

shown in blue, decreases. These angle differences, especially as they get higher, are significant as

they help us better understand the movement of the breast, and therefore the subsequent

characterization of milk extraction. This means that milk extraction can be potentially increased

when breast displacement increases.
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Chapter 8:

Professional Issues & Constraints
Professional issues that exist beyond the design process are cleanability, wearability, and

manufacturability. These elements are lacking in our design, but would be addressed in a final

prototype. They will be discussed in more detail throughout this chapter.

8.1 Cleanability

Cleanability is an essential aspect of a breast pump. In a final product, cleanability must be

thoroughly accounted for, especially because the Center for Disease Control and Prevention

issued a report in March of 2023 “urging parents and caregivers to carefully clean and sanitize

breast pump equipment, after an infant died last year from a rare bacterial infection linked to a

contaminated breast pump” [31]. Breast pumps must be washed multiple times a day so it is

important that this process is as quick and easy as possible. However, despite our best efforts, we

struggled to create a fully cleanable breast pump for our project due to design and material

constraints. Ideally, in a final product, all parts that come in contact with milk would be

removable and dishwasher safe to ensure proper sanitization. In future work on this project,

cleanability must be seriously considered and efforts to make cleaning easier should be

prioritized, such as making the flange removable.

8.2 Wearability

The final prototype is approximately 13x14x15 cm in size and weighs 0.45 kg. Ideally, a

wearable device would be lighter and more compact in size. Future improvements for wearability

could include a redesign of the tongue actuator to not require a full 360° rotation in order to

condense space. Also, a custom milk collection cup in a shape that better conforms to the casing

could be implemented. Ultimately, wearability holds a high priority in design considerations

because of the benefits it provides to the user. The ability to pump hands-free and without being
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tied to an outlet allows mothers an increased degree of autonomy and independence. Whether

they are returning to work or have demands to fulfill personally, mothers will be empowered to

do more of what they hold as valuable without the guilt felt from the experience of having to

prioritize nursing with the stressors of life.

8.3 Manufacturability

A mass production of the Rhea Breast Pump for the market would require large-scale

manufacturing processes. Key elements to produce would include the flange with ideally

multiple size offerings to expand customization for the client, condensed circuitry, the

implementation of a rechargeable battery and charging cord, and a variety of aesthetic options for

the housing. Some housing variations could include customizable colors including a wide

assortment of skin tone shades. In future iterations, we would focus on designing for

manufacturability.
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Chapter 9:

Impact & Engineering Standards
Engineering standards are necessary to consider throughout the design process. These standards

include the environmental impact of the product, ethical considerations, professional guidelines,

and the safety of the device.

9.1 Environmental Impact

The Rhea Breast Pump, like other breast pumps, helps to support breastfeeding mothers by

offering convenience and flexibility. However, it is critical to examine the environmental impact

associated with the production, usage, and disposal of breast pumps as breast pump companies

like Medela have [32]. Soft silicone parts cannot be recycled, however, bottles and bottlenecks,

bottle sealing discs, bottle caps, valves, and the backflow protector casing can all be recycled

[33]. The environmental implications of breast pumps like Rhea are understandably important to

the consumer who values sustainable infant feeding practices in order to minimize the ecological

footprint.

9.1.1 Energy Consumption Concerns

The Rhea Breast Pump relies on four 9V batteries to operate and two circuits, so the total life

cycle environmental costs of producing, using, and disposing of this equipment are of concern

[34]. Using rechargeable batteries or exploring other renewable energy sources for powering the

Rhea Breast Pump are some of the potential strategies for reducing energy consumption. This is

something that can be implemented in further iterations of the design and is a solid goal for the

product before it can go on the market.
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9.1.2 Considerations of Waste Generation

Additionally, some breast pumps generate waste, sometimes in the form of disposable parts,

packaging materials, and discarded breast milk containers. The accumulation of this waste

production means exploiting energy sources and leaving a large carbon footprint [35]. To

minimize the use of single-use breast milk storage bags that go into landfills, the Rhea Breast

pump contains reusable parts such as a bottle that can be screwed and unscrewed for cleaning

purposes [36]. Also, the lifespan and durability of breast pumps influence their environmental

impact. Longer-lasting and more durable breast pumps reduce the need for frequent

replacements, thereby reducing resource consumption and waste generation.

9.2 Ethical Considerations

9.2.1 Designing with Empathy

Despite the significant healthcare advances in the past few decades, there is still a wide gap in

research and treatment in women’s health, such as maternal and menstrual health [37]. As an

all-female team, we are passionate about bridging that gap. Through extensive online research

and interviews, we found many problems with the existing breast pump options. Most

importantly, they are uncomfortable, not as effective as breastfeeding, and hard to fit each

mother. We found that collecting the highest yield of milk is most important to mothers and we

believe, based on research, that mimicking the natural nursing process will lead to the highest

milk collection. The Rhea Breast Pump combines features, designs, and materials all with the

intention to alleviate these issues.

Ultimately, this device is intended to provide comfort to new mothers during a wonderful, but

stressful transition in their life. It empowers mothers by helping them maintain their

independence and individuality while raising children. Considering the rights lens from “A

Framework for Ethical Decision Making,” all humans have dignity and the ability to choose

freely what they do with their lives [38]. Women, a marginalized group, deserve to be treated as

an end in themselves rather than a means to an end. For these reasons, our product is centered

around user experience and comfort in addition to maximizing milk production. We differ from

63



Rhea Breast Pump: Biomimicry Informed Design

other brands on the market because we consider our customer’s needs as the top priority in

design. When we embarked on the journey of project brainstorming and selection, each member

of our team was shocked to find how little innovation in the breast pump industry considered the

mother’s holistic experience. From loud pumps to painful amounts of pressure inflicted, it

appears on the surface that no modular breast pump solution has challenged itself to go above the

bare minimum in a goal to accommodate the mother. We refused to settle for achieving the bare

minimum outcome of a pump’s function.

9.2.2 BSEM Guidelines

In addition to prioritizing the customers in our design, this project is beneficial for emphasizing

the ethical responsibilities of an engineer. Considering the BSEM ethical guidelines, it is

important for us as engineers to promote the accessibility of biomedical technology [39]. For the

purposes of our project, this means testing out different shapes and sizes to accommodate any

person who might use our device. We hope for our breast pump to be completely size-inclusive,

meaning that the ideal final product will have several different flange sizes available

commercially. Additionally, in later prototypes of the Rhea Breast Pump, human testing will be

necessary before going to market. The BSEM guidelines state that during human testing, human

subjects must be treated as “intrinsically valuable rather than instrumental in service of research

and development goals” [39]. At all stages of the testing and development process, our goal as a

team is to serve our customers as well as possible in order to create the best product. Our group

mission has always been to benefit women’s healthcare by designing for their needs and comfort;

that mindset would not stop at the human testing stage where our product will be tested on the

same women we want to serve.

9.2.3 ASME Guidelines

The ASME ethical guidelines have also proven helpful in our design process as we navigate the

skills needed to be a good engineer. One in particular that we have tried to prioritize in this

project is the need to consider environmental impact and sustainable development in design [40].

In order to create the most sustainable design possible, we have tried to limit the use of

single-use plastics.
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9.2.4 Future Opportunities to Reinforce Ethical Features

While our aim is to design the Rhea Breast Pump as ethically as possible, we must also

acknowledge the ethical pitfalls in our project. One of the most apparent challenges our project

must face includes testing on humans. Biomedical research involving the participation of humans

requires extensive amounts of time to carry out the tedious process of getting approval from the

National Institutes of Health (NIH) for a clinical trial. Once granted approval, the researchers

must ensure the proposed trials meet the NIH’s rules and regulations, requiring even more time

and resources. Additionally, biomedical research involving human testing includes several

ethical implications. These implications may compromise “such values as dignity, bodily

integrity, autonomy, and privacy” [41]. Accordingly, in all clinical trials and research that

involves humans, it is essential that humans come first. The safety, integrity, and privacy of the

test subjects must be the top priority and should not be put at risk. Without human testing and the

feedback we would receive from the same women we intend to serve, it cannot be confirmed

through feedback that the Rhea Breast Pump design has achieved solutions to the challenges we

have taken on through our design.

A secondary challenge that our project faces is the price. Our original aim was to ensure our

pump is accessible to all mothers by keeping the price as low as possible. However, despite our

best intentions, the Rhea Breast Pump may be just as expensive as existing pumps on the market

due to its additional heating and tongue actuator features. As a result of this raised price, our

pump may not be as easily accessible for mothers of lower socioeconomic status, limiting the

number of mothers we are able to serve. For example, mothers in impoverished countries may

not be able to afford Rhea. In future designs, this issue could be tackled and the price could be

decreased by finding cheaper materials and more cost-effective manufacturing techniques. This

would allow for more accessibility and enable more mothers to be able to pump.

9.3 Health & Safety

The top priority in regard to the Rhea Breast Pump is the health and safety of mothers using the

device. Rhea should be a comfortable and proper fit in order to prevent discomfort, pain, and

potential damage to breast tissue or nipple. Rhea must also fit properly to create a positive
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pumping experience and reduce the risk of injury. Our design only allows the breast tissue to

come into contact with the soft Ecoflex material to keep the mother safe from the other

components. Additionally, there is a safety sensor to ensure that the Rhea breast pump never gets

too hot. This ensures that the breast tissue will never get burned or cause additional discomfort.
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Chapter 10:

Conclusion & Outlook
As a team, we began our project with an interest in the fluidic extraction of breast pumps. It was

not until we put the user at the center of our brainstorming that our project came to life. This led

us to implement a pump, actuator, and heating element into a biomimicry-guided design.

Research, analysis, and many iterations guided us to our final functioning prototype that

combined all devices into a wearable experience.

Looking forward, we would like to expand our design by using more expansive knowledge of

fluidic milk extraction, not just from the nipple outward but from the entire nursing biology of a

human breast. Additionally, the pursuit of a patent for the combination of technology we

produced could establish legal backing for those involved with the design to build on it further in

the future. Regardless of the future endeavors of our group, each member will carry this

experience forward with them as a valuable reminder to design with empathy and advocate for

underrepresented needs in the work we contribute to as engineers.
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Appendix A:

Detailed Project Budget

A.1 Cost of Research & Development

Table A.1: Research & design the total budget with links

Items Unit Price Quantity Total Cost

Breastfeeding Simulator $299.00 1 $299.00

Pump $8.99 1 $8.99

Ecoflex 00-50 $34.49 1 $34.49

Universal Mold Release $21.69 1 $21.69

Breast Model Amazon $39.99 1 $39.99

Linear Actuators $28.99 1 $28.99

Backflow Protector $18.99 1 $18.99

Heater Fabric $14.95 1 $14.95

Bottle Collar Rings $15.99 1 $15.99

5 oz Bottles $15.32 1 $15.32

Transistors $18.99 1 $18.99

Ecoflex 00-45 $38.80 2 $77.60

Tubing $7.59 1 $7.59

Super Glue $2.86 2 $5.72

Backup Pumps $8.99 2 $17.98

Aligator Clips $4.99 1 $4.99

Glue Remover $6.90 1 $6.90

Battery Clips $6.99 1 $6.99

Baby Formula $16.15 1 $16.15

Backup Motors $9.68 1 $9.68

Pliers $6.59 1 $6.59

Backflow Protector $18.99 1 $18.99

9V Batteries $12.17 1 $12.17

Electrical Tape $2.99 1 $2.99

Epoxy $5.54 1 $5.54

Multimeter $11.99 1 $11.99

Circuit Wires $12.99 1 $12.99

New Motor 1 $9.27 2 $18.54

A-1

https://shop.laerdalglobalhealth.com/product/mamabreast/
https://www.amazon.com/Eilumduo-Air-Pump-Treatment-Instrument/dp/B0894CD5NX/ref=sr_1_5?keywords=arduino+air+pump&qid=1674672948&sprefix=arduino+air+p%2Caps%2C159&sr=8-5
https://www.amazon.com/dp/B00GJ80HIC/
https://www.amazon.com/Smooth-Universal-Mold-Release-fl/dp/B004BNHLOK/
https://www.amazon.com/iplusmile-Lactagogue-Breastfeeding-Educational-22x13x10cm/dp/B095H1B4SV/ref=d_pd_day0_sccl_3_1/139-3815541-0176149?pd_rd_w=W4zL8&content-id=amzn1.sym.8ca997d7-1ea0-4c8f-9e14-a6d756b83e30&pf_rd_p=8ca997d7-1ea0-4c8f-9e14-a6d756b83e30&pf_rd_r=2V1MGN7Z39NE30AMQZMG&pd_rd_wg=RcS5z&pd_rd_r=9f13ef8d-4c16-4d02-a08c-e7a0cd65bb5e&pd_rd_i=B095H1B4SV&th=1
https://www.amazon.com/Electric-High-Speed-sec-Weight-Intelligent-Automation/dp/B07ZJ4XJZP/ref=asc_df_B07ZJ4XJZP/?tag=&linkCode=df0&hvadid=416773949682&hvpos=&hvnetw=g&hvrand=1912510808848301763&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9032135&hvtargid=pla-872366000388&ref=&adgrpid=95471658218&th=1
https://www.amazon.com/Maymom-Protector-Compatible-Breastpump-Accessories/dp/B01BREQFMY/ref=sr_1_3?crid=1VDY6GCMXZMFL&keywords=elvie%2Bbackflow%2Bprotector&qid=1675279710&sprefix=elvie%2Bback%2Caps%2C129&sr=8-3&th=1
https://www.adafruit.com/product/3670
https://www.amazon.com/Collars-MEDELA-Bottle-Nipple-Rings/dp/B01MD1AHKX/ref=sr_1_4?crid=AW8S05YW4MZP&keywords=medela+soft+cup+collar&qid=1675965217&sprefix=medela+soft+cup+%252Caps%252C156&sr=8-4
https://www.amazon.com/Medela-Breast-Nipples-Collars-without/dp/B000WPVCQE/ref=sr_1_8?crid=27ZGCQR0HKIGR&keywords=5+oz+baby+bottles+thin&qid=1675963420&sprefix=5+oz+baby+bottles+thin%252Caps%252C141&sr=8-8
https://www.amazon.com/BOJACK-IRFZ44N-IRF510N-transistors-Assortment/dp/B082J3F8HJ/ref=sr_1_9?crid=YZLV1ECM3AOO&keywords=nmos+transistor&qid=1676319191&sprefix=nmos+tra%2Caps%2C338&sr=8-9
https://www.amazon.com/Ecoflex-00-45-Near-Clear-Exceptionally/dp/B09M8Y9PTV/ref=sr_1_2?crid=1TW7C4M8YJJ9C&keywords=ecoflex%2B00-45&qid=1677007033&s=arts-crafts&sprefix=ecoflex%2B00-45%2Carts-crafts%2C199&sr=1-2-catcorr&th=1
https://www.amazon.com/Feelers-Silicone-Silicon-Brewing-Winemaking/dp/B093F6RR5C/ref=sr_1_3?crid=2COR14PKOWFE5&keywords=1%2F4%2Bin%2Bfood%2Bsafe%2Bclear%2Btubing&qid=1677106722&sprefix=1%2F4%2Bin%2Bfood%2Bsafe%2Bclear%2Btubin%2Caps%2C597&sr=8-3&th=1
https://www.amazon.com/Loctite-1364076-Super-Squeeze-Liquid/dp/B0006HUJCQ/ref=sr_1_4?crid=3EC9BBJ2YG3MN&keywords=superglue&qid=1678062575&sprefix=superglu%252Caps%252C152&sr=8-4&th=1
https://www.amazon.com/dp/B08LZP6RKT/ref=sspa_dk_detail_2?psc=1&pd_rd_i=B08LZP6RKT&pd_rd_w=9Wm1V&content-id=amzn1.sym.56b6d1e1-8781-4e32-a7bc-5298ad4b88ac&pf_rd_p=56b6d1e1-8781-4e32-a7bc-5298ad4b88ac&pf_rd_r=GS8G1JZBEVYM1BMM9MSX&pd_rd_wg=lU3qz&pd_rd_r=e29be603-fa0d-4954-855f-06408e163f80&s=sporting-goods&sp_csd=d2lkZ2V0TmFtZT1zcF9kZXRhaWwy&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExV0NZSzUxS0FESTQyJmVuY3J5cHRlZElkPUEwMDY2Njc2MlpOTjlXV1pTNENBVCZlbmNyeXB0ZWRBZElkPUEwNzc4NTAyM1FMMVlPV1YzSjVaUCZ3aWRnZXROYW1lPXNwX2RldGFpbDImYWN0aW9uPWNsaWNrUmVkaXJlY3QmZG9Ob3RMb2dDbGljaz10cnVl
https://www.amazon.com/Alligator-Electrical-Crocodile-Connector-Connection/dp/B096S2JXYW/ref=sr_1_2_sspa?keywords=alligator+clips&qid=1678135454&sr=8-2-spons&psc=1&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExNTcyUlJUNlFaUjNGJmVuY3J5cHRlZElkPUEwMjU3MTc4MU9SOEE5RlpaQ1EzSSZlbmNyeXB0ZWRBZElkPUEwMTQ5NDMyMTVOODRFRzNHRDY4UyZ3aWRnZXROYW1lPXNwX2F0ZiZhY3Rpb249Y2xpY2tSZWRpcmVjdCZkb05vdExvZ0NsaWNrPXRydWU=
https://www.amazon.com/Goof-Off-FG678-Remover-Strength/dp/B07NP8NZ5F/ref=sr_1_3?keywords=hot+glue+dissolver&qid=1678135668&sr=8-3
https://www.amazon.com/Battery-Connector-I-Type-Plastic-Housing/dp/B07TRKYZCH
https://www.amazon.com/Babys-Only-LactoRelief-Toddler-Formula/dp/B001U2HRLM/ref=sr_1_2?crid=364A91K2MY5W0&keywords=baby+formula+powder&qid=1678136536&refinements=p_36%3A1253498011&rnid=386430011&s=baby-products&sprefix=baby+formula+pow%2Cbaby-products%2C218&sr=1-2
https://www.amazon.com/Gikfun-Miniature-Motors-Arduino-Projects/dp/B07SQXRSNR/ref=sxin_17_ci_mcx_mi_sr_m_il?content-id=amzn1.sym.628beb02-7a42-4f70-8d1a-a780fab5eff1%3Aamzn1.sym.628beb02-7a42-4f70-8d1a-a780fab5eff1&cv_ct_cx=Mini+DC+Motor&keywords=Mini+DC+Motor&pd_rd_i=B07SQXRSNR&pd_rd_r=41e3a51e-21f8-45ef-8ae2-345c235e6493&pd_rd_w=0ECZr&pd_rd_wg=zkhVP&pf_rd_p=628beb02-7a42-4f70-8d1a-a780fab5eff1&pf_rd_r=M19S653GBBC9NV6NHDM6&qid=1678217158&sr=1-1-9eb59ba4-cd99-4f87-9222-b322340b23c8
https://www.amazon.com/Wire-Cutter-Precision-Electronics-Aluminum/dp/B0829TBFKN/ref=sr_1_20?crid=3G8876OV7917Z&keywords=slanted%2Bpliers%2Bfor%2B3d%2Bprinter&qid=1678599406&sprefix=slanted%2Bpliers%2Bfor%2B3d%2Bprinter%2Caps%2C136&sr=8-20&th=1
https://www.amazon.com/Maymom-Protector-Compatible-Breastpump-Accessories/dp/B01BREQFMY/ref=sr_1_3?crid=1VDY6GCMXZMFL&keywords=elvie%2Bbackflow%2Bprotector&qid=1675279710&sprefix=elvie%2Bback%2Caps%2C129&sr=8-3&th=1
https://www.amazon.com/Amazon-Basics-Performance-All-Purpose-Batteries/dp/B00MH4QM1S/ref=sr_1_2?crid=1LAJWQI4PY85P&keywords=9%2Bvolt%2Bbattery&qid=1678656480&rdc=1&sprefix=9%2Bvoot%2Caps%2C221&sr=8-2&th=1
https://www.amazon.com/Scotch-Electrical-Tape-4-Inch-66-Foot/dp/B001ULCB1O/ref=sr_1_5?crid=1BU7IPOVTW5ZT&keywords=electrical%2Btape&qid=1678665901&sprefix=electrical%2Btape%2Caps%2C402&sr=8-5&th=1#
https://www.amazon.com/J-B-Weld-ClearWeld-Syringe-25mL/dp/B07D1NX76J/ref=sr_1_4?crid=39HZN59X8W87I&keywords=epoxy&qid=1678667069&s=industrial&sprefix=epoxy%2Cindustrial%2C199&sr=1-4&th=1
https://www.amazon.com/AstroAI-Digital-Multimeter-Voltage-Tester/dp/B01ISAMUA6/ref=sr_1_1_sspa?keywords=voltmeter&qid=1678667454&sr=8-1-spons&psc=1&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUEyTUZEVUhMSVBDRUU4JmVuY3J5cHRlZElkPUEwMTAzNzk0N0gzU0hHOVg5OU1KJmVuY3J5cHRlZEFkSWQ9QTA2NjMyMzMxQkY4WEM3SlBFWEoyJndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ==
https://www.amazon.com/AUSTOR-Lengths-Assorted-Preformed-Breadboard/dp/B07CJYSL2T/ref=asc_df_B07CJYSL2T/?tag=hyprod-20&linkCode=df0&hvadid=312209999515&hvpos=&hvnetw=g&hvrand=8942264617071260027&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9032151&hvtargid=pla-569895146522&psc=1
https://www.amazon.com/Yosoo-Torque-Electric-Gearbox-Diameter/dp/B01J1A5HZM/?_encoding=UTF8&pd_rd_w=ZIHBy&content-id=amzn1.sym.bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_p=bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_r=7Z5Q0P6N6S4APNFD4FM5&pd_rd_wg=vMqAb&pd_rd_r=f225e61a-c03b-4fc0-bea5-fe6b398a197f&ref_=pd_gw_ci_mcx_mr_hp_atf_m
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Items Unit Price Quantity Total Cost

New Motor 2 (24V and 120 rpm) $14.99 1 $14.99

New Motor 3 (12V and 50 rpm) $14.99 1 $14.99

Screws $9.49 1 $9.49

Arduino Nano $22.99 1 $22.99

Thermal Glue $11.99 1 $11.99

Mini Soldering Board $8.99 1 $8.99

Electric Hand Warmers $24.99 2 $49.98

Backflow Protector $18.99 1 $18.99

Freeze Spray $38.99 1 $38.99

New Motor 3 (12V and 50 rpm) $14.99 1 $14.99

Heater Fabric $14.95 1 $0.00

Insulation $17.95 1 $17.95

Temperature Controller $7.99 1 $7.99

Heating Plate $16.59 1 $16.59

Long Heating Plate $11.99 1 $11.99

Battery Clips $6.99 1 $6.99

Diodes $4.90 1 $4.90

Soldering Kit $14.85 2 $23.98

Arduino Nano $22.99 1 $22.99

9V Batteries $12.99 1 $12.99

M/F Wires $6.98 1 $11.99

Total: $1,105.54

A.2 Cost of Physical Model

Table A.2: Final prototype budget

Items Total Cost

EcoFlex 45 $15.52

PLA $33.74

Universal Mold Release $1.81

Backflow Protector $4.75

Bottle Collar Rings $2.67

Baby Bottle $5.11

Transistors $1.14

Silicon Tubing $0.13

Super Glue $1.43

Pump $8.99

Battery Clips $3.50
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https://www.amazon.com/Greartisan-Electric-Reduction-Centric-Diameter/dp/B08D3SHHZZ/?_encoding=UTF8&pd_rd_w=ZIHBy&content-id=amzn1.sym.bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_p=bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_r=7Z5Q0P6N6S4APNFD4FM5&pd_rd_wg=vMqAb&pd_rd_r=f225e61a-c03b-4fc0-bea5-fe6b398a197f&ref_=pd_gw_ci_mcx_mr_hp_atf_m&th=1
https://www.amazon.com/Greartisan-Electric-Reduction-Centric-Diameter/dp/B07K9KPDNV/?_encoding=UTF8&pd_rd_w=ZIHBy&content-id=amzn1.sym.bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_p=bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_r=7Z5Q0P6N6S4APNFD4FM5&pd_rd_wg=vMqAb&pd_rd_r=f225e61a-c03b-4fc0-bea5-fe6b398a197f&ref_=pd_gw_ci_mcx_mr_hp_atf_m&th=1
https://www.amazon.com/uxcell-M3x25mm-Carbon-Countersunk-Socket/dp/B01C3KUT14/ref=sr_1_3?c=ts&content-id=amzn1.sym.918a99dd-4826-4c0a-be33-a6705d69c4cf%3Aamzn1.sym.918a99dd-4826-4c0a-be33-a6705d69c4cf&keywords=Screws&pd_rd_r=05ff5213-ec82-4926-8c54-94acf2ee5d38&pd_rd_w=tChOk&pd_rd_wg=KLuc9&pf_rd_p=918a99dd-4826-4c0a-be33-a6705d69c4cf&pf_rd_r=ZWH2BZKSTYP2KW02HJ2H&pid=Y1x6jqT&qid=1680631002&refinements=p_n_feature_fourteen_browse-bin%3A11434052011%2Cp_n_feature_two_browse-bin%3A2292860011%2Cp_n_feature_twenty-eight_browse-bin%3A19043901011&s=industrial&sr=1-3&ts_id=16410581
https://www.amazon.com/LAFVIN-Board-ATmega328P-Micro-Controller-Arduino/dp/B07G99NNXL/ref=sr_1_3?keywords=arduino+nano&qid=1680640658&sr=8-3
https://www.amazon.com/GENNEL-Conductive-Silicone-Adhesive-Compound/dp/B072MSXHJD
https://www.amazon.com/DIKAVS-Solder-able-Protoboard-Electronics-Multicolor/dp/B09ZPG1D8Y/ref=sxin_16_ci_mcx_mi_sr_m_ts?content-id=amzn1.sym.5aa38d01-f4e4-49d0-aaaa-bf65d3f91314%3Aamzn1.sym.5aa38d01-f4e4-49d0-aaaa-bf65d3f91314&crid=1IC9JL323S9WR&cv_ct_cx=mini%2Bsolder%2Bboard&keywords=mini%2Bsolder%2Bboard&pd_rd_i=B09ZPG1D8Y&pd_rd_r=a51101eb-1ab1-454c-877f-c49054d7e6b3&pd_rd_w=VxyQ1&pd_rd_wg=4MTOa&pf_rd_p=5aa38d01-f4e4-49d0-aaaa-bf65d3f91314&pf_rd_r=NZG3MTPP51FNSB3CSRBT&qid=1680641387&sbo=RZvfv%2F%2FHxDF%2BO5021pAnSA%3D%3D&sprefix=mini%2Bsolder%2Bboard%2Caps%2C159&sr=1-1-adf8a58d-854e-4c79-9f56-e84cb8dfa902&th=1
https://www.amazon.com/KARECEL-Rechargeable-Electric-Powerbank-Handwarmers/dp/B07FLN69M1/ref=sxin_16_pa_sp_search_thematic_sspa?content-id=amzn1.sym.570e7680-987b-4043-baad-ab61ea81d6c9%3Aamzn1.sym.570e7680-987b-4043-baad-ab61ea81d6c9&crid=8PCFEN4DFSDD&cv_ct_cx=rechargeable%2Bhand%2Bwarmers%2B2%2Bpack&keywords=rechargeable%2Bhand%2Bwarmers%2B2%2Bpack&pd_rd_i=B07FLN69M1&pd_rd_r=8bf4b656-315e-4e27-b0cb-bb25f6192e2a&pd_rd_w=BEsI3&pd_rd_wg=1jMPl&pf_rd_p=570e7680-987b-4043-baad-ab61ea81d6c9&pf_rd_r=1K22YCJRVA2XS2RRTCPH&qid=1680806763&sbo=RZvfv%2F%2FHxDF%2BO5021pAnSA%3D%3D&sprefix=rechargable%2Bhand%2Caps%2C248&sr=1-2-a73d1c8c-2fd2-4f19-aa41-2df022bcb241-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUFUMzEwWE5MUEhRMzkmZW5jcnlwdGVkSWQ9QTA1ODQ1NTIyQUM3UFdBWjlRSFIwJmVuY3J5cHRlZEFkSWQ9QTA2MTcwMDQ5WUFQS1lXNjU0Ulcmd2lkZ2V0TmFtZT1zcF9zZWFyY2hfdGhlbWF0aWMmYWN0aW9uPWNsaWNrUmVkaXJlY3QmZG9Ob3RMb2dDbGljaz10cnVl&th=1
https://www.amazon.com/Maymom-Protector-Compatible-Breastpump-Accessories/dp/B01BREQFMY/ref=sr_1_3?crid=1VDY6GCMXZMFL&keywords=elvie%2Bbackflow%2Bprotector&qid=1675279710&sprefix=elvie%2Bback%2Caps%2C129&sr=8-3&th=1
https://www.amazon.com/Chef-Rubber-Magic-Freeze-Weight/dp/B07WSHQNXY/ref=sr_1_8?crid=2BVFG5TAV6A0Y&keywords=freon+spray&qid=1681165181&sprefix=freon+spray%2Caps%2C150&sr=8-8
https://www.amazon.com/Greartisan-Electric-Reduction-Centric-Diameter/dp/B07K9KPDNV/?_encoding=UTF8&pd_rd_w=ZIHBy&content-id=amzn1.sym.bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_p=bc5f3394-3b4c-4031-8ac0-18107ac75816&pf_rd_r=7Z5Q0P6N6S4APNFD4FM5&pd_rd_wg=vMqAb&pd_rd_r=f225e61a-c03b-4fc0-bea5-fe6b398a197f&ref_=pd_gw_ci_mcx_mr_hp_atf_m&th=1
https://www.adafruit.com/product/3670
https://www.amazon.com/SmartSHIELD-3mm-Reflective-Insulation-Commercial/dp/B084RGYM7S/ref=sr_1_6?crid=2EXO3UV0TTGOM&keywords=insulation%2Bfoil&qid=1681234728&sprefix=insulation%2Bfoil%2Caps%2C285&sr=8-6&th=1
https://www.amazon.com/UMLIFE-Temperature-Controller-Thermostat-Waterproof/dp/B09R6FQK9Q/ref=pd_bxgy_img_sccl_1/139-3165035-5860924?pd_rd_w=UsdWR&content-id=amzn1.sym.6ab4eb52-6252-4ca2-a1b9-ad120350253c&pf_rd_p=6ab4eb52-6252-4ca2-a1b9-ad120350253c&pf_rd_r=06AVY5T54ASW45KHY5HK&pd_rd_wg=5ehkU&pd_rd_r=62a5cb79-044d-40e3-8f8e-de04b92c706b&pd_rd_i=B09R6FQK9Q&th=1
https://www.amazon.com/Harissess-Flexible-Polyimide-Adhesive-25mmx50mm/dp/B09YLRMRF6/ref=sr_1_1?crid=1X388U4AI81TB&keywords=Film%2BHeater%2BPlate%2BAdhesive%2BPad%2C%2BIcstation%2BPI%2BHeating%2BElements%2BFilm&qid=1681326789&s=hi&sprefix=film%2Bheater%2Bplate%2Badhesive%2Bpad%2C%2Bicstation%2Bpi%2Bheating%2Belements%2Bfilm%2B%2Ctools%2C202&sr=1-1&th=1
https://www.amazon.com/dp/B076PD7TXW?ref=ppx_yo2ov_dt_b_product_details&th=1
https://www.amazon.com/Battery-Connector-I-Type-Plastic-Housing/dp/B07TRKYZCH
https://www.amazon.com/MIC-Silastic-Junction-Standard-Rectifier/dp/B07GQCSC7G
https://www.amazon.com/Soldering-Digital-Welding-Portable-Electric/dp/B08R3515SF/ref=sr_1_3_sspa?crid=VYVX1V3DPUM2&keywords=soldering%252525252525252Biron&qid=1678819992&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExSVU2MjlHNFJEQU0wJmVuY3J5cHRlZElkPUEwOTgxMDkyWFRYRkFVUzRJWDk3JmVuY3J5cHRlZEFkSWQ9QTAxNjU4MjUxTVJTNFY1RllXOVUmd2lkZ2V0TmFtZT1zcF9hdGYmYWN0aW9uPWNsaWNrUmVkaXJlY3QmZG9Ob3RMb2dDbGljaz10cnVl&sprefix=soldering%252525252525252Bir%252525252525252Caps%252525252525252C154&sr=8-3-spons&th=1
https://www.amazon.com/LAFVIN-Board-ATmega328P-Micro-Controller-Arduino/dp/B07G99NNXL/ref=sr_1_3?keywords=arduino+nano&qid=1680640658&sr=8-3
https://www.amazon.com/Amazon-Basics-Performance-All-Purpose-Batteries/dp/B00MH4QM1S/ref=sr_1_2?crid=1LAJWQI4PY85P&keywords=9%2Bvolt%2Bbattery&qid=1678656480&rdc=1&sprefix=9%2Bvoot%2Caps%2C221&sr=8-2&th=1
https://www.amazon.com/Elegoo-EL-CP-004-Multicolored-Breadboard-arduino/dp/B01EV70C78/ref=sr_1_2_sspa?crid=2O2J210MC75OT&keywords=female+to+female+arduino+cords&psc=1&qid=1682959207&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUEzTUFUMFowWDRVTTRLJmVuY3J5cHRlZElkPUExMDAyODA1MjlVREw5SklRODlUJmVuY3J5cHRlZEFkSWQ9QTA5NDUzMjExRUtQVk9KOTU5MVg5JndpZGdldE5hbWU9c3BfYXRmJmFjdGlvbj1jbGlja1JlZGlyZWN0JmRvTm90TG9nQ2xpY2s9dHJ1ZQ%3D%3D&sprefix=female+to+female+arduino+cords%252Caps%252C126&sr=8-2-spons
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Items Total Cost

9V Batteries $6.09

Electrical Tape $0.04

Epoxy/Sealant $2.77

Circuit Wires $0.35

Motor $14.99

Screws $0.38

Arduino Nano $15.33

Thermal Glue $6.00

Mini Soldering Board $3.60

Insulation $0.11

Long Heating Plate $8.99

DHT11 Temp. Controller $2.00

Diodes $0.59

Solder $5.39

M/F Wires $0.58

Switch $1.40

Button $0.56

M5 Wing Nuts $2.50

Total: $150.42
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Appendix B:

Project Timeline

B.1 Gantt Chart

Figure B.1: Complete team Gantt chart.
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Appendix C:

Supplemental Flange Visuals

C.1 Flange Mold & Renderings

Figure C.1: SolidWorks model of flange Iteration 1.

Figure C.2: Top of flange mold Iteration 1.
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Figure C.3: Bottom half of flange mold Iteration 1.

C.2 Ecoflex Material

Figure C.4: Photo of EcoFlex 00-45.
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Appendix D:

Heating Test Results

D.1 Ecoflex Thickness Test

Table D.1: Flange thickness test results

Time Intervals
(sec)

Temperature at 1.3
mm (ºC)

Temperature at 2.0
mm (ºC)

Temperature at 2.5
mm (ºC)

0.00 24.0 25.6 22.9

15.00 25.9 25.8 23.6

30.00 31.2 28.2 26.5

45.00 35.5 32.9 31.0

60.00 38.9 36.6 33.9

75.00 40.6 39.2 36.0

90.00 43.1 41.9 38.1

D.2 Modulated Heating Test

Table D.2: Modulated heating test results

Status of Applied Heat Time (sec)
Temperature on

skin (ºC)
Temperature through

insulation (ºC)

On 0.00 30.0 26.5

On 15.00 30.7 28.4

Off 25.00 31.7 28.8

On 30.00 32.2 27.1

Off 40.00 33.8 27.8

On 45.00 33.3 27.9

Off 55.00 34.3 28.3
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Status of Applied Heat Time (sec)
Temperature on

skin (ºC)
Temperature through

insulation (ºC)

On 60.00 34.9 28.4

Off 70.00 39.2 28.8

On 75.00 39.9 29.0

Off 85.00 38.8 29.2

On 90.00 38.6 29.0

Off 100.00 39.9 29.3

On 105.00 40.2 29.6
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Appendix E:

Drawings & Schematics

E.1 Vacuum Pump & Tongue Actuator Circuit

Figure E.1: Detailed schematic of vacuum pump and tongue actuator circuit.
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Figure E.2: Online simulation of vacuum pump and tongue actuator circuit.

E.2 Heating Element Circuit

Figure E.3: Detailed schematic of heating element circuit.
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Figure E.4: Online simulation of heating element circuit.

E-3



Appendix F:

Code & Calculations

F.1 Torque Calculations

𝑝 = 5 𝑘𝑃𝑎 =  5000 𝑁/𝑚2

𝐴 = 2. 5 𝑐𝑚 · 0. 1 𝑐𝑚 = 0. 0025 𝑚2

𝐹 = 𝑝 · 𝐴

𝐹 = 5000 𝑁/𝑚2 · 0. 0025 𝑚2 = 12. 5 𝑁

𝑇 = 3. 97 𝑘𝑔𝑓. 𝑐𝑚 = 𝐹 · 𝑑

𝐹 = 3.97 𝑘𝑔𝑓.𝑐𝑚
1.3125 𝑖𝑛 · 1 𝑖𝑛

2.54 𝑐𝑚 = 1. 191 𝑘𝑔𝑓 · 9. 81 𝑚/𝑠2 = 11. 68 𝑁

F.2 Vacuum Pump & Tongue Actuator Circuit Code

#include <dht.h>

// Define Variables & Pin Numbers
int Pump = 9;
int button = 8;
int buttonState = 0;
int Motor = 6;

dht tempsens;
#define temp 5

void setup()
{
pinMode(button, INPUT);
pinMode(Pump, OUTPUT);
pinMode(Motor, OUTPUT);
Serial.begin(9600);

}
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void loop()
{
// Read Switch State
int buttonstate = digitalRead(button);

// Switch in ON Position
if (buttonstate == HIGH)
{
for (int total = 1; total <= 44; total++)
{
delay(500);

// Turn on Pump & Actuator
for (int cycle = 1; cycle <= 5; cycle++)
{
// Check Switch State & Temperature
int chk = tempsens.read11(temp);
Serial.println(tempsens.temperature);
if ((digitalRead(button) == HIGH) && (tempsens.temperature < 45)) {
analogWrite(Pump, 255);
analogWrite(Motor, 255);
delay(2000);
analogWrite(Pump, 0);
analogWrite(Motor, 0);
delay(1500);

}
else {
return;

}
}
// 3 Second Pause to Simulate Swallow
delay(3000);

}
}

// Switch in OFF Position
else {
analogWrite(Pump, 0);
analogWrite(Motor, 0);

}
}

F.3 Heating Element Circuit Code

// Define Variables & Pin Numbers
int heat = 4;
int button = 5;

void setup() {
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pinMode(heat,OUTPUT);
pinMode(button,INPUT);

}

void loop() {
// Read Button State
int buttonState = digitalRead(button);

// Button is Pressed
if (buttonState == HIGH)
{
// Initial Heating Period
digitalWrite(heat,HIGH);
delay(120000);

// Modulated Heating Cycle
for (int cycle = 1; cycle < 31; cycle++)
{
digitalWrite(heat,LOW);
delay(10000);
digitalWrite(heat,HIGH);
delay(15000);

}
digitalWrite(heat,LOW);

}

// Button is Not Pressed
else {
digitalWrite(heat,LOW);

}
}
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Appendix G:

Analysis & Modeling Supplemental

Materials

G.1 Pressure Differential Data

Table G.1: Pressure gradient along centerline of breast for three different flange sizes

Distance Below
Surface (mm)

Flange Size

Medela = 60 mm Willow = 75 mm Rhea = 100 mm

0.1 -0.0166 -0.0166 -0.0167

1.1 -0.0131 -0.0139 -0.0146

2.1 -0.0103 -0.0114 -0.0126

3.1 -0.0083 -0.0095 -0.0109

4.1 -0.0068 -0.0080 -0.0095

5.1 -0.0057 -0.0068 -0.0084

6.1 -0.0049 -0.0059 -0.0074

7.1 -0.0043 -0.0052 -0.0066

8.1 -0.0038 -0.0047 -0.0060

9.1 -0.0034 -0.0042 -0.0054

10.1 -0.0031 -0.0038 -0.0050

11.1 -0.0028 -0.0035 -0.0046

12.1 -0.0026 -0.0032 -0.0042

13.1 -0.0024 -0.0030 -0.0039

14.1 -0.0023 -0.0028 -0.0037

15.1 -0.0021 -0.0026 -0.0034

16.1 -0.0020 -0.0025 -0.0032

17.1 -0.0019 -0.0023 -0.0031
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Distance Below
Surface (mm)

Flange Size

Medela = 60 mm Willow = 75 mm Rhea = 100 mm

18.1 -0.0018 -0.0022 -0.0029

19.1 -0.0017 -0.0021 -0.0028

20.1 -0.0016 -0.0020 -0.0026

21.1 -0.0015 -0.0019 -0.0025

22.1 -0.0015 -0.0018 -0.0024

23.1 -0.0014 -0.0017 -0.0023

24.1 -0.0013 -0.0017 -0.0022

25.1 -0.0013 -0.0016 -0.0021

26.1 -0.0012 -0.0015 -0.0020

27.1 -0.0012 -0.0015 -0.0020

28.1 -0.0011 -0.0014 -0.0019

29.1 -0.0011 -0.0014 -0.0018

30.1 -0.0011 -0.0013 -0.0018

G.2 COMSOL Multiphysics Material Properties

Table G.2: Young’s modulus and Poisson’s ratio of four different polymers

Material Young’s Modulus (kPa) Poisson’s Ratio

Ecoflex 130 0.49

Polystyrene 3,300,000 0.35

Polyvinyl Chloride 2,900,000 0.40

Polyethylene 1,000,000 0.43
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Appendix H:

Senior Design Conference Materials

H.1 SDC Slides
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